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Summary

Thrombopoietin  (TPO) plays a critical role in
megakaryopoiesis through binding to its receptor Mpl. This
involves activation of various intracellular signaling
pathways, including phosphoinositide 3-kinase (PI3K) and
the mitogen-activated protein kinase (MAPK) pathways.
Their precise role in TPO-mediated proliferation, survival
and differentiation is not fully understood. In the present
study, we show that TPO induces different biological
responses in Mpl-transduced BaF-3 cells, depending on the
cell surface density of Mpl and the resulting activation level

the PI3K and MAPK p42/44 pathways is a determining
factor for the proliferative effect. In cells expressing low
levels of Mpl, the survival effect was strongly dependent on
the activation level of the PI3K/AKT, but not the MAPK

p42/44 pathway. Moreover, this effect was correlated with
the phosphorylation level of BAD but not with the

expression level of Bcl-X. However, PI3K pathway

inhibition did not increase apoptosis when BaF-3 cells
proliferated in response to TPO, indicating a compensating
mechanism from other Mpl signaling pathways in this case.

of signaling pathways. TPO mediates cell proliferation in
cells expressing high levels of Mpl but only mediates
survival without proliferation in cells expressing low levels
of the receptor. By using the kinase inhibitors PD98059 and
LY294002, we further showed that the activation level of

Key words: Mpl, Threshold activation level, Proliferation, Survival,
Signaling pathways

