
MOLECULAR AND CELLULAR BIOLOGY,
0270-7306/01/$04.0010 DOI: 10.1128/MCB.21.10.3547–3557.2001

May 2001, p. 3547–3557 Vol. 21, No. 10

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Socs-1 Inhibits TEL-JAK2-Mediated Transformation of
Hematopoietic Cells through Inhibition of JAK2 Kinase

Activity and Induction of Proteasome-Mediated Degradation
JULIE FRANTSVE,1,2 JUERG SCHWALLER,1† DAVID W. STERNBERG,1 JEFFERY KUTOK,3

AND D. GARY GILLILAND1,2,4*

Division of Hematology, Department of Medicine,1 and Department of Pathology,3 Brigham and Women’s Hospital,
Harvard Institutes of Medicine, Harvard Medical School,2 and Howard Hughes Medical Institute,4

Boston, Massachusetts 02115

Received 1 December 2000/Returned for modification 10 January 2001/Accepted 22 February 2001

TEL-JAK2 fusion proteins, which are a result of t(9;12)(p24;p13) translocations associated with human
leukemia, activate Stat5 in vitro and in vivo and cause a myelo- and lymphoproliferative disease in a murine
bone marrow transplant model. We report that Socs-1, a member of the SOCS family of endogenous inhibitors
of JAKs and STATs, inhibits transformation of Ba/F3 cells by TEL-JAK2 but has no effect on Ba/F3 cells
transformed by BCR-ABL, TEL-ABL, or TEL–platelet-derived growth factor receptor beta. TEL-JAK2, in
addition to activating Stat5, associates with Shc and Grb2 and induces activation of Erk2, and expression of
Socs-1 inhibits engagement of each of these signaling molecules. TEL-JAK2 kinase activity is inhibited by
Socs-1, as assessed by in vitro kinase assays. In addition, Socs-1 induces proteasomal degradation of TEL-
JAK2. Mutational analysis indicates that the SOCS box of Socs-1 is required for proteasomal degradation and
for abrogation of growth of TEL-JAK2-transformed cells. Furthermore, murine bone marrow transplant assays
demonstrate that expression of Socs-1 prolongs latency of TEL-JAK2-mediated disease in vivo. Collectively,
these data indicate that Socs-1 inhibits TEL-JAK2 in vitro and in vivo through inhibition of kinase activity and
induction of TEL-JAK2 protein degradation.

Numerous chromosomal translocations which result in con-
stitutive activation of tyrosine kinases, including BCR-ABL,
TEL–platelet-derived growth factor receptor beta (PDGFbR)
TEL-TRKC, TEL-ABL, and TEL-JAK2, have been identified
in patients with leukemia (6, 10, 11, 22, 33, 34, 39). Signaling
pathways activated by the respective native kinases are also
constitutively activated by the fusion proteins, including acti-
vation of STATs by BCR-ABL, TEL-PDGFbR, and TEL-
JAK2 and activation of mitogen-activated protein kinase
(MAPK) by BCR-ABL, TEL-JAK2, and TEL-TRKC (1, 19,
25, 40, 45). In addition, mechanisms exist by which these path-
ways are negatively regulated, such as dephosphorylation of
Erk2 by MKP-3 or decreased activation of STATs through
endogenous inhibitors in the SOCS (suppressors of cytokine
signaling) family of proteins (7, 30, 31, 43). These endogenous
negative regulatory loops may provide a means of inhibiting
transformation by tyrosine kinase fusion proteins.

Three TEL-JAK2 fusion variants that are the consequence
of t(9;12)(p24;p13) chromosomal translocations have been
identified in patients with T-cell acute lymphoblastic leukemia
(ALL), pre-B-cell ALL, and atypical chronic myelogenous leu-
kemia (CML) (see Fig. 1) (22, 34). The translocations result in
the fusion of the pointed domain (PNT) of TEL, which medi-
ates oligomerization of the protein, to the JH1 kinase domain

of JAK2. All fusion variants are localized to the cytoplasm of
cells and transform the murine hematopoietic cell line Ba/F3
to factor-independent growth. Mutational analysis has demon-
strated that transformation of hematopoietic cells by TEL-
JAK2 in vitro and in vivo requires the PNT domain of TEL as
well as the kinase activity of the JAK2 JH1 domain (15, 21, 40,
51).

Native JAKs are involved in regulation of both the STAT
and MAPK pathways, and these pathways are potential targets
of activation by TEL-JAK2. JAKs phosphorylate and activate
STATs, resulting in dimerization of the STATs, translocation
to the nucleus, and activation of transcription (18). JAKs can
also interact with Shc and Grb2 and activate MAPK (3, 17, 18,
46). In addition, several reports indicate that activation of the
MAPK pathway potentiates activation of STATs. For example,
serine phosphorylation of STATs, in addition to tyrosine phos-
phorylation, is required for full activation (44, 47, 50). In ad-
dition, STATs can interact with MEK, and inhibition of MEK
prevents full activation of Stat5 (5, 37, 38, 47). Stat5 is consti-
tutively activated by each of the TEL-JAK2 fusion proteins,
and by analogy with the native JAKs, activation of the MAPK
pathway may also be important in TEL-JAK2-mediated trans-
formation (1, 21, 22, 40).

In addition to transformation of hematopoietic cell lines,
TEL-JAK2 transforms primary hematopoietic cells in both
murine bone marrow transplant assays (40) and transgenic
mice in which TEL-JAK2 expression is directed by the Em
promoter (1). The bone marrow transplant assay demonstrates
that the TEL-JAK2 fusions can cause both myeloproliferative
and T-cell lymphoproliferative disease with a latency of 2 to 10
weeks. In addition, the kinase activity of JAK2 is absolutely
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required for transformation, as demonstrated by point mutants
or TEL PNT deletion mutants that abrogate JAK2 kinase
activity (40). Furthermore, transduction of primary hematopoi-
etic cells by TEL-JAK2 does not induce disease in a Stat5-
deficient background, and a constitutively active mutant of
Stat5a is sufficient to induce myeloproliferative disease (41).
Taken together, these data indicate that transformation medi-
ated by TEL-JAK2 in vitro and in vivo is absolutely dependent
on JAK2 kinase activation and subsequent activation of Stat5.

