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Activated Protein Kinase and Phosphatidylinositol
3-Kinase/Akt/mTOR Pathways
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The FOP-fibroblast growth factor receptor 1 (FGFR1) fusion protein is expressed as a consequence of a
t(6;8) (q27;p12) translocation associated with a stem cell myeloproliferative disorder with lymphoma, myeloid
hyperplasia and eosinophilia. In the present report, we show that the fusion of the leucine-rich N-terminal
region of FOP to the catalytic domain of FGFR1 results in conversion of murine hematopoietic cell line Ba/F3
to factor-independent cell survival via an antiapoptotic effect. This survival effect is dependent upon the
constitutive tyrosine phosphorylation of FOP-FGFR1. Phosphorylation of STAT1 and of STAT3, but not
STATS, is observed in cells expressing FOP-FGFR1. The survival function of FOP-FGFR1 is abrogated by
mutation of the phospholipase C gamma binding site. Mitogen-activated protein kinase (MAPK) is also
activated in FOP-FGFR1-expressing cells and confers cytokine-independent survival to hematopoietic cells.
These results demonstrate that FOP-FGFR1 is capable of protecting cells from apoptosis by using the same
effectors as the wild-type FGFR1. Furthermore, we show that FOP-FGFR1 phosphorylates phosphatidylinositol
3 (PI3)-kinase and AKT and that specific inhibitors of PI3-kinase impair its ability to promote cell survival.
In addition, FOP-FGFR1-expressing cells show constitutive phosphorylation of the positive regulator of
translation p70S6 kinase; this phosphorylation is inhibited by PI3-kinase and mTOR (mammalian target of
rapamycin) inhibitors. These results indicate that translation control is important to mediate the cell survival
effect induced by FOP-FGFRI1. Finally, FOP-FGFR1 protects cells from apoptosis by survival signals including
BCL2 overexpression and inactivation of caspase-9 activity. Elucidation of signaling events downstream of
FOP-FGFRI1 constitutive activation provides insight into the mechanism of leukemogenesis mediated by this

oncogenic fusion protein.

The consequence of a translocation involving fibroblast
growth factor receptor 1 (FGFR1) at chromosomal region
8p12 and either one of five unrelated partner genes (16, 55, 73)
is the expression of an aberrant tyrosine kinase leading to a
distinctive stem cell leukemia-lymphoma syndrome. FGFR1
belongs to a family of structurally related tyrosine kinase re-
ceptors encoded by four different genes. These receptors are
glycoproteins composed of two to three extracellular immuno-
globulin-like domains, a transmembrane domain, and a split
tyrosine kinase domain. Activation of FGFRs results in the
stimulation of multiple signaling pathways, which are not com-
pletely defined yet. The FGFR family has been linked to the
activation of phospholipase C gamma (PLC-y) (11, 52) and
two other pathways that both activate the mitogen-activated
protein (MAP) kinases (MAPKSs) through different adaptors,
i.e., SHC and FRS2/SNT (44, 58, 80).

Numerous skeletal and developmental disorders result from
mutations in the FGFR genes (12, 82). Activation of FGFRs
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have also been involved in cell proliferation and tumorigenesis.
FGFR1 has been implicated in breast cancers (77), and
FGFR2 has been implicated in T-lymphocytic tumors (37).
Activating mutations in FGFR3 are frequent in bladder and
cervix carcinomas (14). The t(4;14) translocation associated
with multiple myeloma results in increased FGFR3 expression
or selective expression of mutated alleles of FGFR3 (17, 68)
that contribute to tumor progression (18).

In the stem cell myeloproliferative disorder linked to the
chromosomal 8p12 region, three FGFR1 partners have been
cloned, FOP at 6q27 (65), CEP110 at 9933 (33), and FIM/ZNF
198 at 13ql12 (64, 67, 72, 84). In each case, the N-terminal
region of the partner, which contains protein-protein interac-
tion motif domain, is fused to the tyrosine kinase domain of
FGFRI1 (33, 64, 65, 67, 72, 73, 84). The aberrant fusion pro-
teins have constitutive kinase activity (33, 64) triggered by
dimerization mediated by FGFR1 protein partner (57, 85).

Identifying the function of FGFRI1 fusion proteins is essen-
tial to understanding how the aberrant receptors are involved
in malignant disease. One approach is to unveil the signal
transduction pathways activated by the translocations. We re-
cently reported that FIM/ZNF198-FGFR1, the fusion product
of the myeloproliferative disorder associated with the t(8;13)
translocation, promotes survival of Ba/F3 cells after interleukin
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FIG. 1. FOP-FGFRI1 fusion constructs. FOP-FGFRI encodes a
protein of 568 amino acid residues containing the FOP N terminus
leucine-rich region (LRR) fused to the catalytic domain of FGFR1
composed of part of the juxtamembrane domain, the tyrosine kinase
domain comprising the two tyrosine kinase subdomains TK1 and TK2
interrupted by a short kinase insert (KI), and the C-terminal tail.
K*/A is a single mutation in FOP-FGFR1 which inactivates the
kinase activity (K> corresponds to K>'* in the FGFRI sequence and
is an ATP binding site). Y°''/F is a single mutation that abolishes the
PLC-, binding site (Y”%°) in the context of the native FGFR1 (52, 63).
Arrows indicate the t(6;8) breakpoint. FOP and FGFR1 amino acid
sequences around the breakpoint are indicated.

3 (IL-3) withdrawal, whereas ligand-activated FGFR1 induced
not only cell survival but also IL-3-independent growth (57). In
this report, we have characterized the signal transduction path-
ways and the transforming properties of FOP-FGFR1, the
fusion protein resulting from the t(6;8) translocation associ-
ated with the 8pl12 myeloproliferative disorder. Our results
demonstrate that the fusion protein is constitutively activated
and promotes ligand-independent cell survival of Ba/F3 cells
via an antiapoptotic effect. Mutational analysis shows that this
survival effect is dependent upon constitutive FGFR1 tyrosine
kinase activity. We show that the constitutively activated
FGFRI1 kinase is able to phosphorylate STAT1 and STATS3,
but not STATS. We also show that FOP-FGFRI1 can utilize the
same effector proteins, including PLC-y and MAPK, as the
wild-type FGFR1 to promote signal transduction. Experiments
reported here also strongly suggest a major role of the phos-
phatidylinositol 3-kinase (PI3K) signaling pathway in main-
taining the cell survival induced by FOP-FGFRI1. The cell
survival effect of FOP-FGFR1 via PI3K and AKT signaling
pathways is dependent on targets that eventually control trans-
lation, i.e., mammalian target of rapamycin (mTOR)/p70S6
kinase (p705°%).

MATERIALS AND METHODS

Cells and culture conditions. Ba/F3 cells were grown in RPMI plus 10% fetal
calf serum (FCS) and IL-3. Cos-1 and NIH 3T3 (parental and FGFR1-expressing
cell line NFIg26) cells were maintained in Dulbecco’s modified Eagle’s medium
with 10% new born calf serum.