Introduction cytokines such as stem cell factor (SCF), FLT3 ligand or
TPO is a ligand for the Mpl receptor (de Sauvage et al., 199iterleukin 3 (IL-3) it greatly increases the production of
Lok et al., 1994; Wendling et al., 1994), a member of th&€ommitted progenitors (Ku et al., 1996; Ramsfjell et al., 1996;
hematopoietic growth factor receptor superfamily. This familyRamsfjell et al., 1997). These data indicate that, in addition to
of receptors is characterized by conserved cysteine residuedfsaessential function for megakaryopoiesis, Mpl activation is
common amino acid motif (WSXWS) in the extracellularrequired to maintain and/or expand early and committed
domain, and the absence of intrinsic tyrosine kinase activity imyeloid progenitor cells.
the intracellular domain. A high level of cell surface expression Binding of TPO to the Mpl receptor leads to the
of Mpl appears to be limited to hematopoietic cells belonginghosphorylation and activation of numerous signaling
to the megakaryocytic platelet lineage, from colony-formingmolecules, including those in the JAK/STAT pathway, the
unit-megakaryocyte (CFU-MK) progenitors to mature plateletdAPK pathway and the PI3K pathway (Drachman et al., 1995;
(Debili et al., 1995a). Cell surface expression of Mpl is alsdattler et al., 1997; Matsumura et al., 1998). Their involvement
detected on murine LRScac-kitt and human CD34D38 in cellular events such as survival, proliferation and
primitive cell populations (Solar et al., 1998). differentiation has been described but their precise role in TPO-
The function of the Mpl/TPO system is well characterizedmediated biological responses is not fully understood.
Numerous experiments have shown that TPO stimulates In the present study, we show that signaling pathways
proliferation and differentiation of megakaryocytic progenitorsactivated by TPO produce distinct effects in Mpl-transduced
in vitro and in vivo (Debili et al., 1995b; Kaushansky et al.,BaF-3 cells, depending on the level of expression of Mpl on
1995). More recently, Mpl- and TPO-deficient mice werethe cell surface. TPO mediates cell proliferation in cells
reported to exhibit a drastic decrease in the number of plateleggpressing high levels of cell surface Mpl, whereas it mediates
and cells of the megakaryocytic lineage (Gurney et al., 19948¢ll survival alone (without proliferation) in cells expressing
demonstrating a major role for Mpl activation in low levels of the Mpl receptor. In addition, we defined the roles
megakaryopoiesis and platelet production. The Mpl/TP®f Mpl signaling pathways in these different effects.
system also acts on more primitive cells. Mpl- and TPO-
deficient mice showed a 50% reduction in the absolute number
of all myeloid-committed progenitors (Alexander et al., 1996)Materials and Methods
In vitro, TPO alone promotes survival of early hematopoieticCytokines, antibodies and reagents
progenitors (Jacobsen et al., 1996; Borge et al., 199¥¥EHI-3B conditioned medium was used as a source of murine IL-3.
Matsunaga et al., 1998) and in combination with early-actingluman recombinant TPO was a generous gift from Kirin (Tokyo,
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Japan). Mouse anti-Flag M1 monoclonal antibody was purchasedIGR-Flag-Mpl, VSV-G and gag-pol plasmids were co-transfected
from Sigma (Saint-Quentin Fallavier, France) and R-Phycoerythriising EXGEN reagent according to the manufacturer's
(R-PE)-conjugated goat F(ab anti-mouse antibody from Caltag recommendations (Euromedex, Souffelweyersheim, France). Cells
(Burlingame, CA). Mouse anti-phospho-ERK and rabbit anti-were washed at 24 hours and supernatants were collected at 48 hours,
phospho-STATS5, -phospho-AKT and -AKT antibodies were providedfiltered and frozen at —80°C. This strategy regularly gives a
by New England Biolabs (Berverly, MA); rabbit anti-STAT5, -ERK1, transfection efficiency of 50% and a viral titer ofSIOFU/ml by
-ERK2 and BAD were from SCB (Santa Cruz, CA); and mouse antimonitoring the number of GFP-positive cells in the NIH-3T3 cell line
Bcl-x were from BD Transduction Lab (Lexington, KY). Horseradish (data not shown).
peroxidase-conjugated goat anti-rabbit and anti-mouse antibodies Supernatants were used to infect BaF-3 cells. Cells were washed
were from Jackson Immunoresearch (West Grove, PA). PD9805@nce and 19cells were cultured for 48 hours in 6-well tissue culture
MEK inhibitor was purchased from Calbiochem (San Diego, CA), anglates (Falcon Grenoble, France) containing 2 ml of RPMI, 10% FCS,
LY294002 PI3K inhibitor, AG490 JAK2 inhibitor and propidium 6% WEHI-3B, 50% retroviral supernatant andg/ml of polybrene.
iodide (PI) were from Sigma. After infection, cells were maintained in RPMI, 10% FCS, 3% WEHI-
3B for 2 days. Highly GFP-positive cells were then cloned at one cell
) per well into 96-well tissue culture plates using a FACS Vantage flow
Cell lines cytometer (Becton Dickinson, San Jose, CA). These BaF3-Mpl clones
The murine cell line BaF-3 (Palacios and Steinmetz, 1985) and BaF8+«re named Clone A, B, C... and were used as clones expressing high
Mpl clones were maintained in RPMI 1640 medium (Gibco, Paisleylevels of Mpl receptor on their cell surface. To obtain clones
UK) supplemented with 10% fetal calf serum (FCS, Gibco) and 3%Xxpressing low levels of Mpl on their cell surface, a pool of faintly
WEHI-3B-conditioned medium. NIH-3T3 and 293 EBNA GFP-positive cells was also sorted and maintained in RPMI, 10%
