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In Abelson murine leukemia virus (A-MuLV)-transformed cells, members of the Janus kinase (Jak) family
of non-receptor tyrosine kinases and the signal transducers and activators of transcription (STAT) family of
signaling proteins are constitutively activated. In these cells, the v-Abl oncoprotein and the Jak proteins
physically associate. To define the molecular mechanism of constitutive Jak-STAT signaling in these cells, the
functional significance of the v-Abl-Jak association was examined. Mapping the Jakl interaction domain in
v-Abl demonstrates that amino acids 858 to 1080 within the carboxyl-terminal region of v-Abl bind Jakl
through a direct interaction. A mutant of v-Abl lacking this region exhibits a significant defect in Jakl binding
in vivo, fails to activate Jakl and STAT proteins, and does not support either the proliferation or the survival
of BAF/3 cells in the absence of cytokine. Cells expressing this v-Abl mutant show extended latency and
decreased frequency in generating tumors in nude mice. In addition, inducible expression of a kinase-inactive
mutant of Jakl protein inhibits the ability of v-Abl to activate STATs and to induce cytokine-independent
proliferation, indicating that an active Jakl is required for these v-Abl-induced signaling pathways in vivo. We
propose that Jakl is a mediator of v-Abl-induced STAT activation and v-Abl induced proliferation in BAF/3

cells, and may be important for efficient transformation of immature B cells by the v-abl oncogene.

Activation of tyrosine kinases by translocation or retroviral
transduction has been linked to the development of many
lymphoid malignancies. The gag-Abl fusion protein encoded
by the v-abl oncogene of Abelson murine leukemia virus (A-
MuLV) is a non-receptor tyrosine kinase, which, unlike its
cellular counterpart, c-Abl, is constitutively active. Although
the A-MuLV primarily induces pre-B cell leukemias in vivo,
the v-abl oncogene can transform other cell types such as NIH
3T3 fibroblasts in vitro (46). The mechanisms responsible for
the cell type specificity of in vivo transformation by A-MuLV
are not known.

Characterization of different domains of the v-Abl oncopro-
tein and the molecular interactions in which they participate
has been a useful approach to elucidate the mechanism of
v-Abl function. The majority of v-Abl substrates identified to
date are proteins involved in the transduction of signals leading
to gene transcription and cellular proliferation, including phos-
phoinositol 3-kinase (54), Ras/mitogen-activated protein
(MAP) kinase (40, 49), Fes (14), Fos/Jun (8, 44), and c-Myc
(48). It also appears that the regions of v-Abl required for
transformation differ for bone marrow and fibroblast targets.
The SH2 and protein tyrosine kinase domains, as well as the
myristoylation signals at the N terminus of the protein, are
required for the transformation of all v-Abl targets (24, 31, 42,
47). However, the C terminus of the protein is required for
immortalization of bone marrow cells but is dispensable for
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fibroblast transformation (41, 47). The molecular basis for this
differential requirement of the C-terminal region of v-Abl in
immortalization of various targets has not been elucidated.

The primary target cells of A-MuLV in bone marrow are
B-cell precursors that are normally dependent on cytokines
produced by bone marrow stromal cells for proliferation and
survival. Upon infection with A-MuLV, these cells arrest at the
pre-B stage of differentiation (46) and become independent of
cytokines for growth, suggesting that signaling pathways acti-
vated by v-abl can substitute for those activated by cytokines.
Several proteins required for cytokine signaling have recently
been identified and characterized (35). In an attempt to un-
derstand the molecular mechanism of the cytokine-indepen-
dent growth of A-MuLV-transformed pre-B cells, we have
previously shown that the Janus kinase (Jak)-STAT proteins
involved in signaling by interleukin-4 (IL-4) and IL-7 are con-
stitutively activated in these cells (9).

Constitutive activation of STATs has been implicated in
several oncogenic processes, including human T-cell lympho-
tropic virus type 1 (HTLV-1) and v-src-generated tumors, in
cells infected with herpesvirus saimiri, in some but not all
Philadelphia chromosome-positive patients with Bcr-Abl-me-
diated leukemias, in anaplasic large-cell lymphoma, in lym-
phoid or myeloid leukemia and lymphoma cells, and in Sézary
syndrome (Szs) (reviewed in reference 18). The molecular
mechanism leading to constitutive STAT activation in these
tumors, however, remains to be elucidated. Recent reports
indicate that the SH2 and the SH3 domains of v-Src are re-
quired for STAT activation (6) and that Src can be immuno-
precipitated with Stat3 and Jakl (2, 3). Whether these inter-
actions are sufficient to activate Stat3 remains to be shown.
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Constitutive activation of the Jak-STAT components of IL-4
and IL-7 signaling in A-MuLV-transformed pre-B cells is not
the product of an autocrine loop (9a). These observations are
consistent with a model in which signals activated by v-Abl
bypass the requirement for these cytokines to bind their re-
ceptors. A bypass mechanism is further supported by the find-
ing that in A-MuLV-transformed pre-B cells, the Jakl and
Jak3 proteins are both activated in a v-Abl-dependent manner
and are also found in physical association with v-Abl (9). To
define the mechanism of v-Abl-dependent STAT activation in
A-MuLV-transformed cells, we have examined the significance
of v-Abl-Jak association in these cells. Association of v-Abl
and Jakl occurs through a direct interaction and requires a
region in the carboxyl terminus of the v-Abl oncoprotein. De-
letion of this region in v-Abl abrogates its ability to activate
Jakl and STAT proteins independent of cytokines and to sup-
port the proliferation of BAF/3 pro-B cells in the absence of
IL-3 and reduces the efficiency of this oncoprotein to induce
tumors in nude mice. Consistent with these structure-function
studies, a kinase-inactive Jakl protein inhibits the ability of
v-Abl to activate STATs and to induce cytokine-independent
growth. Taken together, these results imply that Jakl is a
downstream target of v-Abl and show that v-Abl-Jakl inter-
action and Jak1 activity are necessary for v-Abl-induced STAT
activation and cellular proliferation.