Members of the SOCS family of proteins were initially iden-
tified as target genes whose expression was induced by JAK-
STAT signaling. SOCS proteins have subsequently been shown
to be negative regulators of JAK- and STAT-mediated signal
transduction (7, 27, 31, 43). SOCS family members have an
amino-terminal nonconserved region, a central Src homology 2
(SH2) domain, and a carboxy-terminal conserved domain
termed the SOCS box (Fig. 1) (14, 26, 29, 43). One member of
this family, Socs-1 (also known as SSI-1 and Jab), associates
with the JH1 domain of JAK2 via the Socs-1 SH2 domain and
Y1007 of JAK2 (48). Socs-1 has been reported to impair ty-
rosine phosphorylation of JAK2 and inhibit both Stat3 and
Stat5 activation (7, 31). Mutational analysis has shown that a
Socs-1 mutant that lacks the SOCS box but includes the SH2
domain and the amino-terminal nonconserved region, retains
the ability to inhibit Stat5 activation (48). Furthermore, the
SOCS box recruits elongin B and elongin C to the Socs-1–
JAK2 complex and targets the complex to the proteasome for
degradation (49).

We were intrigued by the possibility that endogenous inhib-
itors of JAK2, such as Socs-1, might also inhibit transformation
by TEL-JAK2. Here we report that expression of Socs-1 abro-
gates growth of TEL-JAK2-transformed Ba/F3 cells but does
not affect Ba/F3 cells transformed by BCR-ABL, TEL-
PDGFbR or TEL-ABL. Furthermore, Socs-1 inhibits activa-
tion of a spectrum of signal transduction pathways activated by
TEL-JAK2, including Stat5 phosphorylation, association of
Shc and Grb2, and Erk2 activation. In vitro kinase activity
assays demonstrate a marked diminution of TEL-JAK2 kinase
activity in the presence of Socs-1. In addition, Socs-1 promotes
proteasomal degradation of TEL-JAK2 and requires the
SOCS box for this activity. Deletion of the SOCS box severely
impairs the ability of Socs-1 to abrogate growth of TEL-JAK2-
transformed cells. Finally, murine bone marrow transplants
indicate that expression of Socs-1 prolongs the latency of he-
matologic malignancy caused by TEL-JAK2. These data indi-
cate that constitutively activated leukemogenic tyrosine kinase
fusion proteins are subject to modulation by endogenous in-
hibitors and that inhibition of TEL-JAK2 by Socs-1 is medi-
ated both by direct inhibition of kinase activity and by enhanc-
ing proteasomal degradation.

MATERIALS AND METHODS

Tissue culture. Murine Ba/F3 cells were maintained in RPMI 1640 (BioWhit-
taker) with 10% fetal bovine serum (FBS) and 1 ng of recombinant interleukin-3
(IL-3; R&D Systems) per ml. Ba/F3 cells transformed by the fusion proteins were
maintained in the absence of IL-3, and Ba/F3 cells expressing the DPNT and
kinase-inactive mutants of TEL-JAK2 were maintained in IL-3) (1 ng/ml) and
G418 (1 mg/ml) 293T cells were maintained in Dulbecco Modified Eagle me-
dium (DMEM; Bio Whittaker) with 10% FBS. All cells were maintained in a 5%
CO2 incubator at 37°C.

Transient transfections. pcDNA3Myc-Socs-1 and pcDNA3Myc-dC40 were
provided by A. Yoshimura (Institute of Life Science, Kurume University, Ku-
rume, Japan). The TEL-JAK2 fusion variants were cloned into pcDNA3. 293T
cells were transfected with SuperFect (Qiagen). Cells were analyzed 48 h after
transfection.

Protein analysis. Cells were lysed in 1% Triton X-100 buffer containing 20 mM
Tris (pH 7.4), 150 mM NaCl, 10% glycerol, 1 mM sodium vanadate, 10 mM
sodium fluoride, 10 mM EDTA, and protease inhibitor cocktail tablets (Com-
plete Mini; Roche). Extracts were quantified by the Bradford colorimetric
method. Immunoprecipitation and Western blotting were performed with a
JAK2 polyclonal antibody (kindly provided by Andrew Ziemiecki, University of
Berne, Berne, Switzerland), TEL polyclonal antibody (kindly provided by Peter
Marynen, University of Leuven, Louvain, Belgium), Stat5b polyclonal antibody
(Santa Cruz Biotechnology), Shc polyclonal antibody (immunoprecipitation;
Transduction Laboratories), Shc monoclonal antibody (Western blotting; Trans-
duction Laboratories), Erk2 polyclonal antibody (Santa Cruz), Grb2 polyclonal
antibody (immunoprecipitation; Santa Cruz), Grb2 monoclonal antibody (West-
ern blotting; Transduction Laboratories), glutathione S-transferase (GST) poly-
clonal antibody (Santa Cruz), 4G10 monoclonal antibody (Update Biotechnol-
ogy, Inc.), and Myc monoclonal antibody (Santa Cruz). One milligram of lysate
was used for immunoprecipitation at 4°C. Proteins were precipitated with protein
A- or protein G-Sepharose, washed three times with 1% Triton X-100 lysis
buffer, separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and transferred to a nylon membrane (Millipore). Membranes
were blocked with 5% milk or 3% bovine serum albumin, incubated with primary
antibody for 1 h, incubated with horseradish peroxidase-conjugated anti-mouse
or anti-rabbit antibodies for 30 min, and visualized by enhanced chemilumine-
seence. For far-Western analysis, GST or GST-Grb2 SH2 fusion protein (2
mg/ml), purified from Escherichia coli by affinity chromatography on glutathione-
agarose, was hybridized to the membrane for 2 h and blotted with GST antibody
(28, 32).

