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TEL/platelet-derived growth factor receptorb activates phosphatidylinositol 3
(PI3) kinase and requires PI3 kinase to regulate the cell cycle
Jamil Dierov, Qing Xu, Raia Dierova, and Martin Carroll

TEL/platelet-derived growth factor recep-
tor b (PDGFbR) is the protein product of
the t(5;12) translocation in chronic my-
elomonocytic leukemia. TEL/PDGF bR
transforms interleukin-3 (IL-3)–depen-
dent Ba/F3 and 32D cells to IL-3 indepen-
dence and induces a murine myelopro-
liferative disease in a bone marrow
transplantation model of leukemogen-
esis. The fusion protein encodes a consti-
tutively activated, cytoplasmic tyrosine
kinase that activates multiple signal trans-
duction pathways. To identify the signal-
ing pathways that are necessary for trans-
formation by TEL/PDGF bR, transformed
Ba/F3 and 32D cells were studied. TEL/

PDGFbR activates the kinase activity of
phosphatidylinositol-3 (PI3) kinase and
stimulates phosphorylation of its down-
stream substrates, including Akt and
p70S6 kinase. Activation of this pathway
requires the kinase activity of TEL/
PDGFbR and is inhibited by the PDGF bR
inhibitor, STI571. Furthermore, inhibition
of PI3 kinase with the pharmacologic in-
hibitor, LY294002, inhibits growth of the
transformed cells. Treated cells arrest in
the G1 phase of the cell cycle within 16
hours but do not undergo apoptosis. To
study the mechanism of cell cycle arrest
by LY294002, the activity of the cdk4
complex, which regulates the transit of

cells from the G1 to S phase in hematopoi-
etic cells, was examined. Both STI571 and
LY294002 lead to a decrease in the activ-
ity of cdk4 kinase activity and a decrease
in expression of both Cyclin D2 and Cy-
clin E within several hours. These studies
demonstrate the presence of a signaling
pathway from TEL/PDGF bR to PI3 kinase
and subsequently to regulation of the
cdk4 kinase complex. Activation of this
pathway is necessary for transforma-
tion by TEL/PDGF bR. (Blood. 2002;99:
1758-1765)

© 2002 by The American Society of Hematology

Introduction

Tyrosine kinase fusion proteins are the products of a growing
family of oncogenes associated with both solid tumors and
hematologic malignancies.1 The best known tyrosine kinase fusion
protein is the BCR/ABL tyrosine kinase that results from a t(9;22)
translocation in patients with chronic myeloid leukemia.2 Previous
work has demonstrated that BCR/ABL activates multiple signal
transduction pathways, including the phosphatidylinositol-3 (PI3)
kinase pathway and that transformation by BCR/ABL requires
activation of PI3 kinase.3-6 To determine if tyrosine kinase fusion
proteins share common mechanisms of transformation or if each
functions in unique ways, we have chosen to study the TEL/platelet-
derived growth factor receptorb (PDGFbR) fusion protein that
results from the t(5;12) translocation in patients with chronic
myelomonocytic leukemia.7

TEL/PDGFbR contains the amino-terminal 154 amino acids of
TEL fused to the transmembrane and cytoplasmic domains of the
PDGFbR. TEL is a member of the ETS family of transcription
factors and has been described as a common site of rearrangement
in multiple forms of leukemia.8-10 Structurally, wild-type TEL
contains a 59 oligomerization domain, designated the PNT domain;
this domain is retained in the fusion protein and is essential for the
transforming activity of TEL/PDGFbR as demonstrated by us and
others.11,12 Evidence suggests that the PNT domain may cause
multimerization of the fusion protein, not simple dimerization.13

TEL has been reported to induce G1 arrest in vitro14 and to be

required for yolk sac angiogenesis according to murine knockout
experiments.15 PDGFbR is a well-characterized plasma membrane
receptor with endogenous tyrosine kinase activity that is autophos-
phorylated in response to binding of dimeric PDGF ligand.16 In the
fusion protein there is retention of the transmembrane domain and
the complete tyrosine kinase domain of PDGFbR. An intact kinase
activity is necessary for transforming activity.17 The protein retains
multiple tyrosine sites that act as binding sites for SH2-containing
signaling molecules in the wild type PDGFbR. Furthermore,
immunolocalization of TEL/PDGFbR has demonstrated that the
protein is located primarily in the cytosol, retaining neither the
nuclear localization of TEL or the plasma membrane localization of
PDGFbR.12 Thus, initial models of transformation by TEL/
PDGFbR have suggested that the protein is constitutively oligomer-
ized through the TEL PNT domain, leading to constitutive activa-
tion of the kinase activity of the 39 PDGFbR kinase domain and
activation of critical signaling pathways. However, the signaling
pathways that are necessary for transformation remain undefined.

Several signaling pathways have been identified as being
activated by TEL/PDGFbR. In transformed cell lines, TEL/
PDGFbR is known to associate with or cause phosphorylation of
phospholipase C (PLCg1), SHP2, and JNK.11,18,19In addition, we
have recently shown that TEL/PDGFbR activates STAT1 and
STAT5 but have been unable to demonstrate a necessity for STAT
activation in transformation by TEL/PDGFbR20 (R. Dierova, M.
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Carroll, unpublished data, 2000). TEL/PDGFbR also up-regulates
expression of the oncogene c-myc.18 Finally, TEL/PDGFbR, like
BCR/ABL, has been reported to form a complex with the p85 subunit of
PI3 kinase.11 However, no previous studies have looked at the role of
PI3 kinase activation in TEL/PDGFbR-mediated transformation. PI3
kinases are important mediators of cell survival, mitogenesis, cytoskel-
etal modeling, and metabolic control.21 PI3 kinase catalyzes the
phosphorylation of phosphatidylinositol (PtdIns) lipids on the D3
hydroxy group generating products such as PtdIns(3,4)P2 and
PtdIns(3,4,5)P3.22These phosphorylated lipids in turn can modulate the
localization and activation of a number of proteins. The serine kinase
Akt/PKB is one such downstream target that is reported to be necessary
for mediating cell survival and growth. Other targets include p70S6
kinase that regulates the activity of ribosomes and NFkB. Reports have
demonstrated a direct role of the PI3 kinase/Akt pathway in regulation
of the cell cycle in both fibroblasts and hematopoietic cells.23,24

Here, we report that TEL/PDGFbR activates the kinase activity
of PI3 kinase and leads to phosphorylation of a number of
downstream mediators of PI3 kinase. Inhibition of PI3 kinase with
the pharmacologic inhibitor, LY294002,25,26 leads to an arrest of
cells in the G1 phase of the cell cycle. We demonstrate that this
growth arrest is associated with decreased activation of cdk4
kinase, a key regulator of the G1 to S phase progression in these
cells. Down-regulation of cdk4 kinase activity is associated with a
decrease in expression of Cyclin D2. These studies demonstrate the
presence of a signaling pathway from TEL/PDGFbR to PI3 kinase
and subsequently to regulation of the cdk4 kinase complex that is
required for transit through the G1/S cell cycle boundary in
response to TEL/PDGFbR.