DNA constructs. Full-length FOP cDNA was inserted in pcDNA3 expression
vector (Invitrogen) and Myc epitope tagged at its 5’ end. FOP-FGFR1 cDNA
was constructed in two steps. A 5" Bcll fragment of FOP containing the Myc
epitope was subcloned into pcDNA3 containing a partial Bc/l-digested FOP-
FGFR1 cDNA (65). The complete FOP-FGFR1 was then obtained by subclon-
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FIG. 2. Autokinase activity and phosphorylation on tyrosine of
FOP-FGFRI1 fusion protein. The FGFR1 overexpressing cell line, and
NIH 3T3 cells transiently transfected with either the empty vector
(pcDNA3) or two FOP-FGFR1 cDNAs (wild-type and kinase dead
mutant) were treated with (+) or without (=) FGF1 plus heparin.
Immunoprecipitates using anti-C-FGFR1 antibody were analyzed for
autokinase assay (upper panel), phosphorylation on tyrosine after
Western blotting with antiphosphotyrosine antibody (4G10) (medium
panel), and expression level by Western blotting with anti-C-FGFR1
antibody (lower panel). The position of molecular mass standards is
indicated at left.

ing the partial BamHI-Nhel-digested FOP-FGFR1 and inserted in the BamHI-
Nhel-digested pCHIM construct containing the 3’ FGFR1 part (57). The
Quickchange site-directed mutagenesis kit (Stratagene) was used to introduce
point mutations within the FGFR1 portion of the FOP-FGFRI1 fusion cDNA in
pcDNA3 vector according to the manufacturer’s recommendations: a kinase-
defective (pFOP-FGFR1K* to A [K*Y/A]) and PLC-y-binding-defective
(pFOP-FGFR1 Y*'!/F) FOP-FGFR1 mutants were made by changing lysine 259
(lysine 514 in the FGFR1 sequence [5]) to alanine and tyrosine 511 (tyrosine 766
in the FGFR1 sequence [52]) to phenylalanine, respectively (Fig. 1). Each con-
struct was verified by sequencing. pPFGFR1A, the full-length FGFR1 cDNA was
excised from pFlg16 (23) by digestion with Apal and Ncol and was inserted in the
Apal-EcoRYV sites of pcDNA3 by blunt-end ligation. TEL-JAK2 cDNA inserted
in pcDNA3 (45), a kind gift of O. Bernard, was used as a control. The plasmids
which direct the expression of glutathione-S-transferase (GST)-tagged SH2-PI3-
kinase (GST-SH2 N-terminal p85a and GST-SH2 C-terminal p85«, kindly pro-
vided by M. Waterfield), GST-PLC-y and GST-SHC (gift from B. Margolis), and
GST-GRB2 (gift from R. Rottapel), were used. rCD2p110 plasmid which con-
tains the p110 catalytic subunit of PI3-kinase (66), and pSG5-PKB™ S contain-
ing full-length protein kinase/AKT cDNA N-terminally tagged with hemagglu-
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FIG. 3. PLC-,1 binds via its SH2 domain to Y511 site on FOP-
FGFR1 fusion receptor in a phosphorylation-dependent manner. (A)
Cos-1 cells were transiently transfected with FOP-FGFR1 and its mu-
tants. A pull-down assay was performed on FOP-FGFR1 expressing
lysates with the GST-SH2-PLC-, 1. The interaction with FOP-FGFR1
was revealed by anti-C-FGFRI1. Proteins in the total cell lysates were
detected by Western blotting with anti-C-FGFR1. (B) Ba/F3 cells
stably transfected with FGFR1 and FOP-FGFR1 and its mutants were
IL-3 starved overnight in medium containing 1% FCS and then stim-
ulated with medium alone with (+) or without (—) IL-3 or in the
presence of FGF1 plus heparin (—*) for 10 min at 37°C. The lysates
were subjected to immunoprecipitations with antiphosphotyrosine (IP
anti-Py). The immunoprecipitates were resolved by SDS-PAGE fol-
lowed by immunoblotting with anti-PLC-1. The position of molecular
mass standards is indicated at left.

tinin (10) were kindly provided by D. A. Cantrell and B. M. Burgering,
respectively.

Transient and stable transfections. Cos-1 cells were transiently transfected
using 2 pg of plasmid DNA and 3 pl of FuGENES transfection reagent (Roche
Diagnostics, Meyland, France) following the manufacturer’s recommendations.
Stable Ba/F3 cell lines were generated by electroporation of the different ex-
pression constructs or empty vector and selected in IL-3 medium plus G418 (1
mg/ml) as previously described (57). FGFR1-positive cells were selected in
G418 medium containing FGF1 (10 ng/ml) plus heparin (10 wg/ml) (23) and
refed every 2 days. Stable TEL-JAK2 clones were selected as described (40).
For reporter assays, NIH3 T3 cells were cotransfected with 1 pg of
pKH165(4 X StRE-luciferase) reporter plasmid containing four copies of the m67
high-affinity binding site for STAT1 and STAT3 (a kind gift of D. Donoghue
[36]), 4 g of plasmid containing full-length cDNA of either FOP-FGFRI1 or
FOP-FGFR1 mutants or FGFR1 wild type, and 0.1 wg of pRL-TK Renilla
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FIG. 4. FOP-FGFR1 promotes ligand-independent cell survival.
(A) Mutation of lysine 259 in the ATP binding site abolishes kinase
activity of FOP-FGFRI1. Antiphosphotyrosine or anti-C-FGFR1 im-
munoprecipitates from cells expressing FOP-FGFR1 and mutant re-
ceptors FOP-FGFR1 K*°/A (kinase-defective mutant) and FOP-
FGFR1 Y’"'/F (PLC-, binding-defective mutant) were analyzed by
immunoblotting with anti-C-FGFR1 antibody. (B) Ba/F3 cells express-
ing the various proteins were washed free of IL-3, and 2.5 X 10* cells
were plated in triplicate in IL-3-free medium, and viable cells were
counted daily (means =+ standard deviations [error bars]). Note that
Ba/F3 expressing FGFR1 (*) were grown in the presence of FGF1 (10
ng/ml) plus heparin (10 pg/ml).

luciferase control reporter vector (from the Promega [Madison, Wis.] kit) were
used for normalization of values. Twenty-four hours after transfection (Fu-
GENESG transfection reagent), cells were starved for 40 h in Dulbecco’s modified
Eagle’s medium plus 0.2% new born calf serum.

Antibodies, immunoprecipitations, immunoblotting, and GST pull-downs.
The mouse monoclonal anti-Myc (9E10) from Santa Cruz Biotechnology was
used for immunofluorescence studies. The following polyclonal antibodies were
used for immunoblotting: anti-C-FGFR1 (C-15), anti-C-JAK2 (C-20), anti-
ERK2 (C-14), anti-PLC-y1 (1249), anti-STAT1 (E-23), and anti-p70 S6 kinase

1sanb Aq 8T0Z ‘62 1snbBny uo /610 wse qow)//:dny wody papeojumod


http://mcb.asm.org/

8132 GUASCH ET AL.

TABLE 1. Apoptotic indices in Ba/F3 cells cultured for 24 h

Construct Presence of IL-3 Mean (%)*
pcDNA 3 + 1.33
pcDNA3 - 58.8
FOP-FGFR1 - 13
FOP-FGFR1 K>*/A - 63.5
FOP-FGFR1 Y°'Y/F - 56.8

“ Indices were calculated after TUNEL apoptotic cell labeling and detection as
described in Materials and Methods.