Retrovirus production and transduction into Ba/F3 cells and primary murine
bone marrow. The murine Socs-1 cDNA (kindly provided by T. Kishimoto,
Osaka University Medical School Department of Medicine, Osaka, Japan) and
murine dC40 (kindly provided by A. Yoshimura) were subcloned into the retro-
viral expression vector MSCV-puro for gene transfer into Ba/F3 cells. Constructs
used for the primary bone marrow transplants consisted of Socs-1 expressed from
the long terminal repeat and 5/19 expressed from the internal ribosomal entry
site (IRES) of the MSCV retroviral vector (13, 23, 36). Retroviral stocks were
generated by transient cotransfection of 293T cells with the appropriate MSCV
constructs together with a packaging construct (pIK6.1MCV.ecopac.UTd; Cell
Genesys Inc., Foster City, Calif.) providing sequences necessary for retrovirus
production (8). At 48 h posttransfection, virus-containing supernatant was har-
vested, filtered (0.45-mm-pore-size filter), and stored at 270°C. Viral titer was
determined by Southern blotting. Ba/F3 cells (105) expressing indicated fusion
proteins were infected with retroviral supernatant containing MSCV–puro–
Socs-1 with Polybrene (10 mg/ml). Forty-eight hours later, the cells were har-
vested, washed twice in phosphate-buffered saline (PBS), and selected in puro-
mycin (2.5 mg/ml; Sigma). For infection of primary murine bone marrow, 6- to
8-week-old BALB/cBvJ mice (Jackson Laboratory) were primed with 5-fluorou-
racil (150 mg/kg; Sigma) administered intraperitoneally 6 days prior to harvest.
Two days before transplantation, male donor mice were sacrificed, the femurs
and tibias were removed, and the bone marrow was flushed with medium using
sterile technique. The cells were incubated overnight in RPMI 1640 medium
containing recombinant murine IL-3 (6 U/ml; Genzyme), recombinant murine
stem cell factor (5 U/ml; Genzyme), recombinant murine IL-6 (10,000 U/ml;
Peprotech), 20% FBS, and penicillin-streptomycin (100 U/ml; GIBCO BRL).
Cells were infected with equivalent titer of virus-containing supernatant using
Polybrene (6 mg/ml), spun at 1,000 3 g for 90 min at 30°C, and placed in a 5%
CO2 incubator at 37°C for 1 h, at which time fresh medium was added to the
cells. The infection was repeated 24 h later. The cells were then harvested,
washed in 1 3 PBS, and injected (0.5 3 106 to 1 3 106 cells in 500 ml of 1 3 PBS)
into the tail vein of lethally irradiated (twice with 450 cGy each time) female
syngeneic recipient mice (24). Statistical analysis was performed with the Stat-
View program (Abacus Concepts, Inc.).

Kinase assay. Ba/F3 cells were starved of IL-3; 293T cells were starved of FBS
for 4 h prior to kinase assays, and indicated samples were stimulated with 10%
FBS for 5 min. For MAPK assays, cells were treated with 1 mM okadaic acid for
15 min prior to cell lysis. Indicated samples were treated with the MEK inhibitor
PD98059 (100 mM) or control dimethyl sulfoxide for 10 min prior to cell lysis.
Cells were lysed in 1% Triton X-100 lysis buffer as indicated above. Erk2 was
immunoprecipitated on protein A-Sepharose beads, and washed with kinase
buffer (20 mM morpholinepropanesulfonic acid mM [MOPS; pH 7.2], 20 mM
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MgCl2, 5 mM EGTA, 30 mM b-glycerophosphate, 1 mM sodium vanadate, 1
mM dithiothreitol). Kinase assays were performed at 30°C for 30 min in a volume
of 30 ml containing kinase buffer, 10 mM ATP, 9.0 mg of GST–Elk-1 substrate
(New England BioLabs), and 2 mCi of [g32-P]ATP (3,000 Ci/mmol). Products
were resolved by SDS-PAGE and visualized by autoradiography. TEL-JAK2
kinase assays were performed with anti-TEL immunoprecipitates washed once
with buffer consisting of 20 mM MOPS (pH 7.0) and 0.2 mM pervanadate and
then washed a second time in kinase buffer consisting of 20 mM MOPS (pH 7.0),
5 mM MnCl2, and 0.2 mM pervanadate. Kinase assays were performed 30°C for
10 min in a volume of 30 ml containing kinase buffer, 5 mM ATP, 1 mg of GST-C9
Gab2 (purified from E. coli by affinity chromatography on glutathione-agarose),
and 10 mCi of [g32-P]ATP (3,000 Ci/mmol). Products were resolved by SDS-
PAGE and visualized by autoradiography.

Phosphoamino acid analysis. Protein extraction, proteolytic digestion, acid
hydrolysis, and one-dimensional electrophoresis were performed as described
previously (16).

Pulse-chase analysis. Indicated cells were treated with 25 mM lactacystin
(Calbiochem) for 30 min and maintained in the proteasome inhibitor throughout
the pulse and chase. Cells were starved in methionine-free and cysteine-free
DMEM (BioWhittaker) for 15 min, pulsed with medium containing 0.1 to 0.2
mCi of [35S]methionine and [35S]cysteine (ProMix; Amersham) for 15 min, and
chased with DMEM for 2, 4, or 6 h. Equivalent amounts of extracts, as deter-
mined by the Bradford assay, were immunoprecipitated with TEL antibody and
resolved by SDS-PAGE. The gel was treated with Amplify (Amersham), dried,
and visualized by autoradiography.

RESULTS

Socs-1 abrogates growth of TEL-JAK2-transformed Ba/F3
cells but not cells transformed by BCR-ABL, TEL-ABL or
TEL-PDGFbR. Socs-1 has been reported to be an inhibitor of
STATs, and we hypothesized that expression of Socs-1 might
impair transformation mediated by one or more of the tyrosine
kinase fusion proteins that activate Stat5, including TEL-
JAK2, BCR-ABL, TEL-ABL, and TEL-PDGFbR. To test this
hypothesis, Ba/F3 cells transformed to factor-independent
growth with the tyrosine kinase fusion proteins were trans-
duced with the MSCV–puro–Socs-1 or empty vector. Puromy-
cin-resistant cells were obtained in all cells transduced with the
empty vector. No puromycin-resistant clones were obtained in
TEL-JAK2 cells transduced with MSCV–puro–Socs-1, whereas
resistant clones were readily obtained in BCR-ABL, TEL-
ABL, and TEL-PDGFbR cells transduced with MSCV–puro–
Socs-1 (Fig. 1 and 2). In addition, no puromycin-resistant
clones were obtained with IL-3-dependent Ba/F3 cells trans-
duced with MSCV–puro–Socs-1. Northern and Western blot
analysis confirmed expression of Socs-1 in puromycin-resistant
cell lines, indicating that tyrosine kinase fusions were able to
overcome inhibition by exogenous expression of Socs-1 (data
not shown). These data indicate that Socs-1 expression in these
experimental conditions completely inhibits transformation of
cells mediated by TEL-JAK2 but not BCR-ABL, TEL-ABL,
and TEL-PDGFbR.

Socs-1 associates with TEL-JAK2 and inhibits activation of
downstream signaling targets. The SH2 domain of Socs-1 as-
sociates with Y1007 within the JH1 domain of JAK2 (48). To
determine whether Socs-1 also associated with TEL-JAK2,
TEL-JAK2 and Myc epitope-tagged Socs-1 (Myc–Socs-1) were
coexpressed in 293T cells. Immunoprecipitation with anti-
JAK2 antibody followed by Western blot analysis with anti-
Myc antibody demonstrated association of TEL-JAK2 with
Socs-1 (Fig. 3A). Coimmunoprecipitation with a Myc antibody
followed by Western blotting with the anti-TEL antibody con-
firmed this interaction (data not shown). Western blot analysis
of whole-cell lysates with antiphosphotyrosine antibody (4G10)

demonstrated that expression of Socs-1 resulted in an overall
decrease in tyrosine phosphorylation in the cell (Fig. 3B).
Thus, Socs-1 abrogates growth of TEL-JAK2-transformed
cells, associates with TEL-JAK2, and results in an overall de-
crease in cellular phosphotyrosine content.