MATERIALS AND METHODS

Cell culture and cytokine treatment. IL-7-dependent murine pre-B-cell line
clone K (9) was cultured in RPMI 1640 medium supplemented with 10% fetal
calf serum, 5 pM B-mercaptoethanol, 1 mM sodium pyruvate, and 1 mM L-
glutamine. BAF/3 cells and BAF/3 transfectants stably expressing the thrombo-
poietin (TPO) receptor (see Fig. 2C) (11) were cultured in the same medium
supplemented with 5% WEHI-3 supernatant. Recombinant murine gamma in-
terferon (Genzyme, Cambridge, Mass.) was added at 33 U/ml for 15 min at 37°C.
TPO stimulation was carried out at 200 ng/ml with recombinant human TPO (gift
of Amgen, Thousand Oaks, Calif.).

Plasmids. The glutathione S-transferase (GST) fusion constructs spanning
various domains of v-Abl have been described previously (25, 55). The GST
fusion construct expressing amino acids (aa) 706 to 857 was constructed by
deleting the Xhol-Sall fragment of GST-NarI-Sall (encoding aa 706 to 1080).
The expression constructs for p160 v-Abl and c-Abl have been described previ-
ously (44, 55). The v-Abl expression vector lacking the entire Jakl interaction
domain (A858-1080) was constructed by deleting the Xhol-Sall fragment from
the p160 expression construct. The kinase-inactive Jak1 (Jakl K896R) has been
described previously (27). For inducible expression, the cDNA for this kinase-
inactive Jak1 was subcloned in the MTCB6+ plasmid (45).

Stable transfections. Transfections of BAF/3 cells were carried out by elec-
troporation as described previously (11). The Abl expression constructs were
cotransfected with a puromycin selectable marker, and stable transfectants were
selected in 1 pg of puromycin per ml. Stable p160 BAF/3 cells expressing the
inducible dominant negative Jak1l were selected in G418 (2 mg/ml).

Antibodies. The anti-Jak1 antibody used in immunoblots and the Statl, Stat3,
Stat5, p62 Dok, and Ras antibodies were purchased from Santa Cruz Biotech-
nology, Santa Cruz, Calif. The Jak1 antibody used in immunoprecipitation and in
vitro kinase assays and the Shc and the antiphosphotyrosine antibodies were
purchased from Upstate Biotechnology, Lake Placid, N.Y. The Abl antibody was
purchased from Calbiochem, Cambridge, Mass. The B-actin antibody was pur-
chased from Sigma Immunochemicals, St. Louis, Mo. The anti-murine c-Myc
antibody was a generous gift of Kathryn Calame, Columbia University.

Expression of GST fusion proteins and in vitro binding studies. GST fusion
proteins were expressed and purified as described by Frangioni and Neel (17).
The amount of proteins bound to beads was estimated for each fusion protein
following staining with Coomassie brilliant blue. Whole-cell extracts (1 mg of
total protein) or 1 to 3 pg of purified Jakl protein (a generous gift of Robert
Schreiber, Washington University) was incubated with 50 pg of GST fusion
protein in 300 to 500 pl of lysis buffer (0.5% Nonidet P-40, 50 mM Tris [pH 8.0],
10% glycerol, 0.1 mM EDTA, 1 mM dithiothreitol, 100 uM sodium orthovana-
date, 200 mM NaCl, 1.2 mM phenylmethylsulfonyl fluoride). Incubation was
done at 4°C overnight with constant agitation. Bound materials were washed
extensively (four times with lysis buffer and three times with phosphate-buffered
saline), eluted by boiling in Lammeli sample buffer, fractionated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (7% polyacryl-
amide), transferred onto a nitrocellulose membrane, and blotted with an anti-
body to Jakl.
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Whole-cell extracts, immunoprecipitation, and in vitro kinase assays. Whole-
cell extracts, immunoprecipitation, and in vitro kinase assays were done as
described previously (9).

Proliferation assays. Cells were washed extensively in medium without IL-3
and resuspended at a density of 2.5 X 10* cells in 100 ul of complete RPMI or
complete RPMI containing 10~* M ZnSO, (final concentration) in 96-well
plates. The cells were pulsed with 1 wCi of *H (specific activity, 6.7 Ci/mmol;
NEN, Boston, Mass.) during the last 4 h in culture, and H incorporation was
quantified.