Materials and methods

Reagents

Ba/F3 cells have been well described.27 Cells were maintained in RPMI
1640 with 10% fetal calf serum. Parental cell lines were maintained in 0.5
ng/mL recombinant murine interleukin-3 (IL-3; R&D Systems, Minneapo-
lis, MN). Ba/F3-TEL/PDGFbR cells have been previously described.11 The
32D cells28 were infected with retrovirus encoding TEL/PDGFbR and
selected for growth in the absence of IL-3. LY294002 was purchased from
Calbiochem (San Diego, CA), prepared in dimethyl sulfoxide (DMSO), and
used within 2 months after purchase. Dilutions were made such that
maximum concentration of DMSO in final solution was less than 0.1%.
STI571 (previously CGP57 148B29,30) was a kind gift of Novartis Pharma-
ceuticals (Basel, Switzerland). U012631,32 was purchased from Promega
Corporation. Rapamycin was purchased from Sigma Chemicals.

Growth curves and cell cycle analysis

Subconfluent cells (2 to 53 105/mL) were counted and replated at
indicated concentrations. Viable cells were counted daily by using trypan
blue exclusion. Cell cycle analysis was performed by using propidium
iodide. Briefly, cells were pelleted by centrifugation and fixed with 70%
EtOH diluted with phosphate-buffered saline. Cells were treated briefly
with RNase A (180mg/mL; Sigma) at 37°C and then stained with 3mg/mL
propidium iodide. Cells were analyzed for DNA content by using a Becton
Dickinson FACStar with data collected on FL2 and analyzed with the use of
the ModFit program.

Western blotting

Cells were washed once in phosphate-buffered saline and lysed in lysis
buffer (150 mM NaCl, 50 mM Tris-HCl, 1% Triton-X 100 plus protease and

phosphatase inhibitors). Lysates were clarified by centrifugation and
protein quantitated by using a modified Bradford reagent (Bio-Rad
Laboratories, Hercules, CA). Lysates (100mg) were loaded on sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE), proteins
were separated by electrophoresis and blotted onto nitrocellulose or
polyvinylidene diflouride. Blots were blocked in 5% dry milk in TBST
(0.1% Tween-20, 0.01 M Tris-HCl, pH 7.6, 150 mM NaCl) or 5% bovine
serum albumin (Sigma), rinsed in TBST for 5 seconds and incubated for 2
hours at room temperature in primary antibody. Blots were washed and
incubated with horseradish peroxidase–conjugated secondary antibody and
developed with enhanced chemiluminescence according to the manufactur-
er’s directions (Amersham Biosciences, Piscataway, NJ). Antibodies used
were as follows: phospho-Akt and phospho p70S6 kinase, Akt, p70S6
kinase (New England Biolabs, Beverly, MA), p21, p27, cdk4, and Cyclin
antibodies (Santa Cruz Biotechnology, Santa Cruz, CA).

Immune complex protein kinase assay

Pellets from cells were lysed with lysis buffer; 10 mM Tris pH 7.4, 150 mM
NaCl, 1 mM EDTA, 1% Triton-X 100, 0.1% SDS, 10mg/mL aprotinin, 10
mg/mL leupeptin, 1mg/mL pepstatin, 5 mM sodium orthovanadate, 50 mM
NaF, 50 mM Na-pyrophosphate, and 150mM phenylmethylsulfonyl
fluoride. Total protein concentration in each sample was determined by
using a micro BCA method (Bio-Rad) according to the manufacturer’s
instructions. We then transferred a 100-mg cell extract to Microfuge tube
(total volume in 500mL IP buffer). Immunoprecipitations were carried out
by incubation overnight at 4°C with 2.5mg rabbit polyclonal cdk4 antibody
(Santa Cruz Biotechnology), followed by incubation for 4 hours with 25mL
protein A-agarose beads (Amersham). Precipitated protein pellets were
washed 3 times with ice-cold kinase buffer (without Triton-X 100) and then
resuspended in 20mL ice-cold kinase buffer, 50 mM HEPES (pH 7.5), 80
mM b-glycerophosphate, 2.5 mM ethyleneglycol bis (b-aminoethyl
ether)–N, N, N9, N9-tetraacetic acid (EGTA), 10 mM MgCl2, 1 mM
dithiothreitol, 2.5 mM phenylmethylsulfonyl fluoride, 10mg/mL aprotinin,
10 mg/mL leupeptin, and 10 mM cyclic adenosine monophosphate–
dependent protein kinase-inhibitory peptide (Sigma). A total of 12mL
reaction mix containing 10mCi (0.37 MBq) (g-32P)adenosine triphosphate
(ATP; approximately 3000 Ci/mmol [approximately 1.113 1014 Bq/
mmol]; Amersham), 25mM unlabeled ATP, and 200 ng glutathione-S-
transferase retinoblastoma (GST-Rb) protein as substrate (Santa Cruz
Biotechnology) were added to each sample and incubated at 30°C for 15
minutes. Kinase reactions were stopped by the addition of an equal volume
of 23 SDS sample buffer (4% SDS, 150 mM Tris-HCl [pH 6.8], 20%
glycerol, 0.02% bromophenol blue, and 2 mM sodium vanadate) and by
boiling for 5 minutes. Proteins were separated by electrophoresis in 10%
SDS-PAGE, gels were dried and then autoradiographed. Radioactivity was
quantified by using a Molecular Dynamics Storm 860 phosphorimager.