We have previously reported that TEL-JAK2 tyrosine phos-
phorylates and activates Stat5 in Ba/F3 cells (40). We therefore
tested whether Socs-1 impaired activation of Stat5 by TEL-
JAK2. TEL-JAK2 was expressed in 293T cells in the presence
of increasing concentrations of Socs-1. Immunoprecipitation
of Stat5 followed by Western blotting with 4G10 antibody
demonstrated a marked decrease in Stat5 phosphotyrosine
content with increasing Socs-1 expression (Fig. 3C). These data
indicate that Socs-1 impairs phosphorylation of Stat5 in cells
expressing TEL-JAK2.

We next characterized other signaling molecules for associ-
ation with, or activation by, TEL-JAK2. Shc was tyrosine phos-
phorylated in cells expressing each of the TEL-JAK2 variants
(5/19, 4/17, and 5/12) and associated with all of the fusion
variants, as demonstrated by immunoprecipitation of the re-
spective Ba/F3 whole-cell lysates with anti-Shc antibody fol-
lowed by Western blotting with 4G10 antibody (Fig. 4A). In
contrast to the results with Shc, Grb2 immunoprecipitation
from Ba/F3 cells expressing TEL-JAK2 fusion variants, fol-
lowed by Western blotting with a TEL antibody, demonstrated
that Grb2 associated with the 5/19 and 5/12 TEL-JAK2 vari-
ants but did not associate with the 4/17 variant (Fig. 4B). The
direct association of Grb2 with the 5/19 and 5/12 variants, but

FIG. 1. Schematic representation of TEL-JAK2 and Socs-1 con-
structs. Fusion variants involving TEL and JAK2 have been previously
described (22, 35, 40). Briefly, the TEL-JAK2 variants result in the
fusion of exon 5 of TEL to exon 19 of JAK2 (5/19), the exon 5 of TEL
to exon 12 of JAK2 (5/12), and the exon 4 of TEL to exon 17 of JAK2
(4/17). These fusion variants have been identified in patients with
T-cell ALL, atypical CML, and pre-B-cell ALL, respectively. The
DPNT mutant contains a deletion of nucleotides 195 to 348 of the TEL
gene, and the kinase-inactive (KI) mutant has mutations of two con-
served amino acids (TRP3Gly and Glu3Ala) in the type VIII kinase
motif (40, 51). Socs-1 and other Socs family members contain an
unconserved amino-terminal region, a central SH2 domain, and a
carboxy-terminal SOCS box (7, 31, 43). The dC40 mutant contains a
deletion of the SOCS box.
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not the 4/17 variant, was confirmed by far-Western analysis
performed with the Grb2 SH2 domain (Fig. 4C and D). This
observation suggested that Grb2 interacts with a phosphory-
lated tyrosine residue on TEL exon 5. Finally, we tested acti-
vation of Erk2 using in vitro kinase assays in which Erk2 was
immunoprecipitated from Ba/F3 cells transformed by TEL-
JAK2 and assayed for the ability to phosphorylate an exoge-
nous GST–Elk-1 substrate (Fig. 4E). An increased level of
Erk2 activation was observed in TEL-JAK2 cells compared
with inactive TEL-JAK2 mutants that lacked the PNT domain
or were kinase inactive. In addition, Erk2 activation in TEL-
JAK2-transformed cells was impaired by the MEK inhibitor
PD98059, suggesting that Erk2 was activated via a MEK-de-
pendent mechanism. Collectively, these data support the hy-
pothesis that, as for native JAK2, both the STAT and MAPK
pathways are activated by TEL-JAK2.

We then tested the effect of Socs-1 expression on the ability
of TEL-JAK2 to tyrosine phosphorylate and associate with
Shc, associate with Grb2, and activate Erk2. For each of these
experiments, TEL-JAK2 was expressed in 293T cells in the
presence of increasing amounts of Socs-1. Immunoprecipita-
tion of Shc followed by Western blot analysis with 4G10 dem-
onstrated that Socs-1 expression inhibited Shc tyrosine phos-
phorylation by TEL-JAK2 (Fig. 5A). There was no change in
TEL-JAK2 tyrosine phosphorylation detected by 4G10 West-
ern blotting (Fig. 6B), suggesting that the decrease in TEL-
JAK2 tyrosine phosphorylation observed in Fig. 5A was attrib-
utable to a decrease in Shc association with TEL-JAK2 in the
presence of increasing amounts of Socs-1 (Fig. 5A). Similar
experiments demonstrated that Grb2 association with TEL-
JAK2 was also markedly diminished by Socs-1 (Fig. 5B). Far-
Western analysis confirmed that Socs-1 prevented direct asso-
ciation of Grb2 with TEL-JAK2 (data not shown). Finally, in

vitro MAPK assays demonstrated that Socs-1 significantly re-
duced activation of Erk2 by TEL-JAK2 (Fig. 5C). These data
indicate that in addition to inhibiting STAT5 activation, Socs-1
expression inhibits tyrosine phosphorylation of Shc, association
of Grb2 with TEL-JAK2, and activation of Erk2.

Socs-1 inhibits kinase activity and autophosphorylation of
TEL-JAK2. Since Socs-1 inhibits activation of all tested down-
stream effectors of TEL-JAK2, we hypothesized that Socs-1
directly inhibited TEL-JAK2 kinase activity. We therefore
tested the effect of Socs-1 expression on TEL-JAK2 kinase
activity by using in vitro kinase assays. TEL-JAK2 was immu-
noprecipitated from 293T cells expressing TEL-JAK2 with in-
creasing amounts of Socs-1, followed by an in vitro kinase assay
using the C terminus of Gab2 as a substrate. Immune complex
kinase assays performed in the presence of [g32-P]ATP dem-
onstrated that phosphorylation of the substrate was inhibited

FIG. 2. Expression of Socs-1 in Ba/F3 cells inhibits transformation
by the TEL-JAK2 fusion variants. Ba/F3 cells (105) expressing indi-
cated fusion proteins were maintained in the absence of IL-3. Cells
were transduced with MSCV–puro–Socs-1 vector or empty vector. Af-
ter 48 h, cells were selected for puromycin resistance. Cells were
counted 4 days postselection. Puromycin-resistant cells were obtained
with all Ba/F3 cell lines transduced with MSCV-puro (open bars).
Puromycin-resistant cells were also obtained with BCR-ABL, TEL-
ABL, and TEL-PDGFbR Ba/F3 cells transduced with MSCV–puro–
Socs-1 but not the TEL-JAK2 fusion variants 5/19, 5/12, and 4/17 (solid
bars). Similar results were obtained in replicate experiments.