Nude-mouse injections. Cells (5 X 10°) were washed extensively and resus-
pended in 200 pl of PBS. Female nude mice (4 to 8 weeks old) were injected
subcutaneously.

Ras assays. Cells were starved of cytokines, and the assays were performed as
described previously (10).

RESULTS

aa 858 to 1080 in the carboxyl-terminal portion of v-Abl are
required for Jakl association. We have previously shown that
in A-MuLV-transformed pre-B cells, 10 to 20% of the total
cellular v-Abl associates with the Jakl and Jak3 proteins (9).
To identify the domain(s) of v-Abl essential for this interac-
tion, different regions of Abl were expressed as GST fusion
proteins for in vitro binding studies (Fig. 1A). The region
spanning aa 237 to 645 (based on the pl60 genome of A-
MuLV, aa 1 is the starting methionine in gag [52]) corresponds
to the N-terminal portion of v-Abl and includes the SH2 and
kinase domains. The region containing aa 706 to 1080 includes
proline-rich (SH3 binding) regions (16, 43) and a domain that,
in c-Abl, exhibits DNA binding activity (25). aa 1081 to 1244
span a region that has been shown to bind F/G-actin in c-Abl
and Ber-Abl (32, 53). GST fusion proteins were generated,
bound to glutathione-agarose beads, and incubated with
whole-cell extracts prepared from a nontransformed pre-B-cell
line (clone K). Materials bound to beads were washed and
fractionated, and the interaction of the GST fusion proteins
with Jak1 was examined by Western blotting with an antibody
to Jakl.

The GST-Abl fusion protein expressing the proline-rich and
DNA binding domains (aa 706 to 1080) consistently associates
with the Jakl protein present in whole-cell extracts (Fig. 1B,
lane 4). Preliminary experiments suggest that this region of Abl
can also mediate interaction with Jak3 in cell extracts (data not
shown). Interestingly, cytokine treatment before preparation
of cell extracts does not affect the outcome of the in vitro
binding experiments (data not shown), suggesting that prior
activation of Jak1 is not necessary for the Jak1-Abl interaction.
This is consistent with our previous observation that in #s-A-
MuLV-pre-B cells, Jakl and v-Abl coimmunoprecipitate at
nonpermissive temperature when Jak1 is hypophosphorylated
(9). The in vitro interaction of Abl and Jak1 is specific since
unrelated proteins, including TFE3, Octl, YY1, the two dif-
ferent SH2 domains of the regulatory subunit of PI3-kinase
(p85), and the SH2 domain of Crk, expressed as fusion pro-
teins do not bind Jakl (Fig. 1B, lane 2, and data not shown).
The GST-Abl fusion protein containing the SH2 and the ki-
nase domains does not bind Jak1 consistently in similar in vitro
binding assays. These data indicate that a domain in the car-
boxyl terminus of v-Abl can interact with Jakl and that a
second region of v-Abl may also participate in this interaction.

To further delineate the Jakl-interacting domain of Abl,
various deletion mutants mutated in the region spanning aa
706 to 1080 were generated and analyzed in similar in vitro
binding studies. The first 152-aa sequence in this region, aa 706
to 857, which contains one of the three proline-rich (SH3
binding) sequences previously defined as being in the C termini
of Abl proteins (16, 43), does not interact with Jakl in vitro
(Fig. 1B, lane 12). In contrast, the 223-aa region which corre-
sponds to the domain in c-Abl that binds DNA (25, 33), aa 858
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FIG. 1. Mapping the Jakl interaction domain of v-Abl in vitro and in vivo. (A) GST fusion proteins spanning various domains of v-Abl, including the src homology
2 and the protein tyrosine kinase domains (SH2-PTK, aa 237 to 645), the proline-rich and the DNA binding domains (aa 706 to 1080), and the F-actin binding domain
(aa 1081 to 1244), or smaller GST fusion proteins spanning aa 706 to 857, 858 to 981, and 982 to 1080 were expressed in bacteria and bound to glutathione beads. (B
and C) Equal amounts of fusion proteins were incubated with 1 mg of whole-cell extracts prepared from a murine pre-B-cell line (clone K) (B) or 1 to 3 pg of purified
Jak1 protein (C). Bound materials were washed extensively, eluted off the beads, fractionated by SDS-PAGE (7% polyacrylamide), and blotted with an antibody to Jak1.
The GST moiety alone and the SH2 domain of Crk were used as controls for the specificity of the GST fusion protein-Jak1 interaction. Jakl immunoprecipitates from
the same whole-cell extracts (panel B, lane 6) were included as control for the Jakl protein. (D) IL-3-dependent BAF/3 cells were stably transfected with v-Abl
expression constructs encoding the wild-type p160 v-Abl or the Jakl binding mutant A858-1080. A 1-mg portion of total protein extracts from the transfectants was
immunoprecipitated (IP) with an antibody to Jak1. Immune complexes were fractionated by SDS-PAGE (7% polyacrylamide) and subjected to Western blotting (WB)
with an Abl antibody. The blot was stripped and probed with a Jak1-specific antibody to control for the amount of Jakl immunoprecipitated.