PI3 kinase assays

Cells were lysed in RIPA buffer at 4°C for 30 minutes. The debris was
separated by centrifugation at 12 000g for 20 minutes at 4°C. Protein
concentration was estimated in the cleared supernatant, and 1000mg
protein (total volume in 500mL IP buffer) was used for immunoprecipita-
tion. Immunoprecipitations were incubated overnight at 4°C with 2.5mg
PI3 kinase (p85) antibodies (Upstate Biotechnology, Lake Placid, NY),
followed by incubation for 4 hours with 25mL protein A-agarose beads.
Precipitated protein pellets were washed 3 times with ice-cold kinase lysis
buffer and 3 times with PI3 kinase buffer and then resuspended in 20 mL
ice-cold kinase buffer (40 mM HEPES [pH 7.5], 2 mM EGTA, 6 mM
MgCl2, 1 mM dithiothreitol, 2.5 mM phenylmethylsulfonyl fluoride, 5 mM
NaCl, 0.2 mM EDTA, and 10mM unlabeled ATP). Lipid mix (20mL) was
added (10mg PI [Matreya, State College, PA] containing 0.5% wt/vol
cholic acid, freshly prepared by sonication for 5 minutes on ice), and
samples were vortexed and incubated at 30°C for 5 minutes. Then, an
additional 40mL reaction mix was added containing 10mCi (0.37 MBq)
(g-32P)ATP (approximately 3000 Ci/mmol [approximately 1.113 1014

Bq/mmol]; Amersham) and incubated at 30°C for another 15 minutes. The
reaction was stopped by addition of a mixture of chloroform-methanol (1:1)
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and 1.5 N HCl (40mL). The reaction was then extracted with 160mL
mixture of chloroform-methanol at a ratio of 60:100, and appropriate
washes were performed. The extracted reaction product was combined and
dried in a vacuum centrifuge, and the residue was dissolved in 35mL
CHCl3/MeOH 2:1 vol/vol, separated by thin-layer chromatography, and
developed with CHCl3/MeOH/NH4OH/H2O (129:114:15:21). The dried
thin-layer chromatography plates were exposed on a phosphorimager
screen, and the amount of PI3-phosphate produced was quantified by using
a Molecular Dynamics Storm 860 phosphorimager.

Results

TEL/PDGFbR transforms 32D cells

We have previously shown that TEL/PDGFbR transforms IL-3–
dependent Ba/F3 cells to IL-3 independence.11 To develop a
confirmatory system, we have used 32D cells, another IL-3–
dependent murine myeloid cell line.28 The 32D cells were infected
by using the pMSCV retroviral construct encoding TEL/PDGFbR
complementary DNA or a control vector expressing neomycin
resistance.33 Cells were selected for growth in the absence of IL-3.
Cells infected with the TEL/PDGFbR-expressing construct grew in
the absence of IL-3, but vector control cells did not (data not
shown). Expression of TEL/PDGFbR was confirmed by Western
blotting (data not shown). All experiments below were repeated in
both Ba/F3-TEL/PDGFbR and 32D-TEL/PDGFbR cells.

TEL/PDGFbR activates PI3 kinase

TEL/PDGFbR has been previously reported to associate with the
p85 subunit of PI3 kinase.11 To show that TEL/PDGFbR activates
the kinase activity of PI3 kinase, PI kinase assays were performed
in transformed and untransformed Ba/F3 cells. As previously
described, short-term, high-dose stimulation of parental Ba/F3 cells
with IL-3 (50 ng/mL for 10 to 15 minutes) activates PI3 kinase
(Figure 1, lane 3). The activity is blocked by the PI3 kinase
inhibitor, LY294002, as expected (Figure 1, lane 5). Activation of
PI3 kinase in cells constitutively growing in 0.5 ng/mL IL-3 is
present but low (Figure 1, lane 1). In contrast, Ba/F3-TEL/
PDGFbR cells growing in log phase show high levels of PI3 kinase
activity (Figure 1, lane 6). This activity is also blocked by
LY294002 (Figure 1, lane 8). To demonstrate that activation of PI3
kinase depends on the kinase activity of TEL/PDGFbR, trans-
formed cells were incubated with the inhibitor STI571 (Figure 1,

lane 10). STI571 (previously CGP57 148B) is a well-described
tyrphostin small molecule that inhibits the kinase activity of the
ABL and PDGFbR tyrosine kinases at micromolar concentra-
tions.29,30Inhibition of other kinases is seen with the drug but only
at does 100 to 1000 times higher. The drug completely inhibits the
kinase activity of TEL/PDGFbR and causes Ba/F3-TEL/PDGFbR
cells to undergo apoptosis over an 18- to 30-hour period.17 As seen
in Figure 1, lane 10, STI571 inhibits the activation of PI3 kinase in
TEL/PDGFbR-transformed cells growing without IL-3. To con-
firm the specificity of the drug, cells were treated with STI571 and
IL-3 (Figure 1, lane 11). As expected, STI571 does not inhibit the
IL-3–induced activation of PI3 kinase. Together, these data demon-
strate that TEL/PDGFbR-transformed cells contain activated PI3
kinase and that this activity depends on the kinase activity of the
fusion protein.

TEL/PDGFbR regulates phosphorylation of Akt and
p70S6 kinase

To demonstrate that induction of PI3 kinase activity in TEL/
PDGFbR-transformed cells is functionally relevant, we have
examined activation of 2 mediators of the effects of PI3 kinase,
Akt/PKB (subsequently referred to as Akt), and p70S6 kinase. Akt
is a serine threonine kinase that is regulated by PI3 kinase and has
been reported to lead to phosphorylation of the Bcl2 family
member BAD34-36and other proteins. As shown in Figure 2A, lane
4, TEL/PDGFbR-transformed cells contain phosphorylated Akt.
This phosphorylation is increased relative to that seen in parental
Ba/F3 cells either growing in IL-3 (compare lane 4 with lane 1) or
deprived of IL-3 (Figure 2A, lane 2). Furthermore, the phosphory-
lation is inhibited by both LY294002 and STI571 (Figure 2A, lanes
6 and 7) but not by the vehicle, DMSO (Figure 2A, lane 5). These
results are consistent with a signaling pathway that connects
TEL/PDGFbR with PI3 kinase and subsequently to Akt. Similar
results were seen in 32D-TEL/PDGFbR cells (data not shown).

We have also examined phosphorylation of the PI3 kinase
mediator, p70S6 kinase. p70S6 kinase regulates a variety of
functions including ribosomal activity. In IL-3–stimulated Ba/F3
cells, p70S6 kinase has been reported to be necessary for the full
mitogenic effect of IL-3.37 Phosphorylation of p70S6 kinase in
TEL/PDGFbR-transformed cells was examined by using Western
blotting for phosphorylated p70S6 kinase as shown in Figure 2B,C.
As previously reported, IL-3 stimulates the phosphorylation of
p70S6 kinase (Figure 2B, compare lane 2 with lane 3; note that
antibody recognizes both p70S6 kinase and the related protein, p85
S6 kinase, that is constitutively phosphorylated). Ba/F3-TEL/
PDGFbR cells, growing in the absence of IL-3, contain phosphory-
lated p70S6 kinase (Figure 2B, lane 4). As above, phosphorylation
of p70S6 kinase in TEL/PDGFbR-expressing cells is inhibited by
both LY294002 and STI571 (Figure 2C, lanes 9 and 10) as well as
the p70 inhibitor, rapamycin (lane 11) but not by the unrelated
inhibitor of MEK, U0126 (lane 12). Similar results are seen in the
parental cells with the exception that STI571 has no effect of p70
phosphorylation in these cells (Figure 2C, lanes 1-6).