(p705°%; C-18) from Santa Cruz Biotechnology; anti-SHC (06-203), anti-phos-
pho-STAT1 (Y701), anti-phospho-STATS (Tyr694), and antiphosphotyrosine
(4G10); anti-phospho-AKT/PKB (Ser473) and anti-AKT (PhosphoPlus AKT
[Ser473] antibody kit; New England Biolabs); anti-BCL2 and anti-STAT3
(Transduction Laboratories); anti-P-MAPK (V677A; Promega); anti-phospho-
STAT3 (Tyr705) and anti-phospho-p70S6K (Thr389) (Cell Signaling Technolo-
gy); and anti-STATSB (R&D systems). For immunoprecipitation assays, protein
extracts in lysis buffer from 2 X 107 cells were incubated with either anti-PI3K

MoL. CELL. BIOL.

(06-195; Upstate Biotechnology Inc.), anti-phospho-STATS, or anti-C-FGFR1
antiphosphotyrosine antibodies. Total or immunoprecipitated protein extracts
(50 to 100 ng) were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), blotted onto membranes (Hybond-C; Amersham
Pharmacia Biotech), and probed with the antibodies described above. For GST
pull-down experiments, 5 to 20 pg of bacterially produced GST fusion proteins
were prebound to glutathione-Sepharose beads and incubated with 500 wg of
total protein extracts. After 2 h of rotating at 4°C, the beads were processed for
SDS-PAGE and immunoblotting.

Autokinase activity and tyrosine phosphorylation analysis of FOP-FGFR1
fusion proteins. NIH 3T3 cells were transiently transfected with wild-type and
mutant FOP-FGFR1 ¢cDNAs or with the empty vector for 24 h and then serum
starved for 2 h. An FGFR1-expressing cell line (NFIg26 [23]) was used as a
positive control. Cells were then stimulated or not with FGF1 plus heparin. Cell
lysates and C-FGFR1 immunoprecipitations were done as described (79). Im-
munoprecipitates were challenged as described in a previous work (64).

Biological assays. Ba/F3 cells were washed three times and plated in medium
without IL-3 for all IL-3 withdrawal experiments. The number of viable cells was
measured by trypan blue exclusion. For PI3K inhibitor experiments, 1 and 10 uM
concentrations of wortmannin and L'Y294002 (Sigma-Aldrich) respectively, and
0 uM (dimethyl sulfoxide [DMSO] alone for both the inhibitors) (78) were used.

FITC
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FIG. 5. Antiapoptotic effect of FOP-FGFRI1 in Ba/F3-transfected cells as assessed by flow cytometry. Cells were cultured for 48 h in the
presence or absence of IL-3 as indicated. Subsequently, DNA of 2 X 10° fixed cells was labeled by the addition of fluorescein dUTP at strand breaks
by terminal transferase by using the in situ cell death detection kit as recommended. The percentage of viable (in red) and apoptotic (in green)

cells are mentioned.
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For MAPK inhibitor experiments, 50 to 100 uM concentrations of PD98059
(Santa Cruz Biotechnology) (54) and 5 pM U0126 (Santa Cruz Biotechnology)
(28) were used. For mTOR experiments, 10 nM rapamycin (Sigma) (40) was
used.

Apoptosis was documented on cell suspensions and cytospin preparations by
the terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling
(TUNEL) method by using an in situ cell death detection fluorescein kit (Roche
Molecular Biochemicals). Analysis was done by flow cytometry (FACScan; Bec-
ton Dickinson) or by confocal laser system microscopy. The apoptotic index was
determined by counting more than 200 cells within four different and not adja-
cent fields (number of apoptotic cells/total number of cells).

NIH 3T3 cells were subjected to a dual luciferase reporter assay according to
the manufacturer’s instructions (Promega). The efficiency of the transfection was
corrected by the activity of firefly luciferase normalized by that of Renilla lucif-
erase. The Bradford reagent (Bio-Rad) was used to quantify protein concentra-
tions. The fold induction was obtained by the fold induction of each corrected
value over that obtained in the absence of any treatment with pcDNA3 empty
vector condition.

The caspase-9 colorimetric assay from R&D systems (catalogue number
BF10100) was used according to the manufacturer’s suggestions. At various time
points over a 48-h period without IL-3, 2 X 10° Ba/F3 cells were washed in
phosphate-buffered saline and lysed in 50 wl of cell lysis buffer of the kit. The
enzymatic reaction for caspase activity was carried out in a 96-well flat-bottom
microplate. Caspase assays were done as outlined by the manufacturer, and the
cleavage of the substrate was monitored on a microtiter plate reader at 405 nm.
Results were plotted as (percent) activity of caspase-9 versus the incubation time
after IL-3 removal.

Studies described below on the signaling pathways and biological responses of
FOP-FGFRI fusion protein were done using the IL-3-dependent Ba/F3 cell line,
except for the autophosphorylation and reporter assays, and GST pull-down
experiments which were done on NIH 3T3 and Cos-1 cells, respectively. Ba/F3
cells were stably transfected with the vector alone or with the fusion FOP-
FGFR1 cDNAs (native or mutants). Ba/F3 cells expressing either FGFR1 or
TEL-JAK2, which both sustain cell proliferation after IL-3 withdrawal (see
references 79 and 45, respectively), were used as controls. The level of protein
expression was checked in all the transformed cell lines by Western blot analysis
(data not shown). Cells expressing FOP-FGFR1 (wild-type and mutants) and
TEL-JAK2 were cultured in the presence or absence of IL-3. FGFR1-expressing
cells were cultured in the presence or absence of FGF1 and heparin (57).

RESULTS

FOP-FGFR1 has a constitutive tyrosine kinase activity. NITH
3T3 cells were transiently transfected with the FOP-FGFR1
construct (Fig. 1). Cells were lysed and subjected to immuno-
precipitation with anti-C-FGFR1. Immune complexes were
tested for autophosphorylation activity in the presence of
[y-*P]JATP. Part of the anti-C-FGFR1 immunoprecipitates
was also immunoblotted with anti-C-FGFR1 and antiphospho-
tyrosine antibodies to verify for proper expression of the fusion
construct and to measure the tyrosine phosphorylation level of
the kinase, respectively. As shown in Fig. 2, the FOP-FGFR1
fusion protein was detectable as a band of approximately 74
kDa and was autophosphorylated. We constructed a FOP-
FGFR1 mutant in the ATP binding site, K**° to A (K*°/A),
corresponding to the K'*/A substitution in the FGFR1 por-
tion (Fig. 1). The K**°/A construct was transfected into NIH
3T3 cells as described above. No autophosphorylation activity
was found (Fig. 2). Western blot analysis confirmed the ex-
pression of FOP-FGFR1 K*°/A and demonstrated that the
K**°/A mutation abrogated FOP-FGFRI1 tyrosine kinase ac-
tivity (Fig. 2). These results indicate that FOP-FGFRI1 has a
constitutively activated tyrosine kinase.