(Invitrogen, Groningen, The Netherlands) cell lines were cultured ifFCS, 3% WEHI-3B for 7 days. Cells were then labeled with anti-Flag
DMEM medium (Gibco) with 10% FCS. and PE-goat anti-mouse antibodies as described below, and Flag-
positive cells were cloned at one cell per well into 96-well tissue
) culture plates using the FACS Vantage flow cytometer. Thirty clones
Plasmid constructs were randomly selected and named clone 1, 2, 3... 30. To increase
Full-length human c-DNA from pZen-MplIP-SVNeo (Goncalves et al.,Mpl expression in the low-level-expressing clones, clones 8, 16 and
1997) was used for constructions. To introduce the Flag epitope tag8 were retransduced with the Mpl retroviral construct as described
a 115 bp oligonucleotide duplek&gttaacatgttccatgtttcttttagatatatcttt- above for BaF-3 parental cells, and a pool of highly GFP- and Flag-
ggaattcctccactgatccttgttctgctgectgtcactagttctgattacaaagatgacgatgacaesitive cells were sorted. These three retransduced pools derived
gccegtcttet-3 / 5'-ctagagaagacggcttgtcatcgtcatctttgtaatcagaactagtgafrom clones 8, 16 and 28 were named clone 8+, 16+ and 28+. To avoid
aggcagcagaacaaggatcagtggaggaattccaaagatatatctaaaagaaacatggaarstalteration in the Mpl cell surface expression, aliquots of each
ttaacgagct-3encoding the IL-7 leader (Park et al., 1990), the Flagclone were thawed every 3 weeks and during this lapse of time,
sequences (Brizzard et al., 1994) aBdd restriction site were receptor expression was regularly monitored by flow cytometric
inserted into theSad/Xba sites of the vector pBluescript Il analysis.
(Stratagene, La Jolla, CA) to obtain the plasmid pSKFlag. To
introduce the Mp1l coding sequence in frame with the IL7 and Fla ) )
sequences, a part of the extracellular domain of Mpl was amplifiegroliferation assays
with a 0.1 pg of pZen-MplP-SVNeo with a sense primer- (5 Cells were washed three times and 2500 cells per well were plated
cctagaagacctcaagcaagatgtctcctdg-3corresponding to theBbd into 96-well tissue culture plates (Falcon) containing RPMI, 10% FCS
restriction site, cohesive end on the pSKFlag after cutting Blith and the indicated concentration of TPO or 5% WEHI-3B as a control.
and Mpl sequence starting immediately after the leader codingfter incubation at 37°C for the indicated time, 10Ci of
sequence, and an antisense primeg{&caccctctgctgtcag)8ocated  [3H]thymidine (specific activity 185 GBg/mmol; Amersham,
downstream oHindlll site in the Mp1 cDNA. After cutting witBbd Courtabeeuf, France) was added to each well and the cells further
andHindlll, the PCR product was ligated into the corresponding siteincubated for 4 hours at 37°C prior to scintillation counting.
of the pSKFlag vector. Adindlll/Xhd fragment from pZen-Mpl-
SVNeo was inserted into the corresponding sites of this plasmid in . )
order to obtain the full-length Flag-Mpl cDNA. The fidelity of inserts Cell stimulation
was confirmed by sequencing. Flag-Mpl cDNA was then subclone@ells were washed three times and resuspendexiléf dells/ml in
into the Hpal/Xhd sites of the murine stem cell virus-based RPMI alone. After a starvation of 3 hours at 37°C, cells were left
bicistronic retroviral vector MIGR-IRES-GFP (generous gift of J. P.unstimulated or stimulated with 50 ng/ml of TPO for 15 minutes at
Miller, University of Pennsylvania, Philadelphia, PA) in which the 37°C. When used, inhibitors were added at the indicated concentration
original polylinker Bglll, Xhd, Hpal andEcoRl) was replaced by the 30 minutes before TPO stimulation. For long-term stimulation, cells
sequence 'Sgatctagaattctgtcgacagttaactgcggecgeactcyagnd@ the  were washed three times and directly resuspended18f 2ells/ml
Sal site downstream of GFP was mutated$sl cutting, blunting  (for western blots analysis) ok#CP cells/ml (for apoptosis analysis)
by Klenow and religation. in RPMI, 10% FCS with 10 ng/ml of TPO. When used, inhibitors
were added at the indicated concentration together with TPO. DMSO
o ) (Sigma) was used as a control for the inhibitor studies alin,
Retroviral infection which corresponded to the maximum concentration of DMSO present
The Flag-Mpl receptor construct cloned into the retroviral vectoduring these experiments.
MIGR-IRES-GFP enables the simultaneous expression of the receptor
protein and the green fluorescent protein (GFP), and allows the ) )
selection of infected cells based on GFP expression using BlOw cytometric analysis
fluorescence-activated cell sorter (FACS). Transient MIGR-Flag-MpA saturating concentration of antibodies was used for all labeling.
supernatant production was accomplished by transfecting the 2%ecause binding of M1 anti-Flag antibody is dependent on calcium,
EBNA cell line that has an amphotropic host range. To improve th& mM of CaCh was added to the buffer during all incubations and
stability of the retrovirus particles, we chose a vesicular stomatitisvashes. Cells ¢8L0°/sample) were washed and incubated in PBS and
virus G (VSV-G) pseudotyping technique. Briefly, u§ of each  0.5% FCS for 10 minutes at 4°C with §id/ml of mouse M1 anti-
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Flag antibody or left unlabelled. After two washes, cells were labeleteceptor, was introduced into BaF-3 cells by retroviral
with 0.4 ug/ml of PE-conjugated goat anti-mouse antibody for 20infection and clones expressing low levels of the retroviral
minutes at 4°C. Cells were then washed once and analysed fgector were derived. Four clones, named clone 16, 8, 28 and