Inhibition of PI3 kinase in transformed cells decreases
cell growth

It has been previously reported that PI3 kinase is necessary for
growth of Ba/F3 cells stimulated with IL-3.24 To determine if this is
true for TEL/PDGFbR-transformed cells, cells were treated with

Figure 1. TEL/PDGF bR activates PI3 kinase. Parental Ba/F3 cells (lanes 1-5) or
transformed Ba/F3-TEL/PDGFbR cells (lanes 6-11) were analyzed during log phase
growth (lanes 1,6) or after treatment with DMSO alone (lanes 4,7) or the PI3 kinase
inhibitor, LY294002 (lanes 5,8,9) for 4 hours. LY294002 was dissolved in DMSO and
used at a concentration of 25 mM to obtain complete inhibition. As a positive control,
Ba/F3 cells were deprived of IL-3 for 4 hours and then restimulated with IL-3 at 50
ng/mL (lane 3). To demonstrate a necessity for the kinase activity of TEL/PDGFbR for
activation of PI3 kinase, cells were treated with STI571 at 1 mM in dH20 for 4 hours
(lane 10). As a control for the specificity of STI571, Ba/F3-TEL/PDGFbR cells were
treated with STI571 for 4 hours and then stimulated with IL-3 50 ng/mL for 10 minutes
(lane 11). All experiments were performed in the presence of 10% fetal calf serum.
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LY294002, and growth curves were performed by counting the
cells daily by using trypan blue exclusion. As shown in Figure 3A,
Ba/F3-TEL/PDGFbR cells treated with LY294002 at 10mM have
decreased cell growth (compare open boxes with closed triangles).
At the completely inhibitory concentration of 25mM, cells almost
completely stop growing, although they do not undergo apoptosis
for several days. In fact, examination of cultures 24 to 48 hours
after addition of LY294002 shows that there is little cell death
present in treated cultures on the basis of cell morphology and
trypan blue exclusion (data not shown). Sensitivity of the trans-
formed cells to LY294002 is similar to parental cells growing in
IL-3 (Figure 3B). Inhibition of cell growth in transformed cells is
probably not due to decreased activity of p70S6 kinase, as
treatment of cells with rapamycin led to only a slight and delayed
decrease in cell growth in our hands (data not shown).

Treatment with LY294002 arrests cells in the G1 phase of
the cell cycle

The presence of decreased cell growth with no apoptosis suggested
to us that Ba/F3-TEL/PDGFbR cells treated with LY294002 may
be undergoing a cell cycle arrest. To test this hypothesis, cells were
treated with LY294002 and examined for DNA content by using
propidium iodide staining at various time points. Initial analysis
demonstrated that cells began to arrest in the G1 phase of the cell
cycle within 8 to 16 hours of addition of LY294002. As shown in
Figure 4A, cells treated with LY294002 at 12.5mM for 24 hours
showed an accumulation of cells in the G1 phase of the cell cycle
(66% versus approximately 40% or less for control cells). When
LY294002 was used at 25mM, 80% of cells arrested in G1. This
finding was true whether IL-3 was present or not, confirming that
TEL/PDGFbR and IL-3 may both regulate cell cycle through a PI3
kinase–dependent pathway. Interestingly, when cells are treated
with STI571, which inactivates the kinase activity of TEL/
PDGFbR, a cell cycle arrest was also seen. However, 50% of these
cells have undergone apoptosis after 24 hours (sub 2N DNA
content by propidium iodide staining), in contrast to the LY294002-
treated cells (data not shown). This finding demonstrates that there
are alternative pathways to cell survival that are activated by
TEL/PDGFbR and not blocked by LY294002. Consistent with
previous results of TEL/PDGFbR-transformed cells treated with
IL-3 and STI571,17 IL-3 completely rescues cells from the effects
of STI571. Unlike cells transformed with BCR/ABL, we have
never seen an inability of IL-3 to rescue TEL/PDGFbR-
transformed cells treated with STI571 in short- or long-term assays.
The time course of cell cycle arrest is shown in Figure 4B. Again
cells were treated with LY294002 at 25mM. Cells were harvested
at the indicated time and analyzed for DNA content again.
Accumulation of cells in the G1 phase of the cell cycle is seen as
early as 8 hours after addition of LY294002, and cells continue to
accumulate for 24 hours.

PI3 kinase regulates cdk4 kinase in transformed cells

To understand the mechanism of G1 arrest in TEL/PDGFbR-
transformed cells treated with LY294002, we have analyzed
activation of the cdk4 complex. In these murine hematopoietic
cells, cdk4 is a major regulator of the G1 to S phase transition.38

Furthermore, cdk4 appears to couple with cyclin D2 or D3 in these
cells. Cyclin D1 is not expressed in these cells at an appreciable
level. To analyze cdk4 kinase activity, cells were treated with
DMSO or inhibitor for the indicated times, cells were lysed, and

Figure 2. TEL/PDGF bR stimulates phosphorylation of Akt and p70S6 kinase
through a LY294002-responsive pathway. (A) Ba/F3 (lanes 1-3) were harvested in
log phase growth (lane 1) or deprived of IL-3 for 4 hours and then restimulated with
media containing no IL-3 (lane 2) or 50 ng/mL IL-3 for 15 minutes. Ba/F3/TEL/
PDGFbR cells were either harvested in log phase growth (lane 4) or treated with the
indicated compound for 16 hours. Cells were lysed in 1% Triton lysis buffer, proteins
were separated by SDS-PAGE and blotted for phospho-Akt. Blot was stripped and
reprobed for expression of total Akt. Similar inhibition of Akt was seen in Ba/F3
TEL/PDGFbR cells treated with LY294002 (25 mM; lane 6) or STI571 (1 mM; lane 7).
(B) In separate experiments, phosphorylation of p70S6 kinase was examined. Ba/F3
cells were either analyzed during log phase growth with 0.5 ng/mL IL-3 (lane 1) or
deprived of IL-3 for 4 hours and then restimulated with media containing 50 ng/mL
IL-3 for 15 minutes (lane 2) or no IL-3 (lane 3). Ba/F3-TEL/PDGFbR cells were
harvested in log phase growth (lane 4) in the absence of IL-3. (C) Ba/F3 and
Ba/F3-TEL/PDGFbR cells were harvested in log phase growth or treated with
indicated inhibitors for 4 hours. D indicates DMSO; LY, LY294002 25 mM; STI, STI571
1 mM; R, rapamycin; and U, U0126 20 mM. Cells were lysed in 1% Triton, proteins
were separated by SDS-PAGE and blotted by using the indicated antibodies.
Phospho-p70S6 kinase antibody cross-reacts with a splice variant of p70, p85 S6
kinase, which is not known to be regulated by cytokines.