PLC-vy1 is associated with FOP-FGFR1 and is constitutively
tyrosine phosphorylated. PLC-y is phosphorylated by activa-
tion of the FGFR1 receptor (11) and binds to the Y766 residue
in FGFR1 through an SH2 domain interaction (52). To inves-
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FIG. 6. Activation of STAT1 and STAT3 by FOP-FGFRI1 and its
PLC--binding-defective mutant. (A) Lysates of Cos-1 cells expressing
various proteins as indicated were analyzed by Western blotting using
phospho-STAT1 or Phospho-STATS3 antisera. Stripping and reprobing
the blot with anti-STAT1 antibody confirmed that the protein amounts
are equivalent in each sample. (B) NIH 3T3 cells were cotransfected
with the STAT-responsive reporter construct 4XStRE-luciferase,
pRL-TK Renilla luciferase control reporter vector, and either FOP-
FGFR1 or its mutants or FGFR1 wild-type, or the empty (pcDNA3)
vectors and subjected to a dual luciferase reporter assay. Luciferase
activity was determined as described in Materials and Methods. The
values were normalized with respect to that of pRL-TK Renilla lucif-
erase in each cell line. Each column represents the average of three
independent experiments, with the positive standard deviation indi-
cated as an error bar.

tigate if FOP-FGFRI1 activated PLC-y, we studied PLC-vy as-
sociation with the fusion protein and the subsequent status of
PLC-y phosphorylation. Cos-1 cell lysates were precipitated
with GST-SH2-PLC-v1, and bound proteins were revealed by
immunoblotting with anti-C-FGFRI1. As shown in Fig. 3A, the
74-kDa FOP-FGFR1 protein was pulled down from trans-
fected cells, indicating that FOP-FGFRI, like FGFRI, also
interacts with PLC-y through its SH2 domain. A tyrosine-to-
phenylalanine substitution at the analogous PLC-y binding site
in the context of FOP-FGFR1 fusion protein (Y>''/F) (Fig. 1)
dramatically inhibited this interaction. The interaction requires
the tyrosine kinase activity since it was completely abolished in
the kinase-inactive FOP-FGFR1 mutant (K*?/A) (Fig. 3A).
PLC-v was strongly tyrosine phosphorylated in murine Ba/F3
cells transfected by FOP-FGFR1 and cultured without IL-3, as
revealed by immunoprecipitation with antiphosphotyrosine
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FIG. 7. Effect of PD98059 treatment on the MAPK signaling and survival of Ba/F3 cells transfected with FGFR1 or FOP-FGFRI1 and its
mutants. (A) After IL-3 starvation and culture in medium containing 1% FCS, cells expressing the various proteins were incubated in the absence
(—) or presence (+) of PD98059 as indicated for 30 min (cells transfected with the vector alone or with FGFR1 were stimulated for 5 min with
IL-3 or FGF1 plus heparin, respectively). Cell extracts were then prepared and analyzed by Western blotting with an anti-phospho-MAPK (upper
panel) or with an anti-MAPK, the latter demonstrating equivalent loading in each row. (B) PD98059 completely abolishes the cell survival induced
by FOP-FGFRI1. Ba/F3 cells expressing the various proteins were washed free of IL-3, and 2.5 X 10* cells were plated in triplicate in IL-3 free
medium (except for cells transfected with the vector alone) in the absence (DMSO) or presence of PD98059 (50 or 100 M), and viable cells were
counted over a 96-h period (means =+ standard deviations [error bars]) of three independent experiments. Note that Ba/F3 expressing FGFR1 ()
were grown in the presence of FGF1 (10 ng/ml) plus heparin (10 pg/ml). Ba/F3 cells expressing TEL-JAK2 were used as a control.

and immunoblotting with anti-PLC-y1 (Fig. 3B). The consti-
tutive PLC-y phosphorylation was abrogated in the two FOP-
FGFR1 mutants despite levels of protein expression compara-
ble to those of FOP-FGFR1. As expected, PLC-y was
phosphorylated in a faint manner with the wild-type FGFR1
upon stimulation with FGF1 (Fig. 3B). These data demon-
strated that PLC-y is associated through its SH2 domain to the
constitutively activated FOP-FGFR1. The constitutively phos-
phorylated tyrosine 511 in FOP-FGFRI1 represents the major
binding site of PLC-y.

FOP-FGFR1 promotes ligand-independent cell survival of
Ba/F3 cells via an antiapoptotic effect. The biological effects of
FOP-FGFRI in transfected Ba/F3 cells were next examined.
All FOP-FGFR1 fusion proteins were expressed at similar
levels. They were all tyrosine phosphorylated except for the
kinase-defective mutant (K**°/A) (Fig. 4A). Cells expressing
the different constructs were starved of IL-3, and cell survival
was monitored over 96 h using the trypan blue dye exclusion
assay. The results are shown in Fig. 4B. As expected, FGFR1
and TEL-JAK2, used as controls, were able to promote cell
growth (see references 79 and 46, respectively). All (100%) of

the cells expressing the vector alone had died by 48 h. In
contrast, expression of FOP-FGFR1 prevented cell death, as
demonstrated by a constant number of viable cells retrieved
within the 96 h of cell culture. Transfectants expressing FOP-
FGFR1 K*°/A and Y>'"'/F were unable to sustain cell survival
in medium lacking IL-3. These results show that constitutive
tyrosine kinase activation and interaction with phosphorylated
Y>'"!, the binding site of PLC-y, are both necessary for Ba/F3
cell survival induced by FOP-FGFRI.

To test whether FOP-FGFR1 can mediate cell survival via
an antiapoptotic mechanism, apoptosis was evaluated by
TUNEL method. The stably transfected Ba/F3 cell lines were
cultured in the presence or absence of IL-3. Cytospins were
prepared and analyzed by fluorescence microscopy. Apoptotic
Ba/F3 cells exhibited characteristic morphological changes, in-
cluding cell shrinkage, presence of apoptotic bodies, and con-
densation and fragmentation of nuclei. In the presence of IL-3,
very rare apoptotic cells were seen, and no variation was found
between the different transfected cell lines (data not shown). In
contrast, after IL-3 withdrawal, apoptotic cells were more fre-
quent in clones transfected with either vector alone or FOP-
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FGFR1 mutants compared to FOP-FGFRI1-transfected cells.
Table 1 shows data of the apoptotic indices after a 24-h culture.
A low apoptotic level was found in FOP-FGFRI1-transfected
cells (13%) compared to the vector alone (58.8%), and to the
kinase- and PLC-y-binding-defective mutants (63.5 and 56.8%),
respectively). We did a cell sorter analysis after a 48-h culture
and IL-3 withdrawal. As shown in Fig. 5, Ba/F3 cells trans-
fected with the vector alone and deprived of IL-3 lost viability
(8% compared to the 95% observed in the presence of IL-3).
In contrast, Ba/F3 cells expressing FOP-FGFRI1 efficiently re-
sisted the process, with 84% of cells remaining viable, a per-
centage similar to that observed for FGFR1 cells cultured in
the presence of FGF1 plus heparin (85%). Interestingly, nei-
ther the K**°/A nor the Y*'!/F FOP-FGFR1 mutant was able
to sustain cell survival (6 and 0.9% of viable cells, respectively).
These data indicate that the activated FOP-FGFRI1 kinase
protects Ba/F3 cells from apoptosis upon removal of IL-3 and
that the Y>'' PLC-y binding site is necessary for this process.