apoptosis analysis, X40° cells were collected from stimulated surface expression (Fig. 1A), and were compared with clones

cultures (see above), washed once and labeled overnight jud 400 : . : .
itrate buffer containing 2%ig/ml Pl. 50 pug/ml RNase (Merck. A and C, which were derived from cells expressing high levels

Darmstadt, Germany) and 0.1% Nonidet P40 (Sigma), in the dark Qtf retroviral vector. - . .

4°C. Percentages of apoptotic cells, corresponding to cells with sub- Clones A and C exhibited a proliferative response to TPO
cell cycle Pl incorporation, were determined by flow cytometry usindFig- 1B) but only clone 14, which expressed an equivalent
a FACSort (Becton Dickinson). evel of Mpl on the cell surface, was able to give a similar
result. Although expressing significant levels of Mpl on their
cell surface, JH]thymidine incorporation by clones 16, 8 and
Cell stimulation was blocked by washing cells with 50 ml of ceid 1 28 after TPO treatment was low and not significantly different
PBS. Total cell lysates were obtained by incubatingcglls/ml in a from that .Of BaF-3 parental cells, even when the_ TPO
hypertonic buffer containing 1/100 Triton X-100, 20 mM Hepes pHponcentranon exceeded 100 ng/ml (d_ata not shown). This result
7.9, 350 mM NaCl, 10 mM KCI, 1 mM EDTA pH 8, 20% glycerol, indicated that a threshold level of activated Mpl was necessary
1/25 Complete Protease Inhibitors (Boehringer Mannheim, Germanypr TPO-mediated proliferation of BaF-3 cells. When signaling
and 1 mM NaSQu. Lysates were incubated for 30 minutes at 4°C,pathway activities were studied, phosphorylation levels of
centrifuged at 13,00Q for 6 minutes at 4°C,
then supernatants were stored at —80°C
used. Protein concentration was determ
using the Bio-Rad DC Protein colorimet
assay (Hercules, CA). Unless specifiedp§®f
protein per sample was used and fur
analysed as described (Rosa Santos et al., 2
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Fig. 1. A threshold number of cell-surface Mpl
receptors is necessary for TPO-induced )
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cytometric analysis of Mpl-expressing clones. B | C
A Flag-Mpl receptor construct was introduced J
into BaF-3 cells and clones were derived. Cell ;
surface expression of Mpl was examined for
each clone by Flag-PE immunostaining: broken
line, unlabeled cells; solid line, labeled cells.
(B) Proliferation assay. Cells were incubated
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were fractionated by SDS-PAGE.
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panel) STAT-5, ERK and AKT were analyzed
by immunoblotting. ns, no stimulation. The
positions of ERK1 (p44) and ERK2 (p42) are
indicated.
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Table 1. Flag antigen expression on cell surface of clones
expressing and overexpressing Mpl

>

Flag-PE MFI < 25000 .
BaF-3 5 o :
Clone 16 15 © 20000 ~o- Clone 28
Clone 8 26 5 . -+ Clone 16 +
Clone 28 37 2
Clone 16+ 42 @ 15000 = Clone 8 +
Clone 8+ 61 g ¢ o Clone 28 +
Clone 28+ 70 & 10000
Clone 14 68 § ~4- Clone 14
Clone C 89 =
F 5000
Means fluorescence intensity (MFI) of Flag-PE-labeled cells were I
determined by flow cytometric analysis. Results are representative of two ® L 0
independent experiments. B 25 5 75 10
TPO (ng/ml)
STAT5, ERK and AKT were found to be very similar for clones
14, A and C after 15 minutes of TPO stimulation (Fig. 1C). ns TPO
These signaling pathways were also activated in clones 16, B
and 28, but at a lower level than that observed for clones 1 e woe T aew
A and C. These results therefore suggested that proliferatic PPN
of Mpl-transduced BaF-3 cells requires a threshold activatio s t; §5656 5
level of Mpl signaling pathways. omoOO0o0 oo
p-STAT5 -
Overexpression of Mpl in low-Mpl-expressing clones STATS e e e s s e e
restores TPO-induced cell proliferation »
To confirm that insufficient Mpl cell surface expression was  P-ERK e oo A
responsible for the absence of TPO-mediated proliferatior Tl ———— -pid
clones 16, 8 and 28 were retransduced with the Mpl retrovir: ~*pa2
construct and, for each clone, the most Flag-positive cell
p-AKT L —— ——

were sorted. These three Mpl-overexpressing clones we
named clone 16+, 8+ and 28+ (Table 1). After 48 hours c AKT e