Figure 3. Inhibition of PI3 kinase blocks growth of transformed cells. Ba/F3
TEL/PDGFbR cells (A) or Ba/F3 cells (B) were either treated with DMSO (“Growing”)
or treated with LY294002 at indicated concentrations. Viable cells were enumerated
daily by using trypan blue exclusion.
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immunoprecipitations were performed with cdk4 antibodies. Immu-
noprecipitated complexes were incubated with purified GST-Rb
fusion protein. Rb is a known substrate of cdk4 kinase.39 Phosphor-
ylated proteins were separated by SDS-PAGE and analyzed for
phosphorylation of GST-Rb by using a phosphoimager. Visualized
autoradiogram is shown at the top of the figure, and quantitation of
bands is graphed below. Both Ba/F3 and Ba/F3-TEL/PDGFbR
cells treated with LY294002 for 24 hours show a 80% decrease in
activation of the cdk4 complex (Figure 5, lanes 2 versus 3 and 5
versus 6). No difference is seen between untreated cells and
DMSO-treated cells at this time point. Similar results are seen in
32D and 32D-TEL/PDGFbR cells (Figure 5, lanes 8-14). These
results demonstrate that inhibition of PI3 kinase in these cells leads
to an inhibition of cdk4 kinase activity.

To see if the inhibition of cdk4 kinase activity is temporally
associated with the block in the G1 phase of the cell cycle, a kinetic
analysis of cdk4 kinase activity was performed (Figure 6). Ba/F3
and Ba/F3-TEL/PDGFbR cells were again treated with DMSO
(lanes 2-5), LY294002 (lanes 6-9), or STI571 (lanes 10-13) for the
indicated time. Cells were harvested, and cdk4 kinase activity was
assayed as above. DMSO had a delayed and reproducible stimula-

tory effect on cdk4 kinase activity after 8 to 16 hours (Figure 6,
lanes 3 and 4). In contrast, LY294002-treated cells show a decrease
in activity at 8 hours and an almost complete loss of activity by 24
hours of treatment. Interestingly, STI571-treated cells show a more
rapid decrease in cdk4 kinase activity, suggesting that regulation of
cdk4 in these cells may go through 2 or more signaling pathways.
The partial decrease in cdk4 kinase activity seen after 8 hours of
treatment correlates with the partial G1 arrest seen at this time point
(Figure 4B).

Inhibition of cdk4 kinase activity is associated with decreased
Cyclin D2 and increased p27 Kip1

Previous reports have demonstrated a signaling cascade though
which Akt activates the forkhead transcription factor, FKHR-L1,
that in turn inhibits the transcription of the p27Kip1 protein and
regulates progression through the G1/S cell cycle checkpoint.40 An
analogous signaling cascade has also been proposed downstream of
BCR/ABL in transformed Ba/F3 cells.41 To determine if the same
or distinct mechanisms were regulated by TEL/PDGFbR, we
examined the expression of multiple cell cycle regulatory proteins
in both wild-type 32D cells and in 32D-TEL/PDGFbR cells treated
with either DMSO alone or LY294002. As shown in Figure 7,
Western blotting does demonstrate an increase in p27Kip1 in

Figure 4. Inhibition of PI3 kinase leads to a G1 cell
cycle arrest in Ba/F3-TEL/PDGF bR cells. Ba/F3-TEL/
PDGFbR cells were grown to subconfluence and re-
plated at 2 3 105 cells/mL in the absence (striped bars)
or presence of 0.5 ng/mL IL-3 (black bars). (A) Cells were
left untreated (control), treated with DMSO, or indicated
inhibitor for 24 hours. Cells were harvested by centrifuga-
tion, stained with propidium iodide, and analyzed for DNA
content. Percentage of cells with 2N DNA content was
estimated by using the Modfit software. Data are the
average of 2 experiments with Ba/F3-TEL/PDGFbR cells;
similar results were obtained with 32D-TEL/PDGFbR
cells (n 5 2). (B) To determine the time course of cell
cycle arrest, Ba/F3-TEL/PDGFbR cells were left un-
treated (closed squares), treated with DMSO alone
(closed diamonds), or treated with LY294002 at 25 mM
(closed circles) for the indicated time periods. Data are
representative of 4 experiments with both Ba/F3-TEL/
PDGFbR and 32D-TEL/PDGFbR cells.

Figure 5. Inhibition of PI3 kinase decreases cdk4 kinase activity. Indicated cells
were grown to subconfluence, harvested by centrifugation, and replated for 24 hours
with either media alone, DMSO (0.1%), LY294002 (25 mM), or STI571 (1 mM). After
incubation, cells were harvested and lysed. Lysates were immunoprecipitated with
cdk4 antibody and cdk4-associated Rb kinase activity was assayed. Kinase reaction
products were separated by SDS-PAGE. Gel was dried and visualized by autoradiog-
raphy with the use of a Molecular Dynamics PhosphoImager. Visual display of results
is shown in top of figure and quantitation of results is shown below.