FIG. 3. Socs-1 associates with TEL-JAK2 and inhibits tyrosine
phosphorylation of STAT5. (A) Socs-1 associates with TEL-JAK2.
Extracts from 293T cells expressing the 5/19 variant of TEL-JAK2 (1
mg) in the absence or presence of Socs-1 (1 mg) were immunoprecipi-
tated (IP) with a JAK2 antibody and blotted with an anti-Myc antibody
to detect the Myc-tagged Socs-1 (top). The membrane was blotted with
a JAK2 antibody to confirm precipitation of the TEL-JAK2 (bottom).
(B) Socs-1 expression results in decreased overall tyrosine phosphor-
ylation of 293T cells expressing TEL-JAK2. Whole-cell extracts from
cells transfected with 2.5 mg of 5/19 variant of TEL-JAK2 in the
absence or presence of 10 mg of Socs-1 were blotted with 4G10 (top)
or a Stat5 antibody to confirm equal loading of the lysates (bottom).
The arrow identifies TEL-JAK2, which is seen as a doublet due to an
alternative start site for translation in TEL. The whole-cell extracts
were blotted with a Myc antibody to confirm expression of Socs-1 and
a TEL antibody to confirm expression of TEL-JAK2 (data not shown).
(C) Socs-1 inhibits tyrosine phosphorylation of Stat5 in 293T cells
expressing TEL-JAK2. Extracts from 293T cells expressing the 5/19
TEL-JAK2 variant and increasing amounts Socs-1 were immunopre-
cipitated with a Stat5 antibody and blotted with 4G10 (top) or a Stat5
antibody (middle). Whole-cell lysates (WCL) were blotted with an
anti-TEL antibody to confirm equal expression of TEL-JAK2 (bot-
tom).
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in extracts from cells expressing Socs-1 (Fig. 6A). Phos-
phoamino acid analysis confirmed that the change in phos-
phorylation was due to a decrease in tyrosine phosphorylation
rather than serine or threonine phosphorylation (Fig. 6C).
Furthermore, kinase assays performed with extracts from cells
expressing BCR-ABL indicated that Socs-1 did not inhibit the
kinase activity of this fusion protein (data not shown). These
data convincingly demonstrate that Socs-1 specifically inhibits
the tyrosine kinase activity of TEL-JAK2.

Socs-1 expression also results in decreased autophosphory-
lation of native JAK2, and the in vitro kinase assays confirmed
that autophosphorylation of TEL-JAK2 was inhibited by Socs-
1 (Fig. 6A). Furthermore, phosphoamino acid analysis per-
formed on the autophosphorylated bands indicate that tyrosine
phosphorylation of TEL-JAK2 was decreased significantly by
expression of Socs-1 (Fig. 6D). Of note, 4G10 Western blot
analysis did not detect the decrease in tyrosine phosphoryla-
tion of TEL-JAK2 (Fig. 6B). Taken together, these data con-
vincingly demonstrate that Socs-1 inhibits kinase activity of
TEL-JAK2.

Socs-1 promotes proteasomal degradation of TEL-JAK2
and requires the Socs-1 SOCS box for this activity. The con-
served SOCS box of Socs-1 binds to elongin B and C and
promotes proteasomal degradation of the protein (49). To
determine if Socs-1 expression affected protein levels of TEL-
JAK2, 293T cells were transfected with decreasing amounts of
TEL-JAK2 DNA and increasing amounts of Myc–Socs-1 DNA.
A marked decrease in TEL-JAK2 protein levels was observed
with increased coexpression of Socs-1 (Fig. 7A). Analysis per-
formed with a mutant of Socs-1 which lacks the SOCS box,
dC40, indicated that coexpression of this mutant did not de-
crease the level of TEL-JAK2 protein (Fig. 1 and 7B). Since
the dC40 mutant contains the SH2 domain, which mediates
association of Socs-1 with native JAK2, we hypothesized that
although the mutant did not affect TEL-JAK2 protein level, it
would retain the ability to inhibit the kinase activity of TEL-
JAK2. In vitro kinase assays performed with TEL-JAK2 im-
munoprecipitated from 293T cells expressing the fusion pro-
tein in the presence or absence of dC40 confirmed that the
mutant inhibited TEL-JAK2 kinase activity (Fig. 7C). We next
determined whether the change in TEL-JAK2 expression level
was due to increased protein degradation by conducting pulse-
chase experiments. Expression of Socs-1 promoted protein in-
stability of TEL-JAK2, whereas expression of the dC40 mutant
did not alter the protein levels of TEL-JAK2 (Fig. 7D and E).
Cells were then treated with the proteasome inhibitor lacta-
cystin to determine if decreased TEL-JAK2 protein levels were
due to proteasomal degradation. Results indicated that the
inhibitor promoted an increase in the stability of TEL/JAK2 in
the presence of Socs-1 (Fig. 7D and E). Thus, Socs-1 promotes
proteasomal degradation of TEL-JAK2, and the SOCS box of
Socs-1 is required for this process. Furthermore, the observa-