STAT1 and STAT3 but not STAT5 are activated by FOP-
FGFRI. Transient activation of STATS is critical for transmis-
sion of cytokine-induced proliferative, differentiation, and sur-
vival signals in hematopoietic cell types (see reference 7 for a
review). Recently, it was shown that STAT activation by FG-
FRs is important for the ability of receptors to act as onco-
genes (36). To examine whether FOP-FGFRL1 is able to acti-
vate STAT proteins, lysates of Cos-1 cells expressing FOP-
FGFR1 or its mutants were analyzed for the presence of
phosphorylated STATs proteins. Expression of FOP-FGFR1
led to phosphorylation of both STAT1 and STAT3 (Fig. 6A).
This phosphorylation was abrogated when kinase-defective
FOP-FGFRI1 was expressed. In contrast, no phosphorylation
of STATS5 was observed in Cos-1 cells expressing either
FGFR1 or FOP-FGFR1 wild-type and mutants while a strong
phosphorylation was observed in TEL-JAK2 cells used as con-
trols (data not shown). Similar results were obtained in Ba/F3
cells. This demonstrates that FOP-FGFR1 activates STAT1
and STAT3 but not STATS. Consistent with the activation of
STAT1 and STAT3 by FOP-FGFR1 and FGFR1, we observed
an induction of a STAT1/3-responsive reporter construct fol-
lowing cotransfections in NIH 3T3 cells (Fig. 6B): about 20-
fold induction by FGFR1 and 8-fold induction by FOP-FGFR1
or its PLC-y-binding-defective mutant. As expected, FOP-
FGFR1 K*°/A did not induce a STAT-responsive luciferase
activity.

FOP-FGFR1 constitutively activates the MAPK pathway.
FGFRs are known to couple the MAPK pathway via the adap-
tor molecule GRB2 (42, 44). FGFR stimulation leads to the
association of the GRB2-SOS complex with either FRS2/SNT
(whose binding sites are absent in the FOP-FGFR1 fusion
protein), or the adaptor protein SHC. We thus explored the
possibility that FOP-FGFR1 might cause cell survival through
constitutive activation of the MAP kinase pathway. MAPK is
phosphorylated in FOP-FGFR1 cells after IL-3 withdrawal.
This effect requires the tyrosine kinase activity of FOP-FGFR1
since the kinase-inactive mutant (K**°/A) failed to induce the
phosphorylation of MAPK (Fig. 7A). Of note, FOP-FGFR1
appeared to be a less potent activator of the MAPK pathway
than either FGFR1 or TEL-JAK2 used as controls. Immuno-
blot analysis revealed equivalent amounts of MAPK in all
samples (Fig. 7A, bottom panel). MAPK activation was inhib-
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FIG. 8. SHC phosphorylation induced by FOP-FGFR1 expressing
cells. Ba/F3 cells were grown overnight in medium without IL-3 and
with 1% FCS. Cell lysates were then immunoprecipitated with the
4G10 antiphosphotyrosine antibody (IP anti-Py), and SHC phosphor-
ylation was visualized with anti-SHC antibody (arrow). As a control,
starved Ba/F3 cells transfected with the vector alone stimulated with
IL-3 for 5 min restored phosphorylation of SHC. Anti-SHC immuno-
blotting of total lysates showed similar amounts of proteins loaded in
each sample. Ba/F3 cells expressing FGFR1 () were grown in the
presence of FGF1 (10 ng/ml) plus heparin (10 pg/ml).

ited after addition of the MAPK kinase (MEK) specific inhib-
itor PD98059.

We then analyzed the effects of PD98059 on the viability of
transfected Ba/F3 monitored over 96 h using the trypan blue
dye exclusion assay. In the presence of IL-3, incubation of
Ba/F3 cells with PD98059 (50 to 100 pM) did not show any
cytotoxicity (Fig. 7B, upper left panel). This inhibitor dramat-
ically reduced the viability of FOP-FGFR1 Ba/F3 cells since no
viable cells were observed in cultures treated for 72 h (Fig. 7B,
upper right panel). Similarly, a low number of viable cells were
obtained in the FGFR1-transfected cells treated with PD98059
(Fig. 7B, lower left panel). On the contrary, PD98059 had no
effect on the viability of TEL-JAK2 Ba/F3 used as a control
(Fig. 7B, lower right panel). Similar results were obtained with
U0126, another specific inhibitor of MEK1 and MEK2, two
members of the MEK family (25) (data not shown).

A pull-down assay with GST-PTB-SHC on total lysates de-
rived from transfected Cos-1 cells and detected by immuno-
blotting with anti-C-FGFR1 antibody precipitated FOP-
FGFR1, PLC-y-defective FOP-FGFR1, and wild-type FGFR1
but not kinase-defective FOP-FGFR1 mutant (see Fig. 9A,
lower panel). Similar results were obtained from a pull-down
assay with a GST-GRB2 (data not shown). In Ba/F3 cell line
expressing FOP-FGFR1, SHC was tyrosine phosphorylated
(Fig. 8). SHC was only activated in Ba/F3 cells transfected with
either the vector alone or with the wild-type FGFR1 upon
stimulation with IL-3 or FGF1 plus heparin, respectively. No
SHC activation was observed for the two FOP-FGFR1 (K*°/A
and Y>''/F) mutants. Taken together, these data suggest that
the activation of MEK/MAPK, which is known to be relevant
to the mitogenic pathway for wild-type FGFR1, is also re-
quired to promote survival of FOP-FGFR1 Ba/F3 cells.

FOP-FGFRI1 activates the PI3K signaling cascade. The ma-
jority of tyrosine kinase receptors can activate PI3K (83). This
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FIG. 9. FOP-FGFRI1 confers a survival signal to Ba/F3 cells in a PI3K dependent manner. (A) FOP-FGFR1 interacts with PI3K and SHC; the
kinase-defective mutant (K*?) abolishes these interactions whereas interaction with SHC is not affected by the PLC-,-binding-defective (Y'")
FOP-FGFR1 mutant. Pull-down assays were performed on Cos-1 cells expressing FOP-FGFR1 and its mutants with GST-PI3K (GST p85-SH2
PI3K [C or N-terminal]) or GST-PTB-SHC. The interactions were revealed by anti-C-FGFR1. (B) p110 subunit of PI3K is tyrosine phosphorylated
in FOP-FGFR1-expressing Ba/F3 cells. After lysis, proteins were immunoprecipitated with anti-p85 PI3K, and the phosphorylated catalytic p110
subunit of PI3K was revealed with the 4G10 antiphosphotyrosine (anti-Py) antibody. Equivalent amount of proteins were evidenced by reprobing
the blot with anti-p85 PI3K antibody. (C) The PI3K inhibitor L'Y294002 abolishes the cytokine-independent cell survival of FOP-FGFR1 expressing
cells. Ba/F3 cells (2.5 X 10°) were seeded in triplicate and cultured with the LY294002 inhibitor at a concentration of 0.0 (DMSO alone) or 10
wM in the absence of IL-3 (except for Ba/F3 cells transfected with the empty vector, pcDNA3). The number of viable cells was determined by
trypan blue dye exclusion at over 96 h. Note that FGFR1-expressing cells were cultured in the presence of FGF1 plus heparin ().