Figure 6. Time course of cdk4 kinase activity inhibition. Indicated cells were
grown to subconfluence, harvested by centrifugation, and replated for indicated times
in the presence of DMSO (0.1%), alone, LY294002 (25 mM), or STI571 (1 mM). Cells
were harvested and cdk4 kinase assays performed as in Figure 5.
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IL-3–stimulated cells (Figure 7, compare lane 1 with lanes 6 and 7).
However, in several experiments, this induction was also seen with
DMSO alone (Figure 7, lane 1 versus 3 and 4). DMSO was present
at a final concentration of 0.1%. Furthermore, in 32D-TEL/
PDGFbR–transformed cells, the increase was less marked and not
sustained (Figure 7, compare lane 8 versus lanes 13 and 14).
However, cyclin D2 was consistently down-regulated by LY294002
and not by DMSO in both IL-3–stimulated parental cells and
32D-TEL/PDGFbR cells (Figure 7, lane 1 versus 7 and lane 8
versus 14). There was also consistent down-regulation of cyclin E
(Figure 7, lanes 7 and 14). Although some decrease in cyclin D3 is
present in this experiment, this was not reproducible (Figure 7, lane
7). Cdk4 protein level and p21 levels were not altered in our
experiments by LY294002 (Figure 7). Basal levels of both cyclin
D3 and p21 were increased in 32D-TEL/PDGFbR compared with
nontransformed parental cells (Figure 7, compare lane 8 with lane
1), but this increase was not seen in Ba/F3-TEL/PDGFbR cells and
is of unclear significance. Although these data do not show that
cyclin D2 is the critical regulator of cdk4 kinase activity in these
cells, they do raise the question of whether p27Kip1 is the sole cell
cycle protein regulated by the PI3 kinase/Akt pathway.

Discussion

We have demonstrated that TEL/PDGFbR activates PI3 kinase in
transformed cells and that such activation requires the kinase activity of
TEL/PDGFbR and is inhibited by the pharmacologic inhibitor of
PDGFbR kinase activity, STI571 (formerly CGP57148B). Further-
more, TEL/PDGFbR activates Akt and p70S6 kinase through a PI3

kinase–dependent pathway. Inhibition of PI3 kinase leads to decreased
growth of transformed cells and a growth arrest in the G1 phase of the
cell cycle. Interestingly, this growth arrest is associated with a decrease
in the activity of cdk4 kinase. Cdk4 kinase activity is inhibited within 8
hours of addition of the PI3 kinase inhibitor, LY294002, and continues
to decrease up to 24 hours after addition of the agent. These studies
demonstrate the presence of a signaling pathway from TEL/PDGFbR to
PI3 kinase and subsequently to regulation of the cdk4 kinase complex.
Activation of this pathway is necessary for transformation of cytokine-
dependent cells to IL-3 independence by TEL/PDGFbR.

Several comments are warranted about the methods we have
used. First, we have used STI571 as a specific inhibitor of
TEL/PDGFbR, and our conclusions are based on the assumption
that this agent does not inhibit other kinases. This compound has
been extensively studied and reported to inhibit ABL family
kinases, wild-type PDGFbR kinases, and c-kit receptor kinase. It
has not been reported to inhibit PI3 kinases themselves, small GTP
proteins, MAP family kinases, or any other known signaling
molecules29,30(E. Buchdunger, Novartis Pharmaceuticals, personal
communication, 2000; M. Carroll, unpublished data, 2000). Ba/F3
cells do not express wild-type kit receptor or PDGFbR, and c-abl
activity is not necessary for growth of the cells. Thus, we feel
justified in using STI571 as a specific inhibitor of TEL/PDGFbR.
In the case of LY294002, however, nonspecific effects must be
considered. LY294002 may inhibit other phosphoinositide kinases,
and further experiments with dominant-negative PI3 kinase con-
structs will be necessary to demonstrate that the effects described
depend solely on PI3 kinase activity and not on other lipid kinases.

We have shown that IL-3–stimulated Ba/F3 and 32D cells arrest
in G1 and down-regulate cdk4 kinase activity after treatment with
LY294002 (Figures 3 and 5 and data not shown). This result is
consistent with previous results that expression of a dominant-
negative p85 PI3 kinase inhibits the growth of Ba/F3 cells,24

although this study did not demonstrate an effect of the dominant-
negative construct on cdk4 kinase activity. The similarity in the
results between IL-3–stimulated cells and TEL/PDGFbR-trans-
formed cells raises the question of whether this result is determined
by the cell system used rather than a unique property of TEL/
PDGFbR. Analysis of other cells, particularly primary cells from
patients and animals with TEL/PDGFbR-induced disease, will be
important for determining if these results can be extended to
primary cells; however, a comparison to BCR/ABL-transformed
cells is informative. It has previously been noted that BCR/ABL
activates PI3 kinase in transformed cells.5,6 This result has recently
been confirmed in primary cells from a murine model of BCR/ABL-
induced myeloproliferative disease.3 The consistency between the cell
line and the primary results for BCR/ABL is encouraging that there will
be a similar consistency for TEL/PDGFbR-transformed cells.

The exact signaling pathway between PI3 kinase and cdk4
kinase activity in these cells is unclear. It has previously been
reported in fibroblasts that there is a signaling pathway from PI3
kinase through glycogen synthase kinase 3 (GSK3) to Cyclin D1.23

GSK3 activation leads to phosphorylation of Cyclin D1 and
promotion of the G1 to S phase transition.23,42However, Cyclin D1
is not detectable in Ba/F3 cells. Furthermore, an experiment using
LY294002 and lithium (an inhibitor of GSK3 activity) showed no
change in the cell cycle arrest seen with LY294002 alone,
suggesting that this effect may not be mediated through GSK3
(data not shown). Alternatively, it has recently been reported that
IL-3 regulates the forkhead transcription factor through PI3 kinase
and that this pathway regulates expression of the cyclin inhibitor,

Figure 7. Effect of PI3 kinase inhibition on expression of cell cycle regulatory
proteins. Parental 32D or 32D-TEL/PDGFbR cells were collected in log phase
growth (lanes 1, 8) or replated in the presence of DMSO or LY294002 at 25 mM for the
indicated period of time. Cells were lysed in 1% Triton lysis buffer; protein quantitated,
separated by SDS-PAGE, and blotted. Lysates were probed with antibodies for the
indicated proteins.
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p27Kip1.40 In addition, Gesbert et al41 recently reported that
BCR/ABL regulates p27Kip1 through a PI3 kinase/Akt-dependent
pathway.41Although we see reproducible up-regulation of p27Kip1
in our experiments, we also see consistent down-regulation of
Cyclin D2. Additional experiments will be necessary in TEL/
PDGFbR-transformed cells to determine how cdk4 kinase activity
is regulated. The differences between the role of PI3 kinase in
regulating Cyclin D1 in fibroblasts, p27Kip1 in some hematopoietic
cells, and Cyclin D2 (our results) in others suggests that PI3 kinase
may regulate the G1/S phase checkpoint in multiple cells but
through different mechanisms.