FIG. 4. TEL-JAK2 associates with Shc and Grb2 and activates
Erk2. (A) Shc is tyrosine phosphorylated in Ba/F3 cells expressing the
TEL-JAK2 fusion variants and associates with TEL-JAK2. Extracts
from Ba/F3 cells expressing the TEL-JAK2 fusion variants were im-
munoprecipitated (IP) with an anti-Shc antibody and blotted with
4G10 (top). TEL-JAK2 is seen as a doublet due to an alternative start
site for translation in TEL. The membrane was blotted with a Shc
antibody to confirm equal precipitation of the protein (bottom). Con-
trol experiments showed no evidence of association of Shc with inac-
tive TEL-JAK2 mutants that lacked the PNT domain or were kinase
inactive (data not shown). (B) Grb2 associates with the 5/19 and 5/12
TEL-JAK2 fusion variants. Extracts from panel A were immunopre-
cipitated with a Grb2 antibody and blotted with a TEL antibody.
Association of Grb2 with the 4/17 variant was not detected. Control
experiments showed no evidence of association of Grb2 with inactive
TEL-JAK2 mutants that lacked the PNT domain or were kinase inac-
tive (data not shown). The membrane was blotted with a Grb2 anti-
body to confirm equal precipitation (data not shown). (C) The SH2
domain of Grb2 directly associates with the 5/19 and 5/12 TEL-JAK2
fusion variants. Extracts from 293T cells expressing empty vector or the
5/19 TEL-JAK2 fusion variant were immunoprecipitated with a TEL
antibody. Far-Western analysis was performed with purified GST and
blotted with a GST antibody (left). Extracts from 293T cells expressing
the 5/19 and 5/12 TEL-JAK2 fusion variants were immunoprecipitated
with a TEL antibody, and far-Western analysis was performed with
GST–Grb2 SH2 (middle). The membrane was blotted with TEL anti-
body to confirm precipitation of 5/19 and 5/12 TEL-JAK2 (right). (D)
The SH2 domain of Grb2 does not directly associate with the 4/17
fusion variant. Extracts from 293T cells expressing the 4/17 TEL-JAK2
fusion variant was immunoprecipitated with a TEL antibody. Far-
Western analysis was performed with purified GST (data not shown)
or GST-Grb2 SH2 and blotted with a GST antibody (left). The mem-
brane was blotted with TEL antibody to confirm precipitation of 4/17
TEL-JAK2 (right). (E) Erk2 is activated in Ba/F3 cells expressing the
TEL-JAK2 fusion variants. Ba/F3 cells expressing the TEL-JAK2 5/19
variant, DPNT mutant, or kinase-inactive (KI) mutant were starved of
IL-3 for 4 h and treated with 100 mM PD98059 or dimethylsulfoxide

for 10 min. Erk2 immunoprecipitated from these extracts was used for
in vitro kinase assays using exogenous GST–Elk-1 as a substrate (top).
Products were separated by SDS-PAGE followed by autoradiography.
Parallel Erk2 Western blotting confirmed equal immunoprecipitation
of the protein (bottom). Erk2 is also activated in cells expressing the
5/12 and 4/17 fusion variants (data not shown).
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tion that dC40 retains the ability to inhibit TEL-JAK2 kinase
activity indicates that Socs-1 can inhibit the fusion protein by
the independent mechanisms of kinase inhibition and acceler-
ation of protein degradation.

The SOCS box is required for inhibition of TEL-JAK2-
transformed Ba/F3 cells by Socs-1. To determine whether the
SOCS box was necessary for Socs-1 inhibition of TEL-JAK2

transformation, the TEL-JAK2 5/19, 5/12, and 4/17 cell lines
were transduced with an MSCV-puro retroviral vector contain-
ing the murine dC40 cDNA (Fig. 1) or empty vector control. In
contrast with results obtained with native Socs-1 (Fig. 2), ex-
pression of the dC40 Socs-1 mutant did not abrogate growth of
TEL-JAK2-transformed cells (Fig. 8A). As expected, control
experiments demonstrated that expression of the dC40 mutant
also had no effect on TEL-PDGFbR-, TEL-ABL-, or BCR-
ABL-transformed cell lines (Fig. 8A). Western blot analysis
confirmed expression of the dC40 mutant (Fig. 8B).

Socs-1 causes an increase in latency of TEL-JAK2 disease in
murine bone marrow transplants. To confirm that Socs-1 im-
paired TEL-JAK2 transformation in vivo in primary hemato-
poietic progenitors, we performed murine bone marrow trans-
plants with TEL-JAK2 in the presence or absence of Socs-1 (4,
20, 40). Lethally irradiated mice were reconstituted with bone
marrow transduced with a bicistronic retrovirus expressing ei-
ther TEL-JAK2 or TEL-JAK2 and Socs-1 (Fig. 9A). His-
topathologic analysis indicated that both sets of mice pre-
sented with disease characteristic of the TEL-JAK2 murine
bone marrow transplant, including a mixed myelo- and lym-
phoproliferation, elevated white blood cell counts, immature
and mature myeloid cells in the peripheral blood, enlarged
spleen, extramedullary hepatopoiesis, and hemorrhagic lungs
(data not shown) (40). Southern blot confirmed integration of
the provirus in the white blood cells, lymph nodes, liver, and
spleen (data not shown). Coexpression of Socs-1 induced dis-
ease with significantly longer latency than TEL-JAK2 alone.
As shown in the Kaplan-Meier plot, mice transplanted with
TEL-JAK2 bone marrow died of disease within 18 to 49 days
posttransplant, whereas mice transplanted with Socs-1–TEL–
JAK2 bone marrow died of disease within 44 to 98 days post-
transplant (P , 0.001) (Fig. 9B). Mice transplanted with bone
marrow cells transduced with retrovirus expressing Socs-1
alone did not develop disease up to 1 year posttransplant.
These results demonstrate that Socs-1 is a physiologic inhibitor
of TEL-JAK2-mediated transformation in vivo.

DISCUSSION

Socs-1, a member of the SOCS family of endogenous inhib-
itors of JAKs and STATs, inhibits the TEL-JAK2 fusion pro-
teins. Expression of Socs-1 in Ba/F3 cells transformed by the
TEL-JAK2 fusion variants inhibits IL-3-independent growth of
these cells but does not inhibit growth of Ba/F3 cells trans-
formed by TEL-PDGFbR, BCR-ABL, and TEL-ABL. This
result is intriguing since although several tyrosine kinase fu-
sions activate STATs, Socs-1 inhibits only TEL-JAK2 of the
tyrosine kinase fusions tested. This suggests that TEL-JAK2-
mediated transformation is dependent on STATs, whereas
other tyrosine kinase fusions can bypass the requirement for
STAT activation. This finding is consistent with murine bone
marrow transplants conducted in Stat5a,b2/2 background,
which demonstrate that Stat5 is necessary for TEL-JAK2-me-
diated disease but is not required for BCR-ABL-mediated
disease (41, 42).