activation has been shown to promote cytokine-dependent cell
proliferation through its own cascade and specific downstream
targets such as AKT (19, 56). We hypothesized that FOP-
FGFRI1 might cause cell survival in part through PI3K consti-
tutive activation. We demonstrated that PI3K is associated
with the activated FOP-FGFR1 as shown in pull-down assays
using the GST-p85-SH2 domain and immunoblotting with an-
ti-C-FGFR1 antibody (Fig. 9A). In IL-3-dependent Ba/F3
cells, the regulatory p85 subunit of class I, PI3K interacts with
the p110«a catalytic subunit (22, 35). The p110 subunit of PI3K
was assayed for tyrosine phosphorylation in transformed Ba/F3
cells. For this purpose, immunoprecipitations were done with
anti-p85 PI3K and revealed using antiphosphotyrosine anti-
body. Figure 9B (upper panel) shows tyrosine phosphorylation
of the catalytic subunit p110 exclusively in FOP-FGFR1-trans-
formed cells despite levels of protein expression comparable in
all immunoprecipitates (Fig. 9B, lower panel).

Survival of Ba/F3 cells transfected with FOP-FGFR1 and
cultured in the absence of IL-3 was completely inhibited by the
PI3K inhibitors LY294002 (10 wM [Fig. 9C, upper right pan-
el]) and wortmannin (1 wM [data not shown]). Similar results

were obtained with FGFR1-transfected cells, even in the pres-
ence of FGF1 and heparin (Fig. 9C, lower left panel). As
expected, LY294002 and wortmannin impaired the IL-3-de-
pendent proliferation of Ba/F3 cells transfected with either the
vector alone or TEL-JAK2 (Fig. 9C, upper left and lower right
panels, respectively).

AKT proteins are general mediators of survival signals and
downstream components of the PI3K signaling pathway. The
phosphorylation of AKT is tightly associated with its activation
(10, 20). We therefore examined whether PI3K activation by
FOP-FGFR1 was followed by activation of AKT by immuno-
blotting with an antibody specific for AKT phosphorylated at
Ser473 (P-AKT), which represents the activated state of AKT
(1, 24). Indeed, AKT was found activated by FOP-FGFR1,
whereas the kinase-defective and the PLC-y-binding-defective
FOP-FGFRI1 mutants failed to stimulate the phosphorylation
of AKT (Fig. 10A). These data clearly show that AKT is
constitutively activated in FOP-FGFRI1-transfected cells. A
marked difference in AKT phosphorylation was also detected
in control vector and FGFRI1-transfected cells cultured in the
presence of growth factors. Activation of AKT was dramati-
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FIG. 10. Antiapoptotic effect of FOP-FGFR1 via AKT and p70°®%. (A) AKT is constitutively phosphorylated in Ba/F3 cells expressing
FOP-FGFRI1. Cells transfected as indicated were deprived of IL-3 overnight in the presence of FCS 1%, lysed, and analyzed by Western blotting
with anti-phosphorylated AKT (anti-P-AKT) (upper panel) or anti-AKT (lower panel). AKT phosphorylation is increased in cells expressing
FOP-FGFRI1 as well as in cells expressing FGFR1 (cultured in the presence of FGF1 plus heparin [*]) and TEL-JAK2 used as controls.
IL-3-starved Ba/F3 cells transfected with the vector alone and stimulated with IL-3 for 5 min showed increased phosphorylation of AKT.
Equivalent amounts of proteins in each sample were revealed using anti-AKT antibody. (B) Cos-1 cells were transiently cotransfected with
pSG5-PKB (containing the full-length AKT ¢cDNA) and either FOP-FGFR1 or rCD2p110 (p110 catalytic subunit of PI3K) used as a control. Cells
were cultured in the presence (+) or absence (—) of L'Y294002 for 30 min and analyzed by western blotting with anti-phosphorylated AKT (upper
panel) or anti-AKT (lower panel). (C) and (D) Ba/F3 cells were cultured under the same conditions as described in (A) in the presence or absence
of 1Y294002 (C) and rapamycin (D), and analyzed by western blotting with phosphorylated p705°® (Thr389) (upper panel) or p70°°* antibodies.

cally reduced by PI3K inhibitors; similar results were obtained
in Cos-1 cells cotransfected with a hemagglutinin-AKT plas-
mid (Fig. 10B). AKT phosphorylation shift is clearly observed
in FOP-FGFR1 expressing cells as well as in p110-transfected
cells used as a control (Fig. 10B, lower panel). This result is
consistent with the finding that LY294002 abolished cell via-
bility as demonstrated in Fig. 9C. Taken together, these results
demonstrate that FOP-FGFR1 is capable of protecting cells
from apoptosis by signaling mainly through the PI3K/AKT
pathway.

Recently, it has become clear that some of the transforming
effects induced by PI3K and AKT activation are relayed by the
downstream mTOR/p705°% pathway (3). We thus examined
the phosphorylation of p705°¥ in Western blots using a phos-
pho-p705°¥ (Thr389)-specific antibody (Fig. 10C and D). Ad-
dition of IL-3 and FGF1 induced a stimulation of p705°%
phosphorylation in Ba/F3 cells transfected by either the empty
vector or FGFRI. In contrast, FOP-FGFR1-expressing cells
showed phosphorylation of threonine 389 in the absence of
stimulation, suggesting that p705°% is constitutively activated in
the transformed cells. On the contrary, both the kinase-defec-
tive and the PLC-y-binding-defective FOP-FGFR1 mutants
failed to stimulate the phosphorylation of p705°¥, p705°¥ phos-
phorylation was PI3K dependent as it was completely abol-

ished by the addition of LY294002 (Fig. 10C). The phosphor-
ylation of p705°¥ is known to be rapamycin sensitive (40, 60,
63). As shown in Fig. 10D, rapamycin also completely abol-
ished the phosphorylation of p705°%, In addition, FOP-
FGFR1-induced survival of Ba/F3 cells was completely inhib-
ited by rapamycin (data not shown). Taken together, these
results demonstrate that FOP-FGFR1 is capable of protecting
cells from apoptosis in a PI3K/mTOR-dependent manner.