Tyrosine kinase fusion proteins such as BCR/ABL, TEL/
PDGFbR, TEL-JAK2, and NPM/ALK are implicated in a large
variety of hematopoietic neoplasms. It is unclear to what extent
these proteins may activate the same or distinct signaling pathways.
Recent data suggests that there are critical differences between
BCR/ABL and TEL/JAK2. Although all of these proteins have
been reported to activate STAT5, transplantation of STAT5-
deficient cells infected with BCR/ABL into recipient, irradiated

animals still causes a myeloproliferative syndrome, suggesting that
BCR/ABL does not require STAT5 for activation.43 However,
transplantation of STAT5-deficient cells infected with TEL/JAK2
does not cause a disease in the bone marrow transplantation
model.44 Thus, in vivo, BCR/ABL and TEL/JAK2 differ in a
requirement for STAT5. In contrast, BCR/ABL,5,6 NPM/ALK,45,46

and TEL/PDGFbR (this report) apparently share a requirement for
PI3 kinase in transformation. It will be interesting to see if
TEL/JAK2 and other fusion proteins require PI3 kinase and to
determine if the requirement for PI3 kinase activation extends to
primary cells. If it does, inhibition of PI3 kinase activity would
present a possible therapeutic modality for treatment of a variety
of neoplasms.

Acknowledgments

We thank Charles Abrams and Terri Laufer for helpful discussions
and Jidong Zhang for technical assistance.

References

1. Sawyers CL, Denny CT. Chronic myelomonocytic
leukemia: Tel-a-kinase what Ets all about. Cell.
1994;77:171-173.

2. Sawyers CL. Chronic myeloid leukemia. N Engl
J Med. 1999;340:1330-1340.

3. Roumiantsev S, de Aos IE, Varticovski L, Ilaria
RL, Van Etten RA. The src homology 2 domain of
Bcr/Abl is required for efficient induction of
chronic myeloid leukemia-like disease in mice but
not for lymphoid leukemogenesis or activation of
phosphatidylinositol 3-kinase [In Process Cita-
tion]. Blood. 2001;97:4-13.

4. Neshat MS, Raitano AB, Wang HG, Reed JC,
Sawyers CL. The survival function of the Bcr-Abl
oncogene is mediated by Bad-dependent and
-independent pathways: roles for phosphatidyl-
inositol 3-kinase and Raf. Mol Cell Biol. 2000;20:
1179-1186.

5. Skorski T, Kanakaraj P, Nieborowska-Skorska M,
et al. Phosphatidylinositol-3 kinase activity is
regulated by BCR/ABL and is required for the
growth of Philadelphia chromosome-positive
cells. Blood. 1995;86:726-736.

6. Skorski T, Bellacosa A, Nieborowska-Skorska M,
et al. Transformation of hematopoietic cells by
BCR/ABL requires activation of a PI-3k/Akt-de-
pendent pathway. EMBO J. 1997;16:6151-6161.

7. Golub TR, Barker GF, Lovett M, Gilliland DG. Fu-
sion of PDGF receptor beta to a novel ets-like
gene, tel, in chronic myelomonocytic leukemia
with t(5;12) chromosomal translocation. Cell.
1994;77:307-316.

8. Shurtleff S, Buijs A, Behm F, et al. TEL-AML1 fu-
sion resulting from a cryptic t(12;21) is the most
common genetic lesion in pediatric ALL and de-
fines a subgroup of patients with an excellent
prognosis. Leukemia. 1995;9:1985-1989.

9. Papadopoulos P, Ridge SA, Boucher CA, Stock-
ing C, Wiedemann LM. The novel activation of
ABL by fusion to an ets-related gene, TEL. Can-
cer Res. 1995;55:34-38.

10. Buijs A, Sherr S, van Baal S, et al. Translocation
(12;22)(p13;q11) in myeloproliferative disorders
results in fusion of the ETS-like gene TEL on
12p13 to the MN1 gene on 22q11. Oncogene.
1995;10:1511-1519.

11. Carroll M, Tomasson MH, Barker GF, Golub TR,
Gilliland DG. The TEL/platelet-derived growth
factor beta receptor (PDGF beta R) fusion in
chronic myelomonocytic leukemia is a transform-
ing protein that self-associates and activates
PDGF beta R kinase-dependent signaling path-

ways. Proc Natl Acad Sci U S A. 1996;93:14845-
14850.

12. Jousset C, Carron C, Boureux A, et al. A domain
of TEL conserved in a subset of ETS proteins de-
fines a specific oligomerization interface essential
to the mitogenic properties of the TEL-PDGFR
beta oncoprotein. EMBO J. 1997;16:69-82.

13. Sjoblom T, Boureux A, Ronnstrand L, Heldin CH,
Ghysdael J, Ostman A. Characterization of the
chronic myelomonocytic leukemia associated
TEL-PDGF beta R fusion protein. Oncogene.
1999;18:7055-7062.

14. Rompaey LV, Potter M, Adams C, Grosveld G. Tel
induces a G1 arrest and suppresses Ras-induced
transformation. Oncogene. 2000;19:5244-5250.

15. Wang LC, Kuo F, Fujiwara Y, Gilliland DG, Golub
TR, Orkin SH. Yolk sac angiogenic defect and
intra-embryonic apoptosis in mice lacking the Ets-
related factor TEL. EMBO J. 1997;16:4374-4383.

16. Claesson-Welsh L. Platelet-derived growth factor
receptor signals. J Biol Chem. 1994;269:32023-
32026.

17. Carroll M, Ohno-Jones S, Tamura S, et al. CGP
57148, a tyrosine kinase inhibitor, inhibits the
growth of cells expressing BCR-ABL, TEL-ABL,
and TEL-PDGFR fusion proteins. Blood. 1997;90:
4947-4952.

18. Bourgeade MF, Defachelles AS, Cayre YE. Myc is
essential for transformation by TEL/platelet-de-
rived growth factor receptor beta (PDGFRbeta).
Blood. 1998;91:3333-3339.

19. Atfi A, Prunier C, Mazars A, et al. The oncogenic
TEL/PDGFR beta fusion protein induces cell
death through JNK/SAPK pathway. Oncogene.
1999;18:3878-3885.

20. Wilbanks AM, Mahajan S, Frank DA, Druker BJ,
Gilliland DG, Carroll M. TEL/PDGFbetaR fusion
protein activates STAT1 and STAT5: a common
mechanism for transformation by tyrosine kinase
fusion proteins. Exp Hematol. 2000;28:584-593.

21. Corvera S, Czech MP. Direct targets of phospho-
inositide 3-kinase products in membrane traffic
and signal transduction. Trends Cell Biol. 1998;8:
442-446.

