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The family of cytoplasmic Janus (Jak) tyrosine kinases plays an essential role in cytokine signal transduc-
tion, regulating cell survival and gene expression. Ligand-induced receptor dimerization results in phosphor-
ylation of Jak2 on activation loop tyrosine Y1007 and stimulation of its catalytic activity, which, in turn, results
in activation of several downstream signaling cascades. Recently, the catalytic activity of Jak2 has been found
to be subject to negative regulation through various mechanisms including association with SOCS proteins.
Here we show that the ubiquitin-dependent proteolysis pathway is involved in the regulation of the turnover of
activated Jak2. In unstimulated cells Jak2 was monoubiquitinated, and interleukin-3 or gamma interferon
stimulation induced polyubiquitination of Jak2. The polyubiquitinated Jak2 was rapidly degraded through
proteasomes. By using different Jak2 mutants we show that tyrosine-phosphorylated Jak2 is preferentially
polyubiquitinated and degraded. Furthermore, phosphorylation of Y1007 on Jak2 was required for proteaso-
mal degradation and for SOCS-1-mediated downregulation of Jak2. The proteasome inhibitor treatment
stabilized the Jak2—-SOCS-1 protein complex and inhibited the proteolysis of Jak2. In summary, these results
indicate that the ubiquitin-proteasome pathway negatively regulates tyrosine-phosphorylated Jak2 in cytokine
receptor signaling, which provides an additional mechanism to control activation of Jak2 and maintain cellular

homeostasis.

Most cytokines that regulate the growth and differentiation
of immune and hematopoietic cells function through trans-
membrane receptors belonging to the cytokine receptor super-
family (19, 44). The binding of cytokines to their cognate
receptors leads to dimerization or oligomerization of the re-
ceptor chains and activation of the receptor-associated Janus
(Jak) family of tyrosine kinases. Jak kinases mediate essential
and nonredundant functions in cytokine signaling, and individ-
ual Jaks are selectively activated by various cytokine receptors.
For example, Jak2 is required for erythropoietin, interleukin-3
(IL-3), and gamma interferon (IFN-v) signal transduction (39,
45). Jaks associate with the membrane-proximal regions of
cytokine receptors, and ligand-induced aggregation of the re-
ceptor chains allows auto- and transphosphorylation of Jaks on
critical tyrosine residues within the activation loop of the ki-
nase domain. Activation of Jaks results in phosphorylation of a
number of signaling proteins, such as the signal transducers
and activators of transcription (STATSs), phosphatidylinositol
3-kinase, and Shc, and leads to activation of intracellular sig-
naling pathways and expression of target genes.

Regulation of Jak activity is a critical point in the modula-
tion of cytokine responses, and recently several mechanisms
for regulating Jak activation have been described. Intramolec-
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ular interactions control the activity of the tyrosine kinase
domain in Jak kinases (41, 53). The SH2 domain-containing
tyrosine phosphatases SHP-1 and SHP-2 have been shown to
have both stimulatory and inhibitory effects on cytokine recep-
tor signaling (23). An important mechanism for negative reg-
ulation of cytokine signaling is mediated through members of
the recently identified SOCS (suppressor of cytokine signaling)
family of proteins (2, 5). The SOCS family consists of eight
members that have highly specialized functions in regulation of
cytokine signaling. One of the family members, SOCS-1, also
termed JAB (Jak binding protein) or SSI-1 (STAT-induced
STAT inhibitor 1), was identified through its ability to inhibit
IL-6 signal transduction and bind to Jak2 (11, 34, 46). SOCS-1
has been shown to have a crucial function in regulation of Jak2
activation, IFN-y responses, and T-cell differentiation (1, 3,
30).

The SOCS proteins contain a central SH2 domain, which
interacts either with the autophosphorylation site tyrosines in
Jaks or with the phosphorylated tyrosine residues in cytokine
receptors (36, 40). The hallmark of the SOCS family is a
C-terminal homology domain referred to as the SOCS box,
which has been found in a large number of proteins: WD-40
repeat-containing proteins, SPRY domain-containing proteins,
ankyrin repeat-containing proteins, and small GTPases (18).
The SOCS boxes of SOCS-1 and SOCS-3 were found to me-
diate interaction with the elongin B/C complex, and the SOCS
box contains a conserved elongin B/C binding motif (BC box)
in the N terminus (57). The elongin B/C complex was initially
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identified as a component of the multiprotein von Hippel-
Lindau tumor suppressor E3 ligase complex, which also con-
tains RING finger protein Rbx1 as a bridging factor and Cul-
lin-2 (10, 22). The interaction between the SOCS box and
elongins B and C implicates the ubiquitin-proteasome pathway
in regulation of SOCS function and protein turnover. SOCS-3
is rapidly degraded through the proteasome pathway, suggest-
ing that the interaction with elongins B and C directs the
multiprotein complex to proteasomes for degradation (57).
However, for SOCS-1, the SOCS box and interaction with
elongins B and C is reported to inhibit degradation of SOCS-1
(21, 35). The possible role of the SOCS-elongin B/C complex
in regulation of Jak kinases in cytokine signaling is currently
not known.

The ubiquitin-proteasome pathway mediates specific degra-
dation of regulatory proteins and plays an important role in
controlling a variety of cellular functions such as DNA repair,
cell cycle control, antigen presentation, intracellular transloca-
tion of proteins and apoptosis (6). Conjugation of ubiquitin to
the substrate proceeds in three distinctive steps: first, ubiquitin
is activated by the ubiquitin-activating enzyme (E1) in an ATP-
dependent reaction; second, activated ubiquitin is transferred
onto a ubiquitin carrier protein (E2); third, the ubiquitin moi-
eties are transferred onto a ubiquitin ligase (E3), which cata-
lyzes the covalent modification of lysine residues on the sub-
strate with the ATP-activated ubiquitin. Polyubiquitinated
proteins are then recognized by the 19S complex of the 26S
proteasomes and degraded into short peptides with ubiquitin
recycled via the action of isopeptidases (48).

Several lines of evidence have also implicated the ubiquitin-
proteasome pathway in regulation of cytokine receptor signal-
ing. Various components of the ubiquitin pathway are regu-
lated by cytokine-induced signals. For example, IFNs have
been shown to induce the expression of the UbcH family of
ubiquitin-conjugating enzymes, and different isozymes of deu-
biquitinating enzymes are induced by cytokines in a Jak-de-
pendent manner (8, 37). Proteasome inhibitors have been
shown to prolong activation of the Jak/STAT pathway in re-
sponse to IL-2, IL-3, growth hormone (GH), ciliary neurotro-
phic factor, IFN, and erythropoietin stimulations (4, 14, 24, 29,
49, 50, 56). The underlying molecular mechanisms by which
this occurs are still, however, poorly understood. The tyrosine-
phosphorylated forms of STAT4, STATS, and STATS6, but not
other STATS, have been shown to be stabilized by proteasome
inhibitors, but ubiquitination of