6798 DANIAL ET AL.

to 1080, binds Jakl when incubated with whole-cell extracts
(lane 9). Two smaller deletion mutants mutated within this
domain were generated to yield a fragment spanning aa 858 to
981 and the previously defined minimal c-Abl DNA binding
domain, aa 982 to 1080. These latter GST fusion proteins do
not bind Jak1 when incubated with whole-cell extracts (Fig. 1B,
lanes 10 and 11). Thus, a 223-aa sequence in the carboxyl-
terminal region of v-Abl is required for association with Jakl1.

Association of the Abl carboxyl terminus with Jak1 in whole-
cell extracts could occur through a direct interaction of these
proteins or may require a third molecule. To distinguish be-
tween these two possibilities, in vitro binding studies with 1 to
3 pg of a purified Jakl protein were performed. The Jakl
protein used in these experiments was histidine tagged and
purified on appropriate columns. Immunoblotting of the ma-
terials bound to GST fusion proteins with an antibody to Jak1
shows that the GST fusion containing the proline-rich and
DNA binding domains (aa 706 to 1080) or just the DNA
binding domain (aa 858 to 1080) of Abl interacts with purified
Jakl (Fig. 1C). The lack of association between the GST moi-
ety alone and purified Jak1 suggests that the above interaction
is specific rather than an artifact of the amount of GST fusion
protein or the purified Jakl used. Analysis of total purified
Jak1 protein left in the supernatant after incubation with GST
fusion proteins compared to the amount brought down with
GST fusion proteins shows that approximately 15% of purified
Jak1 was associated with the GST fusion protein in the above
in vitro binding experiment (data not shown).

To examine the requirement of the region spanning aa 858
to 1080 of v-Abl in Jakl binding in vivo, stable BAF/3 pro-B-
cell lines expressing either the full-length v-Abl (p160) or a
C-terminal deletion mutant lacking the Jakl binding domain
(A858-1080) were generated. Clones expressing similar levels
of v-Abl proteins were selected for further analysis. Immuno-
blotting of Jakl immunoprecipitates from these cells with an
Abl-specific antibody indicates that in contrast to wild-type
p160 v-Abl, the A858-1080 mutant exhibits significant defects
in its ability to associate with Jakl in vivo (Fig. 1D). In addi-
tion, a peptide which contains only aa 858 to 1080 of v-Abl can
bind Jakl when expressed in 293T cells (data not shown),
suggesting that this domain in the carboxyl-terminal portion of
v-Abl is sufficient to bind Jak1 in vivo.

Taken together, these data indicate that the region spanning
aa 858 to 1080 in the C terminus of v-Abl is required for Jak1
interaction both in vitro and in vivo. This is the first demon-
stration of a direct interaction between a Jak and another class
of tyrosine kinases. Because the v-Abl oncoprotein exhibits
constitutive kinase activity, these results led us to propose that
the interaction of this protein with Jak proteins may activate
Jak proteins independent of cytokines (see below).

The Jakl binding domain of v-Abl is required for cytokine-
independent proliferation and Jak-STAT signaling in BAF/3
pro-B cells. Hematopoietic cells infected with A-MuLV or
cells transfected with the v-Abl oncoprotein can grow in the
absence of cytokines, including IL-3 (30). To address the re-
quirement for the Jakl binding domain of v-Abl in mitogenic
pathways activated by this oncogene, the rate of DNA synthesis
in BAF/3 cells expressing wild-type v-Abl or the Jakl binding
mutant (A858-1080) of v-Abl was assessed. *H uptake assays
24 or 48 h after washing and seeding cells in the absence of
IL-3 reveal a 20- to 30-fold-higher proliferation in cells ex-
pressing wild-type v-Abl than that in cells expressing the mu-
tant protein (Fig. 2A). This defect in proliferation is reversible
in the presence of IL-3, since IL-3-induced proliferation of
cells expressing this mutant of v-Abl is comparable to or even
slightly higher than that of parental BAF/3 cells (data not
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shown). BAF/3 p160 v-Abl transfectants remain viable and can
proliferate continuously in the absence of IL-3. The differential
proliferation and survival of the wild-type and mutant v-Abl
transfectants cannot be explained simply by the differential
enzymatic activities of the two proteins, since in vitro kinase
assays demonstrate that the kinase activity of the mutant v-Abl
is comparable to that of the wild-type protein (data not
shown). This is consistent with recent studies indicating that
the carboxyl-terminal portion of v-Abl does not play a regula-
tory role in the kinase activity of the protein (37). These data
indicate that the Jakl binding domain of v-Abl is required to
render BAF/3 cells IL-3 independent for proliferation.