FOP-FGFRI1 protects cells from apoptosis via BCL2 activa-
tion and caspase-9 inactivation. Since FOP-FGFR1 can re-
place the IL-3 requirement for survival of Ba/F3 cells through
an antiapoptotic effect, we asked if FOP-FGFRI led to dereg-
ulation of BCL2 expression, which has been shown to extend
the survival of IL-3-dependent hematopoietic cell line (34, 39).
For this purpose, immunoblot analysis was used. There was a
significant increase of the amount of BCL2 in FOP-FGFR1-
expressing cells compared to Ba/F3 expressing the vector alone
or FGFR1 wild-type and cultured in the presence of IL-3, and
FGF1 plus heparin, respectively (Fig. 11). This overexpression
of BCL2 requires the tyrosine kinase and the Y511 PLC-y
binding activities of FOP-FGFR1 since only a basal amount of
BCL2 was observed in both mutants. These results suggest that
the antiapoptotic effects of FOP-FGFR1 involve the up-regu-
lation of BCL2.
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FIG. 11. Antiapoptotic effect of FOP-FGFRI1 via BCL2 activation.
Ba/F3 cells were cultured as described in the legend to Fig. 10A.
Western blots were successively probed with anti-BCL2 and anti-p85-
PI3K, the latter for controlling protein amounts.

A central effect in the apoptotic process is the activation of
a specific set of caspases. They are intracellular proteases that
function as initiators or effectors of apoptosis. We have exam-
ined the activity of caspase-9, an upstream proenzyme in the
cascade of enzymatic reactions required to induce cellular ap-
optosis (25, 74). For this purpose, the enzymatic activity of
caspase-9 was measured by a colorimetric assay over a 48-h
period after IL-3 withdrawal. As seen in Fig. 12, the cells
expressing FOP-FGFR1 had a very low enzymatic activity com-
pared to the control Ba/F3 cells and the kinase-defective FOP-
FGFRI1 (a 22- and 24-fold decrease, respectively). Conversely,

MoL. CELL. BIOL.

in PLC-y-binding-defective FOP-FGFR1, there was at least an
11-fold increase of caspase-9 activity compared to FOP-
FGFRI. Cells expressing FGFR1 and cultured in the presence
of FGF1 showed a weak impaired caspase-9 activity (fivefold
decrease compared to pcDNA3). Taken together, these results
confirm and extend the finding that, in hematopoietic cells, the
constitutively activated fusion protein FOP-FGFR1 promotes
cell survival via a caspase-dependent antiapoptotic effect.

DISCUSSION

Tyrosine kinase serves as a growth factor receptor or intra-
cellular signal transducer and can be aberrantly activated
through a variety of mechanisms (70). In hematopoietic cells, a
common mechanism for activation of tyrosine kinase is the
occurrence of fusion products as a consequence of balanced
translocations (51). Similarly, activated and overexpressed ty-
rosine kinases have been reported in association with solid
cancers, especially FGFRs and their ligands, which play a ma-
jor role in cancers of the stomach, breast, thyroid, prostate, and
pancreas. We recently found FGFR1 amplified and overex-
pressed in breast cancers (77).

FOP-FGFRL1 is the fusion product of the t(6;8) translocation
associated with a stem cell leukemia-lymphoma syndrome in
which both lymphoblastic lymphoma and acute myelogenous
leukemia develop in patients (65). Understanding the mecha-
nisms leading to this syndrome could provide information on
the biology of the hematopoietic stem cell itself. In this study
we have shown that the FGFRI1 aberrant tyrosine kinase is

90 — | ~® pcDNa3
B FGFR1*
80 L | -o- Fop-raFR1
—-A-. - FOP-FGFR1 K29/A
70 + | -B— FOP-FGFR1 Y*'F

Caspase-9 Activity

Hours without 1L-3

FIG. 12. Inactivation of caspase-9 in Ba/F3 cells expressing FOP-FGFR1 after IL-3 withdrawal. Cells stably transfected as indicated were
cultured in the absence of 1L-3 for 0 to 48 h. At 0, 6, 16, 24, 36, and 48 h, cells were harvested and lysed, and an enzymatic reaction for caspase-9
activity using a colorimetric assay was carried out. Caspase-9 activity of total cellular protein is plotted versus the incubation time after IL-3

withdrawal. This is a representative experiment of two experiments.
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constitutively phosphorylated and transforms Ba/F3 cells to
IL-3-independent cell survival via an antiapoptotic effect. Mu-
tation of the ATP binding site in the catalytic domain of the
fusion protein abrogates activation and cell survival. Cell sur-
vival induced by FOP-FGFR1 is also abrogated by mutation of
the PLC-y-binding site. Experiments described here also show
that the constitutively activated FOP-FGFR1 tyrosine kinase
utilizes cooperation between effector proteins, including
STAT1 and STAT3, PLC-y, MAPK, PI3K, and mTOR/p703°¥,
to facilitate signal transduction and promote cell survival.

In addition to the roles of STAT proteins in normal cell
signaling, recent studies have demonstrated that diverse onco-
proteins can activate specific STATs and that constitutively
activated STAT signaling directly contributes to oncogenesis
(7, 8). While STAT activation is a common characteristic of
leukemias, the specific patterns of activated STATs and the
manner by which STAT activation occurs vary with each dis-
ease (49). FOP-FGFRI1 stimulates phosphorylation and acti-
vation of STAT1 and STAT3. Recently, Hart et al. (36) showed
that FGFR derivatives which contain the same deletion of the
extracellular domain of FGFR1 as FOP-FGFR1 were capable
of inducing morphological transformation and differentiation
of PC12 cells and stimulating phosphorylation and activation
of STAT1 and STATS3. Constitutive activation of STAT1 and
STATS3 are also found in Epstein-Barr virus-related lymphoma
cells (81), in Burkitt lymphomas, and in multiple myeloma (8).
STAT3 activation plays an important role in preventing apo-
ptosis (26, 31). Ectopic expression of FGFR3 as a result of the
t(4;14) translocation promotes myeloma cell proliferation and
prevents apoptosis via increased phosphorylation of STAT1
and STAT3 and higher levels of BCLX, (62). These observa-
tions are relevant given the fact that STAT1 and STAT3 are
constitutively activated by FOP-FGFR1, which induces an an-
tiapoptotic effect. In striking contrast to a broad spectrum of
tyrosine kinase fusions associated with hematological malig-
nancy, including BCR-ABL, TEL-JAK2, and TEL-PDGFR,
we found that FOP-FGFR1 did not activate STATS. Thus,
FOP-FGFRI1 represents the second evidence of nonactivation
of STATS by a tyrosine kinase fusion protein. Indeed, a recent
study showed that TEL-TRKC-mediated transformation of
Ba/F3 and development of myeloproliferative disorder do not
require activation of STATS (50). Most significantly, STATS
activation does not play a necessary role in spite of its activa-
tion in the disease induction caused by BCR-ABL or v-ABL
(48). The significance of activation of specific STAT awaits the
elucidation of target genes specific to FOP-FGFR1-mediated
survival. In particular STAT3, whose activation is controlled by
mTOR (71, 87), is persistently activated in many human can-
cers and causes cellular transformation (9).

Our results establish that the MAPK pathway is critical for
the transformation of the bone marrow-derived Ba/F3 cell line
by FOP-FGFRI1. In normal and transfected cells, FGF-medi-
ated FGFR activation results in a strong activation of the
MAPK cascade by means of the recruitment of the GRB2-SOS
complex to the plasma membrane via phosphorylation of the
docking proteins SHC and FRS2/SNT (44, 47, 58, 69, 86). The
specific sites for FRS2 binding within the FGFR juxtamem-
brane portion are deleted in the fusion protein FOP-FGFRI1,
and we have shown that FOP-FGFR1 is associated with SHC
that is tyrosine phosphorylated. This resulted in reduced
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MAPK phosphorylation. As a consequence, FOP-FGFR1 is a
less potent activator of MAPK than FGFRI. In addition, we
showed that the MEK specific inhibitors induced complete
inhibition of MAP kinase activation as well as cell survival
triggered by FOP-FGFR1 in the absence of ligand, contrary to
the wild-type FGFRI1 for which an incomplete inhibition was
found in response to FGF1 stimulation (this work and refer-
ence 58). In agreement with other studies (52, 53) on the
FGFR1 autophosphorylation roles in signaling, we have shown
that tyrosine 511 of FOP-FGFR1, the binding site for the SH2
domain of PLC-y (Y766 in the wild-type FGFR1), is not re-
quired for the activation of MAPK pathway.

In addition to the MAPK cascade, the PI3K pathway must
also be active for FOP-FGFRI1 to exert its survival effect. The
involvement of PI3K in cell transformation has been demon-
strated in several cell lines (2, 4, 54). PI3K plays an important
role in regulation of cell proliferation and apoptosis. In addi-
tion, constitutive PI3K activity has been observed in cancerous
cells and, therefore, may contribute to the malignant transfor-
mation of cells. PI3K is involved in signal transduction down-
stream of most tyrosine kinases (38). The FGFRs lack optimal
binding motifs for the PI3K and FGF-induced PI3K activity is
difficult to detect in vitro (43). PI3K is constitutively activated
through an unknown mechanism in FOP-FGFR1-expressing
Ba/F3 cells. LY294002 and wortmannin completely abolished
the survival of FOP-FGFR1-expressing Ba/F3 cells. Moreover,
recent studies showed that cytokine receptors lacking direct
PI3 kinase binding sites activate AKT via PI3K pathway,
thereby regulating cell survival/or proliferation (32). Several
studies have recently established a link between the PI3K/AKT
pathway and human cancers via defects in PTEN (reviewed in
reference 13). In addition, SHC, which is recruited by the
fusion protein, might be required for PI3K activation in FOP-
FGFR1 as well.

PI3K, AKT, and their downstream effectors mTOR and
p705°¥ have recently emerged as components of a major sig-
naling pathway that is dedicated to cell growth and survival via
protein translation (6, 76). mTOR appears to be an obligatory
mediator of the oncogenic signal issued by PI3K or AKT (3).
Although the complete target spectrum of mTOR remains to
be determined, it is clear that mMTOR functions as an important
regulator of translation (3, 30). For the first time the data
presented here point to a deregulated PI3K/AKT and mTOR/
p705°¥ signaling induced by an aberrant tyrosine kinase fusion
protein.

Mutation in the binding site of PLC-y of FOP-FGFRI1
(Y511 equivalent of Y766 in the FGFR1 sequence) abrogates
the phosphorylation of PLC-y, PI3K, and p705°. This obser-
vation shows the importance of this autophosphorylating site,
which may constitute a multidocking site for effector proteins
in FOP-FGFR1 mediated cell survival. The importance of the
multifunctional docking site of the MET receptor tyrosine
kinase in mediating several cellular responses has been dem-
onstrated (29, 75). Signaling via growth factor frequently re-
sults in the concomitant activation of PLC-y and PI3K. A cross
talk scenario between PLC-y and PI3K was described recently
to activate growth factor receptors following stimulation (27),
thus revealing intricated signaling pathways. It has been sug-
gested that PI3K may act as an intermediate in the activation
of the MAPK cascade in erythroid progenitors (41). Finally,
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FIG. 13. Schematic representation of signal transduction molecules interacting with FOP-FGFR1 compared to wild-type FGFR1. Both PLC-y
and MAPK are recruited to activated FGFR1 following FGF stimulation. In addition, whereas PI3K was not detected, AKT was activated. The
downstream effector of AKT, i.e., mTOR that controls the mammalian translation machinery via activation of the p70°°* protein kinase, is also
activated in response to growth factor. This leads to a regulated mitogenesis, proliferation, and cell survival. In contrast, FOP-FGFR1 utilizes
cooperation between PLC-y and PI3K, and to a lesser extent, MAPK, leading to constitutive cell survival. In bold face type are indicated the major
changes between FGFR1 and FOP-FGFRI1 signalling pathways. Y>'! in the FOP-FGFR1 sequence correspond to Y’*° in the FGFRI1 sequence.
Symbols for phosphorylation status of different components: —, no phosphorylation; +, weak phosphorylation; ++, strong phosphorylation.
Abbreviations: EC, extracellular domain; TM, transmembrane domain; JM, juxtamembrane domain; K, kinase domain; Ct, C-terminal tail. (§),
FGFR1 lacking optimal binding motifs for PI3K and no phosphorylation of PI3K was detected, in agreement with other works (43).

the ability of different kinase cascades to independently protect
hematopoietic cells from apoptosis was recently demonstrated
(61). With regards to antiapoptotic signaling via the IL-3 re-
ceptor, both PI3K and activation of the MAP signaling path-
way appear to be important in Ba/F3 cells (16). Our results
strongly suggest that FOP-FGFR1 activates the same signaling
pathways as IL-3 in generating antiapoptotic signals.

In hematopoietic cells, multiple receptors are able to pre-
vent apoptosis via the activation of PI3K. AKT is a down-
stream component of the PI3K pathway, and its phosphoryla-
tion is tightly associated with its activation (10, 20). We showed
that activation of the antiapoptotic mediator AKT by FOP-
FGFR1 was abrogated by wortmannin and LY294002, indicat-
ing that FOP-FGFR1 activates AKT in a PI3K-dependent
manner. Recently, AKT was found to phosphorylate pro-
caspase-9 and to inhibit its protease activity, thus promoting
cell survival (15). Our results show that caspase-9 is inactivated
in FOP-FGFR1-expressing cells, strongly suggesting that the
antiapoptotic effect elicited by FOP-FGFRI is related to the
caspase cascade. In addition, the analysis of a more general
indicator of cell viability, i.e., BCL2, showed higher expression
in FOP-FGFR1-expressing cells than in other transfectants.

Suppression of apoptosis induced by growth factor withdrawal
was recently reported by an oncogenic form of c-CBL by a
mechanism that involves the overexpression of BCL2 (34).
Overexpression of BCL2 has also been associated with late
myelodysplastic syndrome types or progression to overt leuke-
mia (21). It will be interesting to see whether the BCL2 over-
expression response is under the control of the PI3K/mTOR
pathway.

In conclusion, FOP-FGFR1 main activity is the promotion
of cell survival through connection with intricated signaling
pathways (Fig. 13). Importantly, our results with FOP-FGFR1
establish that constitutive activation of the MAPK and PI3K
pathways can contribute to the neoplastic state. The charac-
terization of the effects of FOP-FGFR1 on murine hematopoi-
etic stem cells should illuminate the critical signaling pathways
and should orientate the development of drugs for the myelo-
proliferative disorder treatment.
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