TPO stimulation, a proliferative response similar to that o

clone 14 was observed for clones 16+, 8+ and 28+, in contrasig. 2. Proliferation and high activation of signaling pathways are

to the absence offfi]thymidine incorporation by parental restored in previously underexpressing clones that were retransduced
clones 16, 8 and 28 (Fig. 2A; Fig. 1B). This indicated that théo increase expression of Mpl. (A) Proliferation assay. Cells were

low Mpl expression on the cell surface was responsible for thigcubated with the indicated concentration of TPO for 48 hours and
absence of TPO-mediated proliferation of clone 16, 8 and 2g€ll proliferation was quantitated $H]thymidine incorporation.

Study of signaling pathways demonstrated that thene results Sg‘lo""” arel the ”}ef’.‘“Sils.'d' of ttr}'p"cate e).(pe”g“.e”t?'
phosphorylation levels of STAT5, ERK and AKT were B) Western blots analysis of signaling pathways activated in clones

significantly increased after 15 minutes of TPO stimulation fosnmu'ated by TPO. Cells were washed three times, deprived of

: lr%tokines for 3 hours, and then stimulated with 50 ng/ml of TPO for
clones 16+, 8+ and 28+ compared with parental clones 16, 1& minutes. Activation of STAT-5, ERK and AKT were determined

and 28, and in fact were similar to the phosphorylation levelgs described in Fig. 1. ns, no stimulation.

observed in clone 14 (Fig. 2B; Fig. 1C). This suggested that

a threshold activation level of Mpl signaling pathways was

necessary for TPO-mediated proliferation of Mpl-transducedleprivation. At this concentration, a clear anti-apoptotic

BaF-3 cells. effect of TPO was also observed in clones with low levels of
Mpl expression. Therefore, although insufficient for TPO-

] ) ] ) induced cell proliferation, the level of Mpl cell surface
TPO induces a survival effect in low-Mpl-expressing expression of clones 16, 8 and 28 was sufficient to provide
clones TPO-mediated cell survival. However, this effect was
The anti-apoptotic effect of TPO was examined bytransient, as it did not permanently protect cells from
quantifying the sub-G1 peak after propidium iodideapoptosis but delayed its appearance. Indeed, compared with
incorporation. As expected, parental BaF-3 cells exhibited acytokine-deprived cells, the TPO-induced survival effect was
identical pattern of time-dependent appearance of apoptotinaximal at 15 hours for clone 16 (73% versus 36% of
cells when either cytokine-deprived or stimulated with TPCQapoptotic cells, respectively, a decrease of 37%), at 21 hours
(Fig. 3). In contrast, 10 ng/ml of TPO fully inhibited for clone 8 (a decrease of 40%) and at 24 hours for clone 28
apoptosis of clone 14 (Fig. 3) and clone A (data not shown)a decrease of 72%).
even after 34 hours of stimulation, whereas more than 80% The influence of TPO concentration was also studied (Fig.
of the cells were in the sub-G1 peak after 34 hours of cytoking). A TPO concentration of between 10 pg/ml and 1 ng/ml was
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50 - TPO expressing Mpl. S b B
(A) Cells were washed = 50001 0 g
2 three times and e 25007 [ 20 S
of stimulated with various = —_t1 , 5
10 20 30 concentrations of TPO. 7 110 /100/100010000° o
At the indicated times, & 12500 Clone 14 100
Hours cells were either labeled
. - . with Pl and percentages 10000 80
Fig. 3. Effect of TPO on cell survival in clones with low levels of of apoptotice:ells g 7500 60
Mpl expression on their cell surface. Cells were washed three times . '
. ) ; : determined by flow 5000 40
and left deprived of cytokines or stimulated with 10 ng/ml of TPO. : :
o . . cytometry (right axix) or
At the indicated time, cells were collected and labeled with . - 2500 20
S ; : cell proliferation was
propidium iodide. Percentages of apoptotic cells in the sub-G1 peak ; 0 0
: : quantitated by 1 10 100 100010000
were determined by flow cytometry. Results are representative of tW[3H]thymidine
i i : . . | A
independent experiments. incorporation (left axis). 12500 Clone 100
The results shown for 10000 e
[3H]thymidine 2500
required for both proliferation and survival events in clones lincorporation are 50
and A. In contrast, clones 16, 8 and 28 responded to increasimeanszs.d. of triplicate 5000 ”s
TPO concentrations by yielding reduced numbers of apoptotexperiments. RefSU”S are 2500
i ianifi i idi representative of two
cells, but without a significant change |ﬁH1thym|d|ne ' ingependent oAt =ee 0
incorporation. Therefore, TPO mediated distinct effects ir .
experiments. TPO (pg/ml)