22. Wymann MP, Pirola L. Structure and function of
phosphoinositide 3-kinases. Biochim Biophys
Acta. 1998;1436:127-150.

23. Diehl JA, Cheng M, Roussel MF, Sherr CJ. Glyco-
gen synthase kinase-3beta regulates cyclin D1
proteolysis and subcellular localization. Genes
Dev. 1998;12:3499-3511.

24. Craddock BL, Orchiston EA, Hinton HJ, Welham
MJ. Dissociation of apoptosis from proliferation,
protein kinase B activation, and BAD phosphory-
lation in interleukin-3-mediated phosphoinositide
3-kinase signaling. J Biol Chem. 1999;274:
10633-10640.

25. Vlahos CJ, Matter WF, Hui KY, Brown RF. A spe-
cific inhibitor of phosphatidylinositol 3-kinase,
2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-
one (LY294002). J Biol Chem. 1994;269:5241-
5248.

26. Vlahos CJ, Matter WF, Brown RF, et al. Investiga-
tion of neutrophil signal transduction using a spe-
cific inhibitor of phosphatidylinositol 3-kinase.
J Immunol. 1995;154:2413-2422.

27. Palacios R, Steinmetz M. IL-3-dependent mouse
clones that express B-220 surface antigen, con-
tain Ig genes in germ-line configuration, and gen-
erate B lymphocytes in vivo. Cell. 1985;41:727-
734.

28. Rovera G, Valtieri M, Mavilio F, Reddy EP. Effect
of Abelson murine leukemia virus on granulocytic
differentiation and interleukin-3 dependence of a
murine progenitor cell line. Oncogene. 1987;1:29-
35.

29. Buchdunger E, Zimmermann J, Mett H, et al. Se-
lective inhibition of the platelet-derived growth
factor signal transduction pathway by a novel ty-
rosine protein kinase inhibitor of the 2-phe-
nylaminopyrimidine class. Proc Natl Acad Sci
U S A. 1995;92:2558-2562.

30. Buchdunger E, Zimmermann J, Mett H, et al. Inhi-
bition of the Abl protein-tyrosine kinase in vitro
and in vivo by a 2-phenylaminopyrimidine deriva-
tive. Cancer Res. 1996;56:100-104.

31. Favata MF, Horiuchi KY, Manos EJ, et al. Identifi-
cation of a novel inhibitor of mitogen-activated
protein kinase. J Biol Chem. 1998;273:18623-
18632.

32. DeSilva DR, Jones EA, Favata MF, et al. Inhibi-
tion of mitogen-activated protein kinase blocks
T cell proliferation but does not induce or prevent
anergy. J Immunol. 1998;160:4175-4181.

33. Hawley RG. High-titer retroviral vectors for effi-
cient transduction of functional genes into murine
hematopoietic stem cells. Ann N Y Acad Sci.
1994;716:327-330.

34. Songyang Z, Baltimore D, Cantley LC, Kaplan
DR, Franke TF. Interleukin 3-dependent survival
by the Akt protein kinase. Proc Natl Acad Sci
U S A. 1997;94:11345-11350.

1764 DIEROV et al BLOOD, 1 MARCH 2002 z VOLUME 99, NUMBER 5

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/99/5/1758/1681019/h8050201758.pdf by guest on 08 June 2024



35. Datta K, Bellacosa A, Chan TO, Tsichlis PN. Akt is
a direct target of the phosphatidylinositol 3-
kinase. Activation by growth factors, v-src and
v-Ha-ras, in Sf9 and mammalian cells. J Biol
Chem. 1996;271:30835-30839.

36. Datta SR, Dudek H, Tao X, et al. Akt phosphoryla-
tion of BAD couples survival signals to the cell-
intrinsic death machinery. Cell. 1997;91:231-241.

37. Calvo V, Wood M, Gjertson C, Vik T, Bierer BE.
Activation of 70-kDa S6 kinase, induced by the
cytokines interleukin-3 and erythropoietin and
inhibited by rapamycin, is not an absolute re-
quirement for cell proliferation. Eur J Immunol.
1994;24:2664-2671.

38. Ando K, Griffin JD. Cdk4 integrates growth stimu-
latory and inhibitory signals during G1 phase of
hematopoietic cells. Oncogene. 1995;10:751-
755.

39. Matsushime H, Ewen ME, Strom DK, et al. Identi-

fication and properties of an atypical catalytic
subunit (p34PSK-J3/cdk4) for mammalian D type
G1 cyclins. Cell. 1992;71:323-334.

40. Dijkers PF, Medema RH, Pals C, et al. Forkhead
transcription factor FKHR-L1 modulates cytokine-
dependent transcriptional regulation of
p27(KIP1). Mol Cell Biol. 2000;20:9138-9148.

41. Gesbert F, Sellers WR, Signoretti S, Loda M, Grif-
fin JD. BCR/ABL regulates expression of the cy-
clin-dependent kinase inhibitor p27Kip1 through
the phosphatidylinositol 3-Kinase/AKT pathway.
J Biol Chem. 2000;275:39223-39230.

42. Diehl JA, Zindy F, Sherr CJ. Inhibition of cyclin D1
phosphorylation on threonine-286 prevents its
rapid degradation via the ubiquitin-proteasome
pathway. Genes Dev. 1997;11:957-972.

43. Sexl V, Piekorz R, Moriggl R, et al. Stat5a/b con-
tribute to interleukin 7-induced B-cell precursor
expansion, but abl- and bcr/abl-induced transfor-

mation are independent of stat5 [In Process Cita-
tion]. Blood. 2000;96:2277-2283.

44. Schwaller J, Frantsve J, Aster J, et al. Transfor-
mation of hematopoietic cell lines to growth-factor
independence and induction of a fatal myelo- and
lymphoproliferative disease in mice by retrovirally
transduced TEL/JAK2 fusion genes. EMBO J.
1998;17:5321-5333.

45. Slupianek A, Nieborowska-Skorska M, Hoser G,
et al. Role of phosphatidylinositol 3-kinase-Akt
pathway in nucleophosmin/anaplastic lymphoma
kinase-mediated lymphomagenesis. Cancer Res.
2001;61:2194-2199.

46. Bai RY, Ouyang T, Miething C, Morris SW, Pe-
schel C, Duyster J. Nucleophosmin-anaplastic
lymphoma kinase associated with anaplastic
large-cell lymphoma activates the phosphatidyl-
inositol 3-kinase/Akt antiapoptotic signaling path-
way. Blood. 2000;96:4319-4327.

TEL/PDGFbR ACTIVATES PI3K 1765BLOOD, 1 MARCH 2002 z VOLUME 99, NUMBER 5

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/99/5/1758/1681019/h8050201758.pdf by guest on 08 June 2024