Analysis of the mechanism by which Socs-1 inhibits TEL-
JAK2 indicates that Socs-1 prevents activation of downstream
targets. Since expression of Socs-1 in the Ba/F3 hematopoietic
cell line induced rapid cell death, we analyzed the role of

FIG. 5. Socs-1 inhibits association of Shc and Grb2 with TEL-JAK2
and activation of Erk2. (A) Socs-1 inhibits tyrosine phosphorylation of
Shc and association with TEL-JAK2. Extracts from 293T cells express-
ing 5/19 TEL-JAK2 and increasing amounts of Myc–Socs-1 were im-
munoprecipitated (IP) with a Shc antibody and blotted with 4G10
(top) or a Shc antibody (bottom). TEL-JAK2 is seen as a doublet due
to an alternative start site for translation in TEL. The whole-cell
lysates were blotted with a Myc antibody to confirm expression of
Socs-1 and a TEL antibody to confirm equal expression of TEL-JAK2
(data not shown; Fig. 6A). (B) Socs-1 inhibits association of GRB2
with TEL-JAK2. Extracts from panel A were immunoprecipitated with
a Grb2 antibody and blotted with a TEL antibody (top) or a Grb2
antibody (bottom). (C) Socs-1 inhibits activation of Erk2 in cells ex-
pressing TEL-JAK2. 293T cells expressing equivalent amounts of 5/19
TEL-JAK2 and increasing amounts of Myc–Socs-1 were starved of
FBS for 4 h and stimulated with 10% FBS for 5 min where indicated.
Erk2 immunoprecipitated from these extracts was used for in vitro
kinase assays using GST–Elk-1 as a substrate (top). Products were
separated by SDS-PAGE followed by autoradiography. Parallel Erk2
Western blotting confirmed immunoprecipitation of the protein (bot-
tom). The whole-cell lysates were blotted with a Myc antibody to
confirm expression of Socs-1 and a TEL antibody to confirm equal
expression of TEL-JAK2 (data not shown; Fig. 6A).
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Socs-1 in TEL-JAK2 signaling by expressing the proteins in
293T cells. Results indicate that Socs-1 associates with TEL-
JAK2 and causes an overall decrease in cellular phosphoty-
rosine content. Phosphorylation of Stat5, as well as other sig-
naling molecules, is inhibited by Socs-1. For example, we
demonstrated that Shc is phosphorylated by, and associates
with, all of the TEL-JAK2 fusion variants in Ba/F3 cells. In
addition, Grb2 directly associates with the 5/19 and 5/12 fusion
variants, as demonstrated by coimmunoprecipitation and far-
Western blotting, and Erk2 is activated in cells expressing all of

the fusion variants. Although Socs-1 has not previously been
reported to play a role in regulation of this pathway, it inhibits
phosphorylation of Shc, association of Grb2 with TEL-JAK2,
and activation of Erk2 in 293T cells expressing TEL-JAK2.

We hypothesized that the mechanism for this broad effect of
Socs-1 on TEL-JAK2 signaling was due to inhibition of kinase
activity of the fusion protein, an effect on the half-life of the
fusion protein, or both. In vitro kinase assays performed with
TEL-JAK2 indicate that expression of Socs-1 inhibits phos-
phorylation of an exogenous substrate by TEL-JAK2 as well as

FIG. 6. Socs-1 inhibits kinase activity of TEL-JAK2. (A) TEL-JAK2 in vitro kinase assay. 293T cells expressing 5/19 TEL-JAK2 and increasing
amounts of Myc–Socs-1 were starved of FBS for 4 h. Extracts from these cells were immunoprecipitated (IP) with a TEL antibody and used for
in vitro kinase assays using GST-C9Gab2 as a substrate. Products were separated by SDS-PAGE and visualized by autoradiography (top). Parallel
TEL Western blotting confirmed equal immunoprecipitation of the protein (bottom). (B) 4G10 Western blot. 293T cells expressing 5/19
TEL-JAK2 and increasing amounts of Myc-Socs-1 were starved of FBS for 4 h. TEL-JAK2 was immunoprecipitated with the JAK2 antibody and
blotted with 4G10 (top) or JAK2 antibody (bottom). The whole-cell lysates were blotted with a Myc antibody to confirm expression of Socs-1 and
a TEL antibody to confirm equal expression of TEL-JAK2 (data not shown). (C) Phosphoamino acid analysis of C9Gab2. Phosphorylated
GST-C9Gab2 substrate from panel was hydrolyzed to single amino acids and separated on a thin-layer chromatography plate (left). The plate was
placed on a phosphorimager, and the ratio of phosphorylated amino acids was used to generate the graph (right). Open bars represent TEL-JAK2
samples, and solid bars represent Socs-1 and TEL-JAK2 samples. (D) Phosphoamino acid analysis of autophosphorylated TEL-JAK2. Analysis of
the autophosphorylated TEL-JAK2 was performed as for panel C. Open bars represent TEL-JAK2 samples, and solid bars represent Socs-1 and
TEL-JAK2 samples.
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autophosphorylation of TEL-JAK2, and phosphoamino acid
analysis of the in vitro-autophosphorylated TEL-JAK2 as well
as the C9Gab2 substrate confirms that the decrease in phos-
phorylation is due to a decrease in tyrosine phosphorylation.
Thus, expression of Socs-1 results in inhibition of TEL-JAK2
kinase activity, but in contrast, expression of Socs-1 has no

FIG. 7. The SOCS box is required for proteasomal degradation of
TEL-JAK2. (A) Titration of 5/19 TEL-JAK2 and Socs-1. Whole-cell
extracts from 293T cells expressing decreasing amounts of 5/19 TEL-
JAK2 and increasing amounts of Socs-1 were blotted with a TEL
antibody. Western blotting of whole-cell extracts with a Myc antibody
confirmed expression of Myc–Socs-1 (data not shown). (B) SOCS box
of Socs-1 is required for decreased levels of TEL-JAK2 protein.
Whole-cell extracts from 293T cells transfected with 2.5 mg of 5/19
TEL-JAK2 and increasing amounts of Myc–Socs-1 or Myc-dC40,
which results in deletion of the SOCS box, were blotted with a TEL
antibody (top). Western blotting of whole-cell extracts with a Myc
antibody confirmed expression of Myc–Socs-1 and Myc-dC40 (bot-
tom). (C) TEL-JAK2 in vitro kinase assay. 293T cells expressing 5/19

FIG. 8. Expression of dC40 does not inhibit transformation by the
TEL-JAK2 fusion variants. Ba/F3 cells expressing indicated fusion
proteins were maintained in the absence of IL-3. Cells (105) were
transduced with the MSCV-puro vector containing the murine dC40
sequence or empty vector. After 48 h, cells were selected for puromy-
cin resistance. Cells were counted 4 days postselection. Puromycin-
resistant cells were obtained with all Ba/F3 cell lines transduced with
MSCV-puro (open bars) and MSCV–puro–dC40 (solid bars). In partic-
ular, in comparison with Fig. 2, puromycin-resistant cells were ob-
tained for all three of the TEL-JAK2 fusion variants. Similar results
were obtained in replicate experiments.