Mpl-transduced BaF-3 cells, depending on a threshold level
activated Mpl: TPO induced proliferation at high levels of cell
surface expression of Mpl, but survival alone without aexpression level of Bcl-X did not correlate with the
proliferative effect at low levels of Mpl expression. The phosphorylation level of Mpl signaling pathways. After 3
survival effect remained transient in low-Mpl-expressinghours of TPO stimulation, the expression level was slightly
clones, even when TPO concentrations exceeded 100 ng/decreased in clone 14 and A, compared with clone 16, 8 and
(data not shown). 28, and was similar between clones after 9 hours of TPO
Study of Mpl signaling pathways indicated that ERK andstimulation (Fig. 5B). This suggests that the TPO-mediated
AKT were still activated after 9 hours of TPO stimulation insurvival effect observed in Mpl-expressing clones did not
clones 16, 8 and 28, but to a lesser extent than in clone ti&pend on the expression level of Bagl-Xn contrast, TPO-
and A (Fig. 5A). However, phosphorylation of STATS5 induced phosphorylation of BAD in clones 16, 8 and 28 after
was clearly observed in clones 14 and A, but was at the lim8 hours of stimulation, compared with unstimulated cells
of detection in clone 28 and not detectable in clones 8 an@drig. 5B). This result indicated that the activation level of
16. signaling pathways in clones with low levels of Mpl
Cytokines suppress apoptosis by regulating expression ekpression, was sufficient to inactivate BAD. Moreover, the
bcl-2 family members. STATS regulates the expression of thphosphorylation level of BAD decreased markedly in clones
anti-apoptotic protein Bcl-Xand the pro-apoptotic signaling 8 and 28 after 9 hours of TPO stimulation, and was at the
protein BAD is inactived after phosphorylation by AKT (del limit of detection in clone 16, whereas it was still observed
Peso et al., 1997; Dumon et al., 1999). In our clones, th@a clones 14 and A. This result indicated that BAD was
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Fig. 5. Western blot analysis of signaling pathway intermediates o 3 = o 3 =
activated in Mpl-expressing clones after long-term TPO stimulation. Z 3 3 2 38
Cells were washed three times and stimulated with 10 ng/ml of TPC % § % §
for 3 or 9 hours. Cells were lysed and.&pof protein per lane was Q3 Q3
fractioned by SDS-PAGE. Lysate of clone A deprived of cytokines 2 g e %

for 3 hours was used as a control. (A) Activation of STAT-5, ERK
and AKT after 9 hours of TPO stimulation was analyzed as describegdig. 6. The PI3K/AKT pathway is involved in the TPO-mediated

in Fig. 1. (B) Expression level of BeliXand BAD phosphorylation  gyrvival effect observed in clones with low levels of Mpl expression.
analyzed by immunoblotting with anti-Bcl-x and anti-BAD (A) Proliferation assays. Cells of clone A were washed three times
antibodies. As a control, blots labeled with the anti-Bcl-x antibody  and left cytokine-deprived or incubated for 24 hours with 10 ng/ml of
were stripped and relabeled with a mouse anti-actin antibody. ns, norpQ, solvent alone (0.14% DMSO), or the indicated concentration of
stimulation. Positions of unphosphorylated (BAD), singly (BADP1) inhibitors. Cell proliferation was quantitated [y]thymidine

and doubly phosphorylated BAD (BADP2) are indicated. incorporation. The results shown are meanszs.d. of triplicate
experiments. (B) Western blot analysis of STAT-5, ERK and AKT
activation. Cells from clone A were washed three times, deprived of
cytokines for 3 hours and stimulated with 50 ng/ml of TPO for 15

transiently inactivated by TPO in clones with low levels Ofminutes, DMSO (inhibitor solvent) alone, i of the MEK