The growth properties of the v-Abl BAF/3 clones correlate
with the activation status of Jak-STAT proteins in these cells.
In vitro kinase assays performed on Jakl immunoprecipitates
from these transfectants suggest that Jakl is a substrate of
v-Abl. Jakl activation in the absence of cytokine addition can
be detected when wild-type v-Abl is expressed in these cells,
while this activity is lost upon expression of the A858-1080
mutant (Fig. 2B). In p160 v-Abl transfectants, Statl, Stat3, and
Stat5 are constitutively activated as indicated by their state of
tyrosine phosphorylation (Fig. 2C). Consistent with these ob-
servations, BAF/3 cells stably expressing p160 v-Abl also ex-
hibit cytokine-independent STAT DNA binding activities as
assessed by electrophoretic mobility shift assays, while such
activities are absent in cells expressing the A858-1080 mutant
(data not shown). In addition, supernatants taken from p160
v-Abl transfectants cannot induce STAT activation when
added to parental BAF/3 cells, suggesting that constitutive
phosphorylation of STATs observed in these transfectants is
probably not the outcome of an autocrine loop (data not
shown). The above observations indicate that the region span-
ning aa 858 to 1080 in the carboxyl terminus of v-Abl is re-
quired for cytokine-independent Jakl and STAT activation by
this oncoprotein.

An active Jakl protein is required for v-Abl-induced activa-
tion of STATs and cytokine independent proliferation of
BAF/3 cells expressing p160 v-Abl. The role of Jak proteins in
proliferation has not been extensively studied. The inability of
the Jak1-binding mutant to activate STATs and to support the
IL-3-independent growth of BAF/3 cells (Fig. 2A) is consistent
with a model in which Jak1 may function as either a substrate
or a mediator of v-Abl signaling to these pathways. To establish
a link between Jakl function and the differential ability of the
wild-type and Jak1 binding mutant of v-Abl to confer cytokine-
independent proliferation and STAT activation, a kinase-inac-
tive mutant of Jakl was generated by mutating a single lysine
residue to arginine at position 896 in the ATP binding loop of
the enzyme (27). The metallothionine promoter regulating the
expression of kinase-inactive Jakl allows two- to threefold
induction of this protein when BAF/3 p160 v-Abl cells stably
expressing the inducible kinase-inactive Jakl expression con-
struct are cultured overnight in the presence of ZnSO,. To
examine the requirement for Jakl function in v-Abl-induced
cytokine-independent proliferation, *H uptake assays were
conducted with p160 v-Abl BAF/3 cells in the absence of IL-3,
before and after induction of the kinase-inactive Jakl protein.
Concomitant with the induction of this Jak1 mutant (anti-Jak1
immunoblots [Fig. 3A, inserts]), an approximately three- to
fourfold reduction in DNA synthesis was observed after vari-
ous independent clones were cultured in the presence of
ZnSO,. In contrast, proliferation of the parental p160-express-
ing BAF/3 clone was not affected in any significant manner
after addition of ZnSO, to the medium (Fig. 3A). STAT im-
munoprecipitates from cells induced to express the kinase-
deficient Jakl reveal that the reduction in the rate of DNA
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FIG. 2. Requirement for the Jakl binding domain of v-Abl in cytokine-independent proliferation, and the activation of Jakl and STAT proteins in BAF/3 pro-B
cells. (A) The Jakl binding mutant (A858-1080) of v-Abl cannot support the proliferation of BAF/3 pro-B cells in the absence of IL-3. IL-3-dependent parental BAF/3
cells or BAF/3 transfectants expressing p160 v-Abl (160.8) or the Jak1 binding mutant (A858-1080) were washed and used in [*H]thymidine incorporation assays in
the absence of IL-3 for 24 or 48 h. (B) The A858-1080 mutant of v-Abl cannot activate Jakl in the absence of cytokines. Jakl was immunoprecipitated (IP) from
precleared lysates prepared from BAF/3 transfectants stably expressing wild-type (160.8 and 160.6) or Jakl binding mutant (A858-1080) forms of v-Abl. Immune
complexes were subjected to an in vitro kinase assay. Half of each sample was analyzed by SDS-PAGE (7% gel) and autoradiography, and the other half was blotted
(WB) with an antibody to Jak1 to control for equal amounts of protein immunoprecipitated. (C) The A858-1080 mutant of v-Abl cannot activate STATS in the absence
of cytokines. Statl, Stat3, and Stat5 were immunoprecipitated (IP) from precleared lysates prepared from BAF/3 cells stably expressing the wild-type or A858-1080
mutant forms of v-Abl. Immune complexes were fractionated by SDS-PAGE and immunoblotted (WB) with an antiphosphotyrosine antibody. The blots were then
stripped and reprobed with antibodies to specific STATS as indicated. As a control for tyrosine phosphorylation of specific STATS, parental BAF/3 cells were washed
extensively and starved of IL-3 for 2 h. They were then either left untreated or treated for 15 min with WEHI (IL-3) conditioning medium, TPO (for BAF/3 cells stably
expressing the TPO receptor), or gamma interferon (IFNvy).

synthesis was accompanied by a decreased level of STAT tyro- ined for 2 weeks for signs of visible tumor growth. Tumors
sine phosphorylation in these cells (Fig. 3B). The kinase-in- could be detected within 10 days in 94% of the nude mice
active Jakl mutant can associate with v-Abl (data not shown). injected with wild-type v-Abl BAF/3 transfectants. In contrast,