TEL-JAK2 with or without dC40 were starved of FBS for 4 h. Extracts
from these cells were immunoprecipitated with a TEL antibody and
used for in vitro kinase assays using GST-C’Gab2 as a substrate. Prod-
ucts were separated by SDS-PAGE followed by autoradiography (top).
Parallel TEL immunoprecipitation and Western blotting confirmed
equal immunoprecipitation of the protein (bottom). (D) Decrease in
TEL-JAK2 protein level is mediated by proteasomal degradation.
293T cells transfected with 2.5 mg of 5/19 TEL-JAK2 and 10 mg Socs-1
or 10 mg dC40 were pulsed with [35S]methionine and [35S]cysteine for
15 min and chased for 2, 4, or 6 h. Indicated samples were treated with
25 mM lactacystin throughout the pulse and chase. Equivalent amount
of extracts, as determined by the Bradford assay, were immunopre-
cipitated with a TEL antibody, separated by SDS-PAGE, and visual-
ized by autoradiography. (E) Images from the pulse-chase were placed
on a densitometer for analysis, and numerical results were plotted on
a graph. Open diamonds represent degradation of TEL-JAK2 in cells
expressing Jab, open triangles represent degradation of TEL-JAK2 in
cells expressing dC40, and solid squares represent degradation of TEL-
JAK2 in cells expressing Jab and treated with 25 mM lactacystin.
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effect on the kinase activity of BCR-ABL. Of note, we detected
no change in TEL-JAK2 tyrosine phosphorylation in the pres-
ence of Socs-1 by 4G10 Western blotting. This disparity em-
phasizes the importance of definitive assays for kinase activa-
tion rather than use of phosphotyrosine Western blots as a
surrogate for kinase activation.

Socs-1 also accelerates proteasome-mediated degradation of
TEL-JAK2, in consonance with previous reports that Socs-1
recruits associated proteins to the proteasome through inter-
action with elongin B and elongin C (49). The SOCS box of
Socs-1 is required for this function in that expression of the
dC40 mutant, which lacks the SOCS box, does not result in a
decrease of TEL-JAK2 protein level. Furthermore, deletion of
the SOCS box abrogated the ability of Socs-1 to inhibit growth
of a TEL-JAK2-transformed hematopoietic cell line, indicat-
ing a critical physiologic role for proteosomal degradation in
this system. Although the SOCS box is required for efficient
degradation, it is not required for inhibition of TEL-JAK2
kinase activity. These data are are consistent with known struc-
ture-function relationships in Socs-1. The SOCS box deletion
mutant retains the Socs-1 SH2 domain, which mediates asso-
ciation of Socs-1 with Y1007 of JAK2, and inhibits activation of
Stat5 by native JAK2 (48). Thus, the SOCS box of Socs-1 is
required for proteasome-mediated degradation, but not kinase
inhibition, of TEL-JAK2, indicating that Socs-1 can inhibit the
fusion protein by dual mechanisms of kinase inhibition and

protein degradation. However, of these two mechanisms, pro-
teosomal degradation appears to play a more important role in
Socs-1 inhibition of TEL-JAK2 activity in transformed Ba/F3
cells.

We confirmed the inhibitory effect of Socs-1 on TEL-JAK2
transformation of primary hematopoietic cells in vivo using the
murine bone marrow transplant assay. For these experiments,
the MSCV retroviral vector containing an IRES was used to
allow for coexpression of Socs-1 and TEL-JAK2. Lethally ir-
radiated mice were transplanted with syngeneic donor bone
marrow transduced with either MSCV-IRES-TEL-JAK2 or
MSCV–Socs-1–IRES–TEL–JAK2. Results indicate that Socs-1
is a potent inhibitor of TEL-JAK2-mediated disease and in-
creases latency by 26 to 49 days. Additional experiments with
SOCS box deletion mutants will be required to determine the
relative contribution of Socs-1-mediated proteosomal degra-
dation versus kinase inhibition of TEL-JAK2 in the murine
bone marrow transplant assay.

Taken together, these data identify two separate mecha-
nisms by which Socs-1 inhibits TEL-JAK2: (i) inhibition of
kinase activity and (ii) proteasome-mediated degradation of
TEL-JAK2. Socs-1 associates with TEL-JAK2 and inhibits ki-
nase activity of the fusion protein, thereby preventing associ-
ation with, and activation of, downstream targets including
STAT5, Shc, Grb2, and Erk2. The SOCS box of Socs-1 is not
required for inhibition of TEL-JAK2 kinase activity, as mu-

FIG. 9. Comparative survival analysis of TEL-JAK2 and Socs-1–TEL–JAK2 murine bone marrow transplant (Kaplan-Meier plot). (A)
Representation of MSCV retroviral constructs used for bone marrow transplants. Socs-1 was expressed from the long terminal repeat (LTR), and
5/19 TEL-JAK2 was expressed from the IRES. GFP, green fluorescent protein. (B) Mice transplanted with bone marrow transduced by equivalent
titers of retrovirus as assessed by Southern blotting. Mice transplanted with bone marrow transduced with 5/19 TEL-JAK2 (n 5 8) died of disease
at 18 to 49 days, whereas mice transplanted with bone marrow transduced with Socs-1–IRES–5/19 TEL-JAK2 (n 5 8) died of disease at 44 to 98
days (P , 0.001). Mice transplanted with Socs-1 did not develop disease up to 1 year posttransplant (n 5 4).
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tants lacking this domain still inhibit TEL-JAK2 kinase activ-
ity. However, the SOCS box is required for proteasomal deg-
radation of TEL-JAK2. Deletion of the SOCS box abrogates
proteosomal degradation of TEL-JAK2 as well as Socs-1-me-
diated inhibition of TEL-JAK2 in transformed Ba/F3 cells.
Finally, we have extended these studies to demonstrate that
Socs-1 inhibits TEL-JAK2 in primary hematopoietic cells in
vivo in a murine bone marrow transplant model of TEL-JAK2
leukemia.

TEL-JAK2 provides a useful model for constitutive activa-
tion of the JAK-STAT signaling pathway and modulation of
the pathway by endogenous inhibitors. SOCS family members
may be therapeutically useful for treatment of certain hema-
tologic malignances induced by tyrosine kinase fusions. In ad-
dition, they may be useful in novel or adjunctive treatment
strategies for inhibition of the JAK-STAT pathway in hema-
tologic malignancies known to involve constitutive activation of
the pathway, including CML, ALL, acute myeloid leuukemia,
and chronic lymphocytic leukemia (2, 9, 12).
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