Mpl expression and this phenomenon correlated with the o' ppegos9 or 1M of the PI3K inhibitor LY294002.

transient nature of the alternative TPO-mediated survivaiciivation of STAT5, ERK and AKT was analyzed as described in

effect. Fig. 1. ns, no stimulation. (C) Apoptosis analysis. Cells were washed
three times and left cytokine-deprived or stimulated for 22 hours
with 10 ng/ml of TPO, solvent alone (0.14% DMSO), or the

Analyses of Mpl signaling pathways involved in the indicated concentration of inhibitors. Cells were then labeled with PI

TPO-mediated proliferative and survival effect and percentages of apoptotic cells were determined by flow

Inhibition of ERK activation with 5@M of the MEK inhibitor ~ cytometry. Results are representative of two independent

PD98059 resulted in a more than twofold decrease of TPXPerments.

mediated proliferation in clone A (3642+359 cpm of

[3H]thymidine incorporation, versus 10,213+453 cpm withfor the TPO-mediated proliferation of Mpl-transduced BaF-3

TPO alone; Fig. 6A) and clone 14 (3765+388 cpm versusells.

7981+243 cpm, data not shown). A similar effect was obtained The PI3K inhibitor LY294002 at a concentration of |1l

with 10 uM of the PI3K inhibitor LY294002 (3423+117 cpm fully abolished phosphorylation of AKT after TPO stimulation

for clone A, Fig. 6A; and 2639+163 for clone 14, data notut did not abolish ERK or STAT5 actively (Fig. 6B). At this

shown). These results indicated that the activation level of bottbncentration, the transient survival effect of clone 28 after 22