It is possible that this mutant exerts its effect as a dominant only 10% of the mice injected with cells expressing the Jakl
negative protein by competing with wild-type Jak1 for binding binding mutant of v-Abl showed visible tumor growth during
to v-Abl and activating downstream Jak1l-dependent pathways. this period (Fig. 4). Tumors were eventually visible 17 days

The above observations suggest that a functional Jakl is re- postinjection in 57% of the mice that received cells expressing
quired to relay cytokine-independent STAT activation and the mutant v-Abl. By day 19 postinjection, 67% of these mice
proliferation in the presence of v-Abl. showed visible sign of tumor growth. In addition to this delayed

Cells expressing the Jakl binding mutant of v-Abl exhibit appearance, the tumors formed in mice injected with cells ex-
lower frequency and extended latency of tumor formation in pressing the A858-1080 mutant of v-Abl were three- to four-
nude mice. The above growth characteristics of BAF/3 cells fold smaller in mass compared to those generated by p160 trans-
expressing p160 v-Abl or the Jakl binding mutant form of the fectants (data not shown). Parental IL-3-dependent BAF/3
protein (A858-1080) led us to examine the role of this domain cells did not give rise to any tumors during the course of these
in transformation. Because we have been unable to generate experiments. Because p160 and the Jakl binding mutant form
retroviruses that express the Jak1 binding mutant of v-Abl, we of v-Abl show similar in vitro kinase activities (data not
used the BAF/3 cells expressing wild-type or A858-1080 mu- shown), the difference in tumorigenic potential of BAF/3 v-Abl
tant v-Abl in nude-mouse injection assays. Mice were exam- transfectants cannot be explained based on differential enzy-
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matic activities of the two proteins. Our observations suggest
that the Jak1 binding domain of v-Abl is important in render-
ing BAF/3 cells highly tumorigenic in nude mice.

Jakl may influence other signaling pathways downstream of
v-Abl. Although BAF/3 cells stably expressing p160 v-Abl or
the Jak1 binding mutant (A858-1080) of the protein provide a
useful in vivo system to analyze the requirement of the Jakl
binding domain in activation of downstream signaling path-
ways by v-Abl, it cannot be excluded that the difference in the
abilities of these cells to proliferate in the absence of cytokines
or to generate tumors in nude mice is due to a large deletion,
which might impair other signaling pathways in addition to
Jak-STAT. The region spanning aa 858 to 1080 of v-Abl has
not been shown to bind any other signaling molecule thus far.
The two identified PKC recognition sites (39), the majority of
the cdc2 consensus sites (26), the SH3 binding regions (shown
to bind Grb-2, Nck, and Crk) (16, 43), and the F/G-actin
binding domain (32, 53) are still conserved when aa 858 to 1080
are deleted from v-Abl. To examine the impact of this deletion
on protein folding and function, several other signaling path-
ways shown to be activated by v-Abl or those implicated in
proliferation and cell survival were analyzed. Although the
Jak1 binding mutant of v-Abl cannot confer cytokine-indepen-

dent proliferation and survival to BAF/3 cells, deletion of the
Jak1 binding domain of v-Abl does not lead to a reduction in
the level of tyrosine-phosphorylated Shc, p62 Dok (13, 57),
Abi-1 (50), or c-Myc (Fig. 5SA to C and data not shown). These
data suggest that the Jak1-Abl interaction is not required for
the activation of these signaling pathways by v-Abl. It is inter-
esting that the levels of c-Myc and phosphorylated p52 Shc are
slightly increased in cells expressing the mutant v-Abl. The
molecular mechanism underlying these increases is not clear.

It has become increasingly clear that in addition to STATS,
Jak proteins may regulate other signaling proteins, including
the Ras/MAPK pathway (56). To assess the level of the active
(GTP-bound) form of Ras downstream of the wild-type v-Abl
or the Jakl binding mutant of v-Abl, GST pulldown assays
were performed with the Ras-binding domain of Raf (GST Raf
RBD). It has previously been established that this domain of
Raf exhibits high-affinity interaction with GTP- and not GDP-
bound Ras. This property of Raf RBD has been used to assess
Ras activation (10). In BAF/3 transfectants expressing p160
v-Abl, a significant amount of GTP Ras can be captured with
the GST Raf RBD fusion protein (Fig. 5D, lane 3). This level
of GTP Ras is significantly higher than that detected in paren-
tal BAF/3 (lanes 1 and 2) but lower than that found in cells
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IL-3-dependent BAF/3 cells, 16 for BAF/3 transfectants expressing p160 v-Abl,
and 22 for BAF/3 transfectants expressing A858-1080.

transformed with a constitutively active form of Ras (v-H Ras,
lane 5). Interestingly, the level of GTP Ras appears to be
slightly reduced downstream of the Jakl binding mutant of
v-Abl (lane 4), even though the kinase activity of this mutant is
comparable to that of wild-type v-Abl (data not shown). The
level of active Ras in cells expressing this mutant, however, is
still higher than that detected in IL-3-treated parental BAF/3
cells (lane 2). These data suggest that the Jak1 binding domain
of v-Abl may be required for maximum activation of Ras
downstream of v-Abl.

