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NEOPLASIA

Transforming properties of chimeric TEL-JAK proteins in Ba/F3 cells

Virginie Lacronique, Anthony Boureux, Richard Monni, Stephanie Dumon, Martine Mauchauffé, Patrick Mayeux, Fabrice Gouilleux,
Roland Berger, Sylvie Gisselbrecht, Jacques Ghysdael, and Olivier A. Bernard

The involvement of the cytokine signaling
pathway in oncogenesis has long been
postulated. Recently, rearrangements of
the gene encoding the tyrosine Janus
kinase 2 (JAK2) have been reported in
human leukemias indicating a direct JAK-
signal transduction and activator of tran-
scription (STAT)-mediated leukemic pro-
cess. The leukemia-associated TEL-JAK2
fusion protein is formed by the oligomer-
ization domain of the translocated ets
leukemia (TEL) protein fused to the cata-
lytic domain of JAK2. TEL-mediated oligo-
merization results in a constitutive tyro-
sine kinase activity that, in turn, is able to
confer growth factor independence to the

murine hematopoietic interleukin-3 (IL-3)-
dependent Ba/F3 cell line. Results of the
present study indicate that fusion pro-
teins containing the oligomerization do-
main of TEL and the tyrosine kinase
domains of Jakl, Jak2, JAKS3, or TYK2
share similar properties and are able to
efficiently substitute for the survival and
mitogenic signals controlled by IL-3,
without concomitant activation of the IL-3
receptor. Electrophoretic mobility shift
assays demonstrated Stat5 as the only
activated Stat factor in TEL-Jak2- and
TEL-Jakl-expressing cells, whereas other
Stats, namely Statl and Stat3, could be
detected in TEL-JAK3-, TEL-TYK2-, and

also in TEL-ABL-expressing Ba/F3 cells.
High levels of expression of the Stat5-
target genes pim-1, osm, and Cis were
observed in all the cytokine-independent
cell lines. Furthermore, the expression of
a dominant negative form of Stat5A
markedly interfered with the growth fac-
tor independence process mediated by
TEL-Jak2 in Ba/F3 cells. Because the
BCR-ABL and TEL-PDGF BR oncopro-
teins also activate Stat5, activation of this
factor should be a crucial step in acti-
vated tyrosine kinase-mediated leukemo-
genesis. (Blood. 2000;95:2076-2083)

© 2000 by The American Society of Hematology

Introduction

The Janus kinases (JAK) are receptor-associated tyrosine kindsesn associated with cellular transformation, although its relevance
involved in intracellular signaling pathways of a wide variety ofo oncogenic processes was not clearly established. For example,
cytokine and growth factor receptors (for a review, see lhlet alconstitutive activation of STATs and JAKS is a recurrent observa-
Four members of the JAK kinase family have been identified #fon in cell lines transformed by viruses and oncogenes and in
mammals: JAK1, JAK2, and TYK2, which are ubiquitouslyhuman leukemic blood samples (reviewed in Garcia and4Jove
expressed, and JAK3 whose expression is predominant in hematgrihermore, Stat3 is required in v-src-mediated transformation of
poietic cells. Structural similarities shareq by the JAK proteingy oplastss6 A direct link between JAK deregulation and malig-
define 7 JAK homology regions (JH1-7, Figure 1). Among thesgan: transformation has recently been established by the rearrange-
the JH2 region is a pseudocatalytic domain, lacking enzymafica of the JAK2 gene as the result of specific chromosomal
activity but assumed 1o serve as a regulatory region for the ‘]At nslocations in human leukemias. These translocations result in

activity and as an anchoring region for substrates and regulat({ fusion of various parts of JAK2 to the amino-terminal region of
proteins. The JH1 region located at the carboxy-terminus |

endowed with tyrosine kinase activity. JAKs are transiently ac ]Eﬁ N Trar:slocated Etsd Il_euki:emia (TEII‘.) pro;eéin, hwhose lgene 'S
vated following ligand binding and they subsequently phosphor _equenty rgarrange I.n uman malignanct sT.e resu iing
late multiple substrates, including the JAKs themselves, t gsion pro_teins always mclud_e the JAKZ catalytic domain. The
cytoplasmic domain of cytokine-receptors, adapter proteins, tyrd! 12-terminal Conserved Region (NCR) of TEL has been shown to
sine phosphatases, and the signal transducers and activator§gfiate homotypic oligomerization of the TEL-Jak2 protein lead-
transcription (STAT). STATs form a family ofcytoplasmictranscripj”g to constitutive tyrosine kinase activity. The fusion protein
tion factors that comprise 7 proteins in mammals (Stat 1-4, 5A, 58Xhibits transforming properties, as judged by its ability to relieve
and 6). STATs are activated by the JAKs, form homodimers #he growth factor dependency of murine hematopoietic Ba/F3
heterodimers, and translocate to the nucleus where they participe@s’” Similar properties have been shown to be critical for the
to transcriptional regulation (for reviews, see Darhalid Pelle- transforming properties of several neoplasia-associated tyrosine
grini and Dusanter-Fout kinases fused to TEL, such as TEL-ABand TEL-PDGRBR.10:%
Deregulation of the JAK-STAT signaling pathway has oftehese activated kinases are similarly supposed to mimic growth
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Figure 1. Schematic structure of TEL-JAK fusion proteins. (A) Schematic of TEL

and JAK2 proteins. The TEL oligomerization domain is represented by a hatched box.
Arrows indicate the location of the fusion points characterized in human leukemias,
as reported in work by Lacronique et al” and Peeters etal. 1,: TALL; 2, atypical CML;
3, pre-B ALL; JH, JAK homology region. (B) TEL-JAK fusion proteins constructed by
linking the 336 amino-terminal amino acids of human TEL to the tyrosine kinase
domain of murine Jak2 (TEL-Jak2), murine Jakl (TEL-Jakl), and human JAK3
(TEL-JAK3). Amino acids 53 to 154 of TEL are fused to the corresponding JH1
domains in mTEL-Jak2 and mTEL-TYK2 (human TYK2) constructs. The fusion points
in the different chimera are indicated by an arrow. The human TEL-ABL fusion has
been previously reported.® Amino acids numbering on the JH1 part of TEL-JAK
fusions refers to the sequences of the wild type JAKs.
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cDNA was kindly provided by D. G. Gilliland. TEL-ABL and TEL-JAK
cDNAs were subcloned into the retroviral pBabeNeo vector for stable
transfections in Ba/F3 cells.

Cell culture, interleukin-3 independence, and transfections

Ba/F3 cells were grown in RPMI 1640 medium containing 10% fetal
bovine serum and 5% WEHI conditioned medium as a source of interleu-
kin-3 (IL-3). For IL-3 stimulation, Ba/F3 cells were starved for 5 hours in
Iscove modification of Dulbecco’s minimum essential medium containing
0.4% bovine serum albumin and 20 pg/mL iron-saturated transferrin, then
stimulated with 10 ng/mL of recombinant murine IL-3 (R and D Systems,
Abingdon, UK) for 10 minutes. Deprived Ba/F3 cells were maintained in
the same medium for 15 hours. Stably TEL-JAK-transfected Ba/F3 cells
were obtained by electroporation (Bio-Rad Gene Pulsar, Ivry-sur-Seine,
France) and selected for transformants with 1 mg/mL neomycin. For
IL-3-independent proliferation assays, G418-resistant Ba/F3 transfectants
were seeded in IL-3-free medium in 96-well plates as previously repérted.
Mock-transfected cells and transfectants harboring the pBabeNeo vector
alone were used as controls. The Ba/F3 cell line constitutively expressing a
dominant negative form of Stat5A (StatB&49) from the pRSVNeo vector

has been previously reportétiThe TEL-Jak2 cDNA was cloned into the
retroviral pBabePuro vector and stably transfected into Ba/F3 cells
expressing Stat5A749 from pRSV vector and in control pPRSVNeo-Ba/F3
cells. Transfectants were selected in the presence of 1 pg/mL puromycine.
For IL-3-independent proliferation assays, Ba/F3 cells expressing either
TEL-Jak2 or StatbA749, or coexpressing Stat3X49+TEL-Jak2 and
Stat5AA749 cells transfected with the empty pBabePuro vector
(Stat5AA749+pBabePuro) were washed twice in WEHI-free medium then
seeded in the same medium at a density &fcElls/mL. Proliferation rates

of the different cell lines were monitored daily by using a Coulter analyzer
(Coultertronics, Margency, France). The growth slope presented is represen-
tative of duplicates of 2 independent experiments.

Nuclear extracts and electrophoretic mobility shift assays

Nuclear extracts were made as reported previodshor electrophoretic
mobility shift assays (EMSA), 20 pL of nuclear extracts from TEL-ABL

factor action on cellular processes, mainly proliferation anghd TEL-JAK-transformed Ba/F3 cells were incubated with*#Relabeled

inhibition of apoptosis.

m67SIE 3-CATTTCCCGTAAATC-3 and boving3-casein >AGATTTC-

We studied TEL-JAK chimeric proteins consisting of the/ AGGAATTCAAATC-3" STAT binding sites. Eight microliters of nuclear
catalytic domains of Jakl, Jak2, JAK3, and TYK2 fused to th(—‘éxtracts from murine IL-3-stimulated parental Ba/F3 cells were used as

NCR domain of TEL. Oligomerization of the JAK kinase domain

controls. Supershift assays were performed by using anti-Statl (Transduc-

%on Laboratories, Lexington, KY), anti-Stat3 (Santa Cruz Biotechnology,

through the NCR domain resulted in constitutive tyrosine kinasg. | o Perray-en Yvelines, France) and anti-Stat5 antibddies.

activity of TEL-JAK chimeras and in the activation of their

Stat4 and Stat6é DNA binding activities were investigated, using the

transforming properties, similar to those of the TEL-Jak2 fusioRpecific FgRI 5-AGCATGTTTCAAGGATTTGAGATGTATTTCCC-
Stat5 activation was observed in cells transformed by all TEL-JAKGAAAAG-3') and k 5'-GTCAA CTTCCCAAGAACAGAA-3') probes.
kinases and shown to be essential to the mitogenic properttesgracts of COS7 cells co-transfected with TEL-Jak2 and Stat4 or Stat6

of TEL-Jak2.

Materials and methods

Plasmids

expression vectors (a kind gift of J. R. Darnell) were used as positive controls.

Northern blots

Northern blotting analysis was performed by using 10 ug of total RNA and
probes corresponding to murine cDNA fragments for pim-1, osm, cis,
c-myc, c-jun, and c-fos labeled witB?P«CTP by random-priming.

orthern blots were normalized by hybridization with a GAPDH probe.

The TEL-Jak2 fusion complementary DNA (cDNA) has been describe@
previously’ The mTEL-Jak2 fusion (see Figure 1) was constructed from
TEL-Jak2 by polym_erase chain reaction (RCR)-mediated amplification efe" lysates, immunoprecipitates, and Western blot analyses
the appropriate regions of human TEL (amino acids 43-154) linked to the

318 COOH-terminal amino acids of murine Jak2. The TEL-Jakl arféor Western blotting of total cell lysates, Ba/F3 cells were lysed in 1% Brij
TEL-JAK3 cDNAs were constructed by PCR-mediated amplification t86, 10 mM Tris/Hcl pH 7.4, 150 mM NaCl, 5mM EDTA, 10% glycerol,
encode the 336 NH2-residues of TEL and the 302 and 341 COOH-termifiad2% NaN, and 1 mM NaVO, Whole cell lysates were cleared by
residues of murine Jakl and human JAKS3, respectively. The mTEL-TYK&ntrifugation at 13 0Gffor 20 minutes at 4°C and 50 pg of cellular protein
construct was obtained by splitting together a mTEL-Jak2 clone andwes separated through 10% sodium dodecyl sulfate (SDS)-polyacrylamide
PCR-generated fragment spanning the 311 COOH-terminal residuesgefs, transferred to nitrocellulose, and blotted with an antiphosphotyrosine
human TYK2. PCR products were subsequently showed to be devoidaoftibody 4G10 (Upstate Biotechnology, Inc, Souffelweyersheim, France).
mutations by sequencing. Jakl, JAK3, and TYK2 cDNAs were gifts frofRor IL-3 receptoid subunit (IL-33R) immunoprecipitation analysis, 20

H. Beug, J. J. O'Shea, and S. Pellegrini, respectively. The human TEL-ABRIC® Ba/F3 cells were lysed in the above buffer and supernatants were

adioactivity was quantified using a Molecular Imager (Bio-Rad).
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incubated 2 hours at 4°C with a rabbit polyclonal anti-IBR3 antibody A o = 9 22 B 3] g

i ioi 52 - ::E=¢% Ty s 8 |
(Santa Cruz Biotechnology, Inc.). Imnmunoprecipitates were separated b o | KR x x 3% t @
8% SDS-polyacrylamide gels, transferred to nitrocellulose, and blotted witt @ & E g B EE 32d3d %
antiphosphotyrosine and anti-IlBR subunit antibodies. Expression of g E - ekl
stably transfected TEL-JAK and TEL-ABL fusions in Ba/F3 cells was i —ns  oP-Tyr | =
evaluated by immunoprecipitation followed by Western blot analysis, using -
a rabbit polyclonal immunoserum raised against the amino-terminal part o™

- T GIL-GpR [ |

the human TEL proteino( N-TEL)® present in all the chimeras. Immuno- IP : o N-TEL

complexes were detected using the ECL detection kit (Amersham, Orsa) WB: o N-TEL IP: oIL-3BR
France). Stripping and probing were performed according to the manufac-
turer’s instructions.

Results

kd

TEL-JAK fusion proteins exhibit constitutive tyrosine kinase
activity and confer factor-independent growth to

IL-3-dependent Ba/F3 cells 175=

To investigate for potential biologic differences between the
tyrosine kinase domains (JH1) of JAK family members, we
generated chimeric proteins modeled on the structure of th 83
oncogenic TEL-Jak2 fusion in which the JH1 domains of JAK1, <
JAK3, and TYK2 were fused to TEL sequences. The schematic
structures of these TEL-JAK proteins are summarized in Figure 1
All TEL-JAK fusions include the NCR region of TEL responsible g3 _
for the homotypic oligomerization of TEL and TEL-derived fusion
proteins. To determine if TEL sequences outside of the NCR
contribute to transformation, a truncated mTEL-Jak2 fusion was
constructed, directly linking the NCR region to the JH1 of Jak2.47 & mm
The murine TEL-TYK2 chimeric protein was constructed similarly
to the above fusion. Western blotting analysis using antiphosphoty
rosine antibody showed the constitutive phosphorylation of in vitro 32
produced TEL-JAK chimeras (data not shown), a property knowr =
to reflec7t10the Intrinsic tyrosme_ kinase aCt.IVIty Of_ th(,:'\ Chlmerlcléigure 2. Phosphotyrosine immunoblot analysis of the IL-3 receptor B subunit
proteinst These results confirm that ollgomerlzatlon of th%nd of cellular proteins in TEL-JAK- and TEL-ABL-expressing cells. (A) The
catalytic domains of JAKs through the NCR domain of TEL igxpression of stably transfected TEL-JAK and TEL-ABL fusions in the indicated
sufficient to allow their constitutive activation. IL-3-independent Ba/F3 cell lines was evaluated by immunoprecipitation (IP) fol-
To test f the t f . iti £ th tei lowed by Western blotting (WB) using a polyclonal rabbit immune serum raised
0 1es (_)r € transiorming capacl IIE‘S 0 ese pro_em§gainstthe amino-terminal part (« N-TEL) of the human TEL protein. Immunoprecipi-
TEL-JAK fusions were stably expressed in Ba/F3 cells using taed complexes are indicated by black arrows; ns, nonspecific. Predicted molecular
pBabeNeo retroviral vector. The truncated mTEL-Jak2 fusion wasights of the chimera are as follows: TEL-Jakl, 75.5 kd; TEL-Jak2, 77.7 kd;
; ; ; f o TEL-JAK3, 79.3 kd; TEL-ABL, 158.8 kd; murine TEL-Jak2, 50.5 kd; murine TEL-
equwalent to the fu”_le,ngt,h proteln regardlng Its ablllty to trans‘l_'YKZ,49.4 kd. (B) The IL-3BR subunit was immunoprecipitated from total cell lysates
form Ba/F3 cells, thus indicating that most of the TEL sequencggie indicated IL-3-independent Ba/F3 cell lines and analyzed by immunoblotting
present in the initial chimera do not significantly contribute to it@ith an antiphosphotyrosine antibody (« pTyr). The blot was stripped and reprobed
transforming properties in this model. All TEL-JAK chimera weravith an anti-IL-3gR antibody. (C) Total cell lysates of the indicated IL-3-independent
d imilar | | . 2 . h h | Ba/F3 cells were subjected to Western blotting using an antiphosphotyrosine
expressed at similar eves_ (Flgure A)’ tyrosine phosp or)_/ at tibody. As a control, total cell lysates of parental Ba/F3 cells, starved then
and found to confer IL-3 independence to Ba/F3 cells withoutimulated with miL-3, were loaded. Differences in patterns of cellular protein
significant variation of cell growth rates between the differerphosphorylations were reproducibly observed between TEL-JAK- and TEL-ABL-
transformed cell lines (data not shown). TEL-JAK-transformed Cequressing Ba/F3 cells. Note that the weaker pattern of phosphorylation seen in the

. . . . i . . MTEL-Jak2 line is due to underloading of total cell lysates.
lines grew identically when maintained with or without a source of

IL-3, indicating that chimeric proteins efficiently substitute for the.q|jy1ar extracts (Figure 2B). We failed to detect any consistent
mitogenic and antiapoptotic signals controlled by the cytokin%_:gBR phosphorylation in TEL-JAK-expressing cell lines, whereas
Growth factor independence was readily obtained in TEL-ABLy constitutive phosphorylation was observed in cells transformed
expressing Ba/F3 cells, as previously repofted. by the TEL-ABL fusion. These results suggest that growth signals
derived from TEL-JAK proteins do not involve cooperation with
the IL-38R chain. In contrast, TEL-ABL proteins phosphorylate
the IL-3BR chain, but the relevance of this phosphorylation to their
Phosphorylation of the tyrosine residues in the intracellular domatimnsforming capacities is not known. From these observations, one
of cytokine receptors are known to be controlled by JAK kinasesan infer that TEL-JAK proteins have lost some substrate specific-
Because the growth factor independence of Ba/F3 cells expressitygvith respect to normal JAK proteins and that TEL-ABL proteins
TEL-tyrosine kinase fusions could result from the activation of thexhibit a wider substrate specificity than TEL-JAKs. In keeping
IL-3 receptor, we analyzed the phosphorylation state of thelR-3 with these results, Western blot analysis of total cell lysates showed
by phosphotyrosine immunoblotting after immunoprecipitation dd different pattern of phosphorylated protein species between the

The TEL-JAK proteins do not significantly phosphorylate
tyrosine residues of the IL-3 BR chain
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IL-3-independent TEL-JAK- and TEL-ABL-expressing cellswas confirmed by competitive experiments using unlabgled-

(Figure 2C). sein probe (Figure 3A, lanes 5, 8, 11, 14, and 17). Nonrelevant
) o ] o competitors did not interfere with the shifted complexes (data not

All TEL-JAK fusion proteins induce functional activation of shown). Both Stat5A and StatSB factors are expressed in Ba/F3

Stat5 factors cells but a more pronounced Stat5A DNA binding activity was

To determine if the different TEL-JAK fusions selectively activat@bserved in all transformed Ba/F3 cells. In nuclear extracts from
members of the Stat family, Stat DNA binding activities werd EL-JAK3 (Figure 3A, lane 13) and mTEL-TYK2 (Figure 3A,
analyzed by EMSA. Nuclear extracts from the TEL-JAK- andane 16), a faint signal corresponding to a higher mobility complex
TEL-ABL-expressing lines were incubated with probes containiriyas observed, similar to the one seen after miL-3-stimulation
various Stat binding sequences, known to have different affiniti€sigure 3A, lane 1). This complex corresponds to Statl, because the
for activated Stats. Thg-casein probe contains Stat5 binding site§-casein probe is known to exhibit low affinity for Statl factors,
and binds the 2 highly homologous Stat5A and Stat5B fadfagks. which are activated in Ba/F3 cells on IL-3 stimulatirurther-

a positive control, parental Ba/F3 cells were stimulated witmore, supershifting experiments with an anti-Stat1 antibody con-
recombinant murine IL-3 (mIL-3). As shown in Figure 3A, nucleafirmed the specific interactions of Statl with tBecasein probe
extracts from all TEL-JAK-transformed cell lines showed avith these extracts (data not shown). A constitutive activation of
specific Stat5 DNA binding activity, consisting of a major proteinStat5 factors was also seen in TEL-ABL-transformed cells (Figure
DNA complex, which can be supershifted with anti-Stat5 antibo®A, lanes 19-21). In addition, Stat5 is activated in TEL-PP&F

ies (Figure 3A, compare lanes 4, 7, 10, 13, and 16 to lanes 6, 9, transformed cells (A.B., unpublished data). Collectively, these

15, and 18, respectively). Specificity of Stg&easein complexes results establish the recurrent activation of Stats5 DNA binding
activity in Ba/F3 cells for all TEL-fusion proteins studied to date.

A Statl and Stat3 are activated in Ba/F3 cells transformed by the
TEL-JAK3, mTEL-TYK2, and TEL-ABL fusions
comp ;
vse Specific activation of Statl and Stat3 factors was assessed by using
Stats o the high affinity m67SIE sequence, derived from the STAT binding

Stat > motif of the c-fos promotéf (Figure 3B). This probe allows the
formation of 3 DNA-protein species that correspond to ho-
modimers of Statl, homodimers of Stat3, and heterodimers of Statl
and Stat3. Constitutive activation of both factors was observed in
the TEL-JAKS3-, mTEL-TYK2-, and TEL-ABL-expressing cells.
Nuclear extracts from TEL-JAK3-transformed Ba/F3 cells showed
patterns of protein-DNA complexes and of supershifts with anti-
Statl and anti-Stat3 antibodies similar to those observed with
mIL-3-stimulated cells extracts used as control (Figure 3B, com-
pare lanes 1-4 to 5-8, respectively). Nuclear extracts from the

1 2 3 4 5 6 7 8 9 1011 1213 14 15 16 17 18 19 20 21

B sttt _Ba/f3+i" 3_ _TEl"JiKs - _MTthYKz_ MTEL-TYK2-expressing cells only formed 2 shifted DNA-protein
oStatd = = = b = o= o= 4 e e - 4 complexes with a high degree of specificity as shown by competi-
comp: ~ 4+ = - - 4+ - — = 4 -~ = tion with excess cold m67SIE probe (Figure 3B, compare lanes 9
Sl - - -e-ae. and 10) and incubation with an anti-Statl antibody confirmed the

Stata:Stat3 o | < presence of Statl factors in the low migrating DNA-protein
5‘3“:5‘3‘3> - N, - - | complex. The presence of 2 shifted complexes indicated that some

Stati:Statt Stat3 was activated in these extracts and preferentially associated

with Statl to form Statl-Stat3 heterodimers, although the use of an
anti-Stat3 antibody did not clearly reveal a Stat3 DNA binding
activity (Figure 3B, lane 11). It is noteworthy that lower levels of
activated Statl factors were observed in TEL-JAK3-expressing
cells, as compared to mTEL-TYK2-expressing cells (Figure 3B,
compare lanes 5 and 9). Minor Statl and Stat3 activations were also
evidenced in nuclear extracts from Ba/F3 cells expressing the
TEL-ABL fusion (data not shown).

Stat4 and Stat6 DNA binding activities were investigated using
the specific FgRI and k probes, respectively, but these factors
10 11 12 were not found to be activated in TEL-JAK and TEL-ABL-
Figure 3. Constitutive activation of Stat factors in TEL-JAK-transformed Ba/F3 transformed cell lines deSpite the fact that both are present in Ba/F3

cells. Analyses of Stat DNA-binding activities in IL-3-independent Ba/F3 cels  cells (data not shown).

expressing the indicated constructs. As a control for Statl, Stat3, and Stat5

DNA-binding activities, nontransfected Ba/F3 cells were starved for 5 hours, then A specific set of cytokine-responsive genes is induced in the
stimulated with 10 ng/mL of mIL-3 for 10 minutes. Nuclear extracts were submitted to TEL-JAK-transformed Ba/F3 cell lines

EMSA using the bovine B-casein (A) and m67SIE (B) probes. The specificity of the

shifted complexes was assessed by the addition of a 100-fold molar excess of cold To further investigate the molecular events Ieading to growth factor

competitors. Complexes supershifted by specific anti-Stat factors antibodies are . . .
indicated by open arrows. Note that constitutive Statl and Stat3 activations detected Independence conferred by TEL-JAK fusions in the Ba/F3 cellular

in TEL-JAK3-expressing Ba/F3 cells were observed after prolonged exposure. context, we examined by Northern blot the induction of a series of

1 23 4 5 6 7 8 9
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cytokine-responsive genes, including genes whose products a

involved in the control of cellular proliferation. Parental Ba/F3 Ba/F3
cells cultured in the presence of WEHI conditioned medium, as ¢ _—
source of growth factors, will be referred to as proliferating cells. ~
The cmyg cqun, and cfos genes are immediate early genes g
induced in response to IL-3 in Ba/F3 céfland the cytokine- ;
driven activation of both c-myc and c-fos transcription has beer (-) =
directly linked to the activation of JAK pathwa§32*All TEL-JAK-
expressing cells exhibited elevated levels of c-myc, c-jun, and c-fo
expression, equivalent to those found in proliferating parental cells
indicating that expression of chimeric proteins efficiently substitute
for the normal IL-3-mediated mitogenic signals. Thus, it appears
that signaling pathways activated by the leukemogenic TEL-Jak: .
protein and by the chimeric TEL-JAK fusions studied here can le'l
mimic at least some of the events triggered by the cytokine-

receptor interaction. In contrast, the expression of TEL-ABL

resulted in high expression levels of c-fos, c-jun, and c-myc, . - '

stim.
| TEL-Jakl
~» | TEL-Jak2
mTEL-Jak2
TEL-JAK3
mTEL-TYK2
TEL-ABL

HL

osm &

because messenger RNA (MRNA) levels were found to be 2, 2.¢ CI1S
and 3 times higher, respectively, as compared to those seen
proliferating parental cells. These findings are in agreement witt
previous reports indicating that c-myc expression is up-regulated i
Ba/F3 cells transformed by the TEL-ABL fusiéh.

The constitutive activation of Stat5 in all transformed Ba/F3
cell lines prompted us to examine the induction of several knowr (; A PDH ' ' '
Stat5-target genes in these cells. Among them, those encodir
oncostatin M (osm), the hematopoietic serine/threonine kinase
pim-1, and the cytokine-inducible SH2-containing (Cis) proteiﬁigure 4. Induction of several Stat5-target genes in TEL-JAK- and TEL-ABL-
. ' . . . . . . ; .., transformed Ba/F3 cells. Northern blot analyses of total RNA extracted from the
involved in SWItChmg_ off th(? CytOI('ne Slgnal by |_nteract|ng Wlthindicated cell lines for osm, pim-1, and Cis expression are shown. RNA from Ba/F3
phosphorylated tyrosine residues on receptor chéiag normally  celis cultured in the presence of WEHI conditioned medium (), starved (starved),
activated via Stat5-dependent pathwéfy@:ZGAs shown in Figure and stimulated by mIL-3 (stim) were loaded as controls. The indicated values of Cis

- . . _ _ ,jnduction are expressed relative to the values obtained by proliferating Ba/F3 cells. A

4, these Statb target genes were activated in TEL-JAK afg PDH probe was used as internal standard.
TEL-ABL-expressing cells, providing further evidence of a func-

tional constitutive Stat5 activation in the cytokine-independent cell,as with the ability of TEL-Jak2 to induce growth factor

lines. Interestingly, although transcriptionnal levels of bo8m ;ngenendence to Ba/F3 cells, strongly suggesting the requirement
and pim-1 genes were equivalent in the transformed Ba/F3 cqgr Stat5 activation in this process.

lines to those of proliferating parental cells, levels of Cis expres-
sion were significantly higher. The mechanisms underlying the
sustained expression of Cis remain, however, to be established. Discussion

Constitutive expression of a dominant negative form of Stat5A Chromosomal translocations resulting in TEL-JAK2 fusion pro-
in Ba/F3 cells significantly interferes with the growth factor teins have been reported in several human leukefhfigBhe
independence process mediated by TEL-Jak2 TEL-JAK2 fusion proteins described to date transform growth

To further establish the importance of Stat5 activation for thi@ctor-dependent cell lines and are leukemogenic in mouse mod-
mitogenic properties of TEL-Jak2, we next analyzed the ability of a

Stat5A dominant negative mutant to interfere with TEL-Jak2 “8 i

transforming properties. The StatA&49 protein lacks the carboxy
terminal transactivation domain of Stat5 and exerts a dominan
negative effect on Stat5-responsive gene prométeree pRSV-
Neo-Stat5A 749 Ba/F3 cell® were stably transfected with the 3,
pBabePuro-TEL-Jak2 expressing vector (Stat3A%+TEL-Jak2
transfectants) or with empty vector (Stat824%+pBabePuro 2
transfectants). TEL-Jak2 cells harboring the pRSVNeo contro
vector were also established (NeDEL-Jak2 transfectants). The — ==————— —_—

numbers of viable cells of the different transfectants were score.

da||y in the presence or in the absence of IL-3 and are shown ﬁigure 5. The constitutive express:ion of a dominant negative Stat5A mutant
Figure 5. The Nea TEL-Jakz cells grew effcienty when deprivedy e Y1.1° 30" sty penseres contrea by e feLae
of IL-3, whereas parental Stata&x49 and StatbA749+pBabePuro  sasaa749 vector (Stat5AA749) were stably transfected with TEL-Jak2
cell lines were unable to proliferate in similar conditions (FiguréstatsAA749+TEL-Jak2) or the empty expression vector (Stat5AA749+pBabePuro).
5B). The Stat5A 749+ TEL-Jak2 cells showed poor pronferationAsacontrol,the parental pPRSVNeo Ba/F3 cells were stably transfected by TEL-Jak2

eo+TEL-Jak2). The proliferation rates of the indicated Ba/F3 cell lines were scored

. N
rates in the absence of IL-3. These data demonstrate that g @ for 8 days in either the presence (A) or absence (B) of WEHI conditioned

expression of a dominant negative Stat5 mutant markedly int@fedium.

6
—=— Neo+TFL-Jak2

—e— SWSAAT4STEL-Jak2
—0— S1atSAA749+pRabePura
—o— StatSAAT4Y

Als/ml
105 cegmt
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els?8 (and our unpublished data). Several examples of tyrosii®H2 region of Statl has been reported to directly interact with the
kinases constitutively activated through ectopic oligomerizaticactivated TYK2 kinasé€ Moreover, we observed a selective
have been reported in human hematopoietic malignancies, oneaofivation of Statl and Stat3 in Ba/F3 cells expressing the
the most extensively studied being the BCR-ABL fusion protein ifEL-JAK3 and mTEL-TYK2 fusions, whose cellular counterparts
chronic myelogenous leukemia with the Philadelphia chromgreferentially activate these factors in a number of cytokine
some?? Thus, the identification of signaling molecules regulated byeceptor systems. Accordingly, only the JH1 regions of JAK3 and
these kinases is essential to elucidate the mechanisms underlyiitydk2 possess 2 potential functional Stat3 binding sites centered
their transforming and leukemogenic properties. on Y824 and Y178 respectively, which conformed to the previously
We generated TEL-JAK chimeric proteins by fusing the oligoidentified Stat3 docking sites on cytokine receptors (YXXQ,
merization domain of TEL to the catalytic domains (JH1) of Jakfareceded by acid amino acfiisin keeping with our results, Ho et
JAKS, or TYK2. The TEL-JAK fusions were constitutively phos-al32 recently reported the recurrent activation of Stat5 in Ba/F3 cells
phorylated both in vitro and in vivo, showing that TEL-mediate@xpressing TEL-Jak2 fusions, but also constitutive activation of
oligomerization is sufficient to induce their constitutive tyrosinétatl and Stat3. In this instance, detection of activated Statl and
kinase activity. When stably expressed in Ba/F3 cells, all TEL-JAKtat3 factors could be related to higher levels of expression of
chimera were able to sustain cytokine-independent cellular growttansforming proteins in Ba/F3 cells than in our model or to
indicating that they can substitute for growth factor-mediatedifferences in Ba/F3 sublines used.
signals. These results are somewhat unexpected because, except fGthe comparison of Ba/F3 cells expressing either the TEL-JAK
JAK2, JAK kinases are presumed to normally signal in pairs whem the TEL-ABL fusion proteins reveals several interesting fea-
activated under physiologic conditions. Furthermore, the JH@res. In contrast to those expressing TEL-JAK, Ba/F3 cells
domain is dispensable for the biologic properties of all chimerdsansformed by the TEL-ABL fusion protein exhibit constitutive
tested, including mTEL-TYK2, whereas it is known to be requireghosphorylation of the IL8R chain (see Figure 2B) and of
for the normal kinase activity of TYK® Activation through endogenous JAK2 protein (data not shown). Similar observations
oligomerization is, however, not a feature of all JAK tyrosindave been reported for hematopoietic cells transformed by the
kinase domains because a TEL-DJAK fusion, containing the JHRICR-ABL fusion protein$40raising the possibility that abroga-
domain of the homologoudrosophilaHopscotch protein, did not tion of growth factor requirement of hematopoietic cell lines
exhibit detectable tyrosine phosphorylation in vitro nor transfornexpressing these kinases may, at least partially, involve the
ing properties in Ba/F3 cells (unpublished data). Whether its lack attivation of cytokine receptors. On the other hand, this phosphor-
activity is due to the absence of the JH2, as previously obsétvedjlation could merely reflect the weak substrate specificity of the
or to structural particularities of the DJAK JH1 remains to bencogenic forms of ABL fusion proteins. Alternatively, one cannot
determined. exclude that the cytoskeletal-associated localization of TEL-ABL
As reported for TEL-Jak2, TEL-JAK fusion proteins have a allows, therefore, the phosphorylation of membrane-bound pro-
diffuse cytoplasmic location (data not shown) that differs frorteins by the chimera. In keeping with this hypothesis, the SHP1
normal activated JAK proteins, which are associated with thEhosphatase is heavily tyrosine phosphorylated in TEL-ABL but
intracellular moiety of cytokine receptors. Accordingly, phosphoryaot detectably in TEL-JAK-expressing Ba/F3 (data not shown).
lated substrates could differ between the TEL-JAK and JAKhe distinct pattern of tyrosine phosphorylated proteins observed
proteins. For example, the ILBR chain is not detectably tyrosinein TEL-JAK- and TEL-ABL-expressing cells (see Figure 2C)
phosphorylated in Ba/F3 cells expressing the TEL-JAK fusionfurther underlines the different substrate specificity of these
Phosphorylation of normal JAK proteins is not seen or inconsiactivated TEL-derived fusion kinases.
tently detected (data not showA$? Consistently, functional Transcription of genes whose products are involved in cellular
studies of artificially activated forms of JAK2 have suggested thgtowth regulation also differs between TEL-JAK- and TEL-ABL-
the tyrosine kinase domain is not sufficient to interact with anexpressing Ba/F3. In keeping with our results, high levels of
phosphorylate the granulocyte macrophage colony-stimulatifti@nscription of the early response genamyeand cfoshave been
factor (GM-CSF) receptd® the IL-3 receptoP? or the growth reported in Ba/F3 cells expressing TEL-ABLand in cell lines
hormone receptd® These observations suggest that TEL-JAKexpressing BCR-ABI4! From our data, the cytokine-independent
fusions are able to directly activate signaling pathways that leadpomliferation of TEL-JAK-transformed Ba/F3 cells is not associ-
cell proliferation or inhibition of apoptosis independently of theated with higher level of expression of the early-responseyc-
cytokine receptor activation or the use of receptor effector domairun, and cfosgenes, because these genes were expressed at levels
as accessory signaling chain. lower than those observed in TEL-ABL-expressing cells but
In keeping with this hypothesis, constitutive activation of STABimilar to those observed in exponentially growing parental Ba/F3
factors is observed in Ba/F3 cells transformed by the TEL-JAKells. Several cytokine receptor models have demonstrated that
fusions. A number of studies have suggested that specificity iofluction of c-jun and c-fos expression requires not only JAK
STAT factors activation in response to cytokine receptor engagénases activation but also the phosphorylation of several tyrosine
ment is more related to the nature of the cytokine receptor involveglsidues of the activated receptdiConsistently, the absence of
than to the activation of a particular JAK. This notion might/L-3BR chain phosphorylation may explain the lower level of early
however, not be so absolute because a ligand-independent integgaaie induction in the TEL-JAK-expressing cells compared to
tion between the SH2 domain of Stat5 and the JAKs has be€EL-ABL. Alternatively, interactions of TEL-ABL or TEL-JAK
reported®® Also, complexes between the SH2 region of Stat5 anthimera with other signaling molecules known to participate to
phosphotyrosine residues located in the JH1 region of JAKgarly gene inductiold?*could differ.
occurred when these proteins are expressed in yeast3tells, Finally, our results point to a pivotal role for Stat5 activation in
suggesting the possibility of a direct recruitment of Stat5 to thie growth factor independence processes. Constitutive activation
activated kinase, independent of receptor docking. Similarly, thed STATs, particularly of Statl, Stat3, and Stat5, is a recurrent
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observation in hematopoietic cell lines transformed by oncogengis12484% Furthermore, the expression of a mutated Stat5 is
such as wahl, BCR-ABL v-mpl, and in leukemogenic blood sufficient to allow growth factor independent proliferation of
samples (review in Garcia and JdyeStat5 activation is observed Ba/F3 cells?®

in all transformed Ba/F3 cells lines, including those expressing the The constitutive activation of Stat5 factors is, therefore, likely
TEL-ABL (see Figure 3A) and TEL-PD@R fusions (unpub- to represent a crucial event in the activated tyrosine kinase-
lished data) and those expressing the various TEL-JAK fusionediated leukemogenic process. The availability of Stat5A- and
proteins, suggesting its direct contribution to cellular transform&tat5B-deficient mice will allow us to establish in vivo the
tion. Experiments using a dominant negative Stat5A mutant (skenctional role of these factors in the transforming properties of the
Figure 5) strongly support this hypothesis. In this respect, Stat5 daision proteins.

be considered as the prototype of transcription factor implicated in

all pleiotropic cytokine-induced cellular responses. It is activated
by cytokines that regulate the proliferation and differentiation in aA
hematopoietic lineages (review in Pellegrini and Dusanter-Bourt
Stat5 is assumed to regulate genes whose products are involvedhe authors thank N. Perrimon for providing the Hopscotch cDNA
the control of cellular growtH of cell cycle progression including and the LPH from the Haital Saint-Louis (Paris, France)

cyclins 445 p21WAF1/CIP146 and possibly p2¥% and of apopto- for artwork.
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