MAPK p42/44 and PI3K pathways was a determining factohours of TPO stimulation (Fig. 6C) was decreased twofold with
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80% apoptotic cells, versus 44% with solvent alone (DMSO)2001; Zubilewicz et al., 2001). It has also been reported that
This result indicated that the PI3K inhibitor strongly inhibitedconstitutively active forms of the p110 catalytic subunit of
the TPO-mediated survival effect, since the percentage of de®i3K leads to oncogenic transformation without significant
cells increased to approximately the same level as thaitivation of ERK, indicating that activation of the MAPK
observed without TPO stimulation (99%). The same result wgs42/44 pathway is not essential for cell growth (Aoki et al.,
obtained with clone 8 (69% apoptotic cells with LY294002,2000). Conversely, constitutively active forms of MEK lead to
35% with DMSO alone and 89% without TPO stimulation;factor-independent proliferation, suggesting that activation of
data not shown). In combination, these results indicated thMdAPK p42/44 is sufficient for triggering cell growth (Mansour
the activation level of the PI3K pathway was a determininget al., 1994; Seger et al., 1994). These findings suggest that
factor for the alternative TPO-mediated survival effect.cell-cycle entry could be governed by stimulation of signaling
However, 10uM of LY294002 did not affect the TPO- pathways involved in proliferation, but that the nature of the
mediated survival of clones A and 14 (Fig. 6C, and data naictivated signaling pathway is not a determining factor.
shown), even though activity was totally abolished in clone AAdditionally, we cannot exclude that the activation level of
(Fig. 6B) and although TPO-mediated proliferation wasSTAT5 is involved in the triggering of the TPO-mediated
partially inhibited by LY294002 in clone A (Fig. 6A) and clone proliferative effect in our system, which would require further
14 (data not shown). These results therefore indicated thdetailed studies.
activation of the PI3K pathway was not essential for survival Our results also indicate that the cell survival effect is
when Mpl-transduced BaF-3 cells proliferate in response tassociated with weak but sustained activation of the PI3K
TPO. pathway, and inactivation of BAD. Use of the LY294002
Inhibition of ERK activation by 5QM of the MEK inhibitor  inhibitor demonstrated a major contribution of PI3K activation
PD98059 (Fig. 6B) did not affect the TPO-mediated survivaln this effect. Majka et al. have recently reported that the
of clone 28 (44% apoptotic cells; Fig. 6C) and clone 8 (36%PI3K/AKT pathway is involved in the TPO-mediated
data not shown). Also, it did not inhibit the TPO-mediatednhibition of apoptosis in megakaryoblasts (Majka et al., 2000),
survival of clone A and 14 (Fig. 6C, and data not shown)a finding that is consistent with our results. However, our
despite a level of inhibition of TPO-mediated proliferationresults demonstrate that inhibition of the PISK/AKT pathway
similar to that obtained with 10M of LY294002. This result does not affect cell survival when cells are actively
indicated that the MAPK p42/44 pathway was not involved improliferating in response to TPO. This result suggests that, in
the TPO-mediated survival of Mpl-transduced BaF-3 cellsthe proliferative effect, the activation level of other Mpl
despite long-term activation of ERK in clones with low levelssignaling pathways is sufficient to compensate for the
of Mpl expression. inhibition of AKT and to prevent apoptosis. Such an effect has
already been reported in BaF-3 cells, whereby the
) ) simultaneous inhibition of the PI3K/AKT pathway by
Discussion LY294002 and of STATS by a dominant-negative isoform, is
Previous studies have reported that the Mpl/TPO system mecessary for reducing IL-3-dependent survival. LY294002
involved in both cell proliferation and survival effects. In theinhibited the phosphorylation of BAD and the dominant-
present study, we demonstrate that TPO induces differenegative isoform of STAT5 affected the Bcl-)expression
biological responses in Mpl-transduced BaF-3 cells, dependingRosa Santos et al., 2000). Here we show that the Bcl-X
on the cell surface density of Mpl and the resulting level oexpression is not increased when BaF-3 cells proliferate in
activation of different signaling pathways. TPO mediates celtesponse to TPO. This suggests that, in this case, another
proliferation in cells expressing high levels of Mpl but mechanism compensates for the inhibition of AKT and for
mediates only survival without proliferation in cells expressingsurvival of proliferating cells. The JAK2 inhibitor AG490 at a
low levels of the receptor. We further demonstrated that theoncentration of 25M strongly affected the proliferation of
activation level of the PI3K and MAPK p42/44 pathways is aclone A and decreased the transient survival effect of clone 8
determining factor for the proliferative effect. The cell survivaland 28 after TPO stimulation (data not shown). However,
effect was strongly dependent on the activation level of thaeither phosphorylation of STATS5, nor phosphorylation of
PISK/AKT, but not the MAPK p42/44 pathway. However, ERK and AKT after TPO stimulation was affected by AG490
PI3K pathway inhibition did not induce apoptosis when BaFat this concentration in clones A and 28 (data not shown).
3 cells with high levels of Mpl proliferated in response to TPOTherefore, we were not able to conclude on the involvement of
The PI3K and MAPK p42/44 pathways have been reporte8TATS5 in the TPO-mediated proliferative and survival effect.
to be involved in TPO-mediated proliferation of BaF-3 cellsThis would require further analysis. We also demonstrate a
(Dorsch et al., 1997; Rojnuckarin et al., 1999; Geddis et alweak but sustained activation of ERKs in the cellular survival
2001). In the present study, we show that the activation levelffect in the absence of proliferation. However, the PD98059
of MAPK p42/44 and PI3K was higher in the proliferative inhibitor did not affect the anti-apoptotic effect mediated by
effect than in the cell survival effect. Moreover, the inhibitorsTPO in BaF-3 cells. Similar results were reported in
LY294002 and PD98059 impaired TPO-mediated proliferatiormegakaryoblast (Fichelson et al., 1999; Majka et al., 2000),
of BaF-3 cells. Together, our results suggest that the TPQnadicating that MAPK p42/44 pathway activation is not
mediated proliferation of BaF-3 cells requires a thresholeéssential for the TPO-mediated survival event.
stimulation level of both PI3K and MAPK p42/44 pathways Taken together, our results underscore the importance of
that depends on the cell surface density of Mpl. Several studigsiantitative differences in receptor activation in the generation
in other systems reported the cooperation of these pathwaysah qualitatively different biological responses (reviewed by
the proliferation event (Craddock et al., 2001; Pozios et alZandstra et al., 2000). The biological responses mediated by
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the Mpl receptor are dependent on the activity of downstream megakaryocyte growth and differentiative factor has both direct proliferative
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