DISCUSSION

In this study, we have taken two complementary approaches
to examine the role of Jak-STAT activation in v-Abl function.
First, we have defined a region in the carboxyl terminus of
v-Abl that is required for Jakl association both in vitro and in
vivo. Deletion of this domain abrogates the ability of v-Abl to
activate Jakl and STATSs in different cell lines. In addition,
BAF/3 transfectants expressing the Jakl binding mutant of
v-Abl are unable to proliferate in the absence of IL-3 and are
less tumorigenic in nude mice than are BAF/3 cells expressing
the wild-type protein. Second, we have used a kinase-inactive
mutant of Jak1 to show that Jak1 function is required for v-Abl
to activate STATs and to stimulate proliferation of BAF/3 cells
independent of cytokines. Together, these results indicate that
Jakl is important in several aspects of v-Abl function.

The Jak1 interaction domain of v-Abl maps to a novel region
(aa 858 to 1080) in the carboxyl terminus of the protein, which
was previously of unknown function. To our knowledge, no
other signaling protein has been shown to interact with this
domain. Although this region is required for Jakl association,
it is possible that other v-Abl domains or other Abl-interacting
proteins contribute to Jakl activation by v-Abl. Using in vitro
binding assays, we can occasionally detect interaction of Jakl
with a GST fusion protein expressing the SH2 and the kinase
domains of v-Abl. Our previous studies have demonstrated
that the Abl kinase activity is required for v-Abl-dependent
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activation of the Jak-STAT pathway. Interestingly, association
of Jak1 and v-Abl in vivo is diminished but not lost at nonper-
missive temperature (9). It is therefore possible that the bind-
ing of Jak1 to the C terminus of v-Abl serves primarily to bring
Jak1 close to the v-Abl catalytic (kinase) domain and that the
interaction between v-Abl SH2 domain and tyrosine-phospho-
rylated Jakl further stabilizes this complex.

Cells that are naturally dependent on cytokines for growth
can, in the presence of v-Abl, proliferate independently of
cytokines. Our observations suggest that Jak1 is required for
v-Abl-mediated proliferation of BAF/3 cells. This is especially
interesting because several signaling molecules previously sug-
gested to be involved in proliferative signals by v-Abl, including
She, p62 Dok, and myc, do not show a reduced level of acti-
vation in cells expressing the Jakl binding mutant form of
v-Abl. Therefore, it appears that Jakl may play an important
role in mitogenic signals downstream of v-Abl. Although re-
cent studies suggest that STATs may be required for maximal
proliferation induced by cytokines (29), it is not clear whether
proliferation of v-Abl-expressing transfectants is dependent on
STAT activation. In addition to STATS, Jaks may target other
signaling pathways. For instance, a link between Jaks and Ras
has been suggested (56). Consistent with a possible role for
Jakl in Ras regulation, we found that the level of the GTP-
bound form of Ras is slightly diminished downstream of the
Jak1 binding mutant of v-Abl. The level of GTP Ras in BAF/3
cells expressing this mutant, however, is still higher than that
seen in parental cells. This may be due to the recruitment of
signaling proteins such as Grb-2, which have been shown to
bind the proline-rich sequences 3’ of the Abl kinase domain
(43). Despite Ras activation, we and others did not detect a
significant level of activated ERK1/ERK2 MAP kinases down-
stream of v-Abl (reference 36 and data not shown). It is pos-
sible that downstream of v-Abl, and in the context of BAF/3
cells, Ras is involved in regulation of other signaling proteins,
such as PI3-kinase. Ras and PI3-kinase have been reported to
regulate each other (12). Consistent with this, and in accord
with a recent report suggesting the requirement for Jakl in
activation of PI3-kinase (1), we found a diminished level of p85
phosphorylation downstream of the Jakl binding mutant of
v-Abl (data not shown). Although the exact molecular mech-
anism underlying the proliferation defect in cells expressing
the v-Abl mutant awaits further studies, our observations sug-
gest that Jakl activation downstream of v-Abl may serve to
regulate multiple signaling pathways.

The ability of v-Abl to bind and activate Jak proteins led us
to question whether this interaction is important in cellular
transformation. Indeed, Jak proteins have been implicated in
oncogenic processes (28, 38). A gain-of-function mutant allele
of hopscotch, a homologue of Drosophila Jak, can also lead to
transformation (19, 20). Our data clearly show that in BAF/3
cells, v-Abl-Jak1 association and Jak1 activation are important
in cytokine-independent proliferation. However, factor-inde-
pendent growth per se does not lead to transformation (7, 58).
Signaling pathways activated by the abl oncogene therefore
might not solely mimic events triggered by receptor-cytokine
interaction. Because we have been unable to obtain A-MuLV
that contains the Jak1 binding mutant of v-Abl, we addressed
the importance of Jak activation by v-Abl in nude-mouse as-
says with BAF/3 cells. We found that BAF/3 cells expressing
the Jakl binding mutant of v-Abl are somewhat impaired in
generating tumors in nude mice. Since these assays were done
with a long-term tissue culture cell line, they do not necessarily
completely mimic the transformation process in vivo. Cellular
transformation appears to require the activation of several
different complementary pathways. Since secondary genetic
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FIG. 5. Activation of other signaling pathways by the A858-1080 Jak1 binding mutant. (A and C) Lysates prepared from BAF/3 transfectants expressing p160 v-Abl
or the A858-1080 mutant form of the protein were immunoprecipitated with anti-She (A) or anti-p62 Dok (C) antibodies. Immune complexes were fractionated by
SDS-PAGE. The activation state of the proteins was examined by blotting the membranes with an antiphosphotyrosine antibody. The membranes were then stripped
and reprobed with anti-Shc or anti-Dok antibodies. (B) A 30-p.g portion of total protein cell lysate was fractionated on SDS-PAGE and immunoblotted with an antibody
to c-Myc. Membranes were stripped and reprobed with an antibody to B-actin to control for protein loading. (D) Extracts from cytokine-starved cells (lanes 1 to 4)
or pre-B cells transformed with the constitutively active form of Ras (v-H Ras [lane 5]) were incubated with glutathione beads coupled to GST Raf RBD fusion protein.
Bound materials were washed, fractionated on SDS-PAGE (12.5% gel), and immunoblotted with an anti-Ras antibody. As a positive control for Ras protein, Ras was
immunoprecipitated from v-H Ras-transformed pre-B cells (lane 6). The GST moiety alone does not bind Ras (data not shown).

alterations tend to accumulate in long-term tissue culture cell
lines, some of these pathways may already be active in the
BAF/3 cell line, making these cells more permissive for trans-
formation by the Jak1 binding mutant of v-Abl. Alternatively,
since some tumors do eventually appear in these mice, the Jak1
binding domain of v-Abl may be important for high-efficiency
tumor formation but not for absolute transformation. Analysis
of primary cells expressing the mutant v-Abl and examination
of Jak1-deficient mice for efficiency of v-Abl-induced transfor-
mation are needed to further address the importance of Jakl
in transformation by v-Abl.

Although the human oncogenic form of Abl, Ber-Abl, and
the murine oncogenic form v-Abl have many common charac-
teristics, several structural and functional differences between
the two have been reported. It appears that the activation of

Jak-STAT signaling by these two forms of Abl may be another
example of biological differences between these oncoproteins.
Unlike v-Abl, Ber-Abl does not associate with Jak proteins (5,
23). It is possible that sequences within the Ber region or the
Abl SH3 domain which are present in Ber-Abl, but not v-Abl,
contribute to protein folding or protein-protein interactions
rendering C-terminal sequences inaccessible for Jak1 binding.
Alternatively, the C terminus of Ber-Abl might not be able to
bind Jak proteins. Comparison of Abl protein sequences re-
veals that although there is a high degree of homology (99%)
between murine and human c-Abl in the SH2 and kinase do-
mains (15), the C-terminal region (corresponding to aa 858 to
1080 of v-Abl) are 68% identical. Therefore, it is possible that
critical amino acids required for Jakl binding within this re-
gion are not present in the human Ber-Abl oncoprotein. In-
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terestingly, constitutive activation of Jak proteins has not been
consistently detected in all Ber-Abl-expressing cells (4, 5, 23,
51). These data are consistent with the observation that kinase-
inactive mutants of Jak2 do not block constitutive activation of
Stat5 in Ber-Abl-expressing BAF/3 cells (23). Thus, activation
of STATs by Bcr-Abl may be Jak independent. It is possible
that Ber-Abl directly activates STATs or that it targets its
kinase activity to STATs through a different interacting pro-
tein.

One of the paradoxes of v-Abl biology is that although A-
MuLV can bind to most cell types, the tumors that develop in
mice infected with this virus are almost exclusively pre-B-cell
leukemias. The etiology of this specificity remains unknown.
Accumulating evidence suggests that the carboxyl terminus of
v-Abl may play an important role in regulating this function of
the oncoprotein. Experiments in which various regions of src
and abl oncogenes were used to generate hybrid retroviral
genomes have shown that the C-terminal domain of v-Abl, in
addition to the 3’ end of the Abl kinase domain, is sufficient to
confer a pre-B-cell transforming property to src retroviruses
(21). Although all C-terminal truncation mutants of A-MuLV
examined thus far can transform NIH 3T3 cells, they exhibit
reduced efficiency of bone marrow transformation. The major-
ity of these mutants are also somewhat impaired in their ability
to generate tumors in mice (22, 34). The Abl oncoprotein has
been shown to activate many signaling pathways, several of
which may be required for transformation. It is possible that in
some cells (e.g., NIH 3T3 cells), signaling pathways that re-
quire the intact carboxyl terminus of v-Abl, such as the cyto-
kine signaling pathway, are not essential for transformation,
perhaps due to the activation of other compensatory pathways.
Given our data and the transformation phenotype of carboxyl-
terminal truncation mutants of A-MuLV, it would be interest-
ing to examine whether activation of the Jak-STAT pathway by
the carboxyl terminus of v-Abl may play a unique role in the
selectivity with which A-MuLV functions in its in vivo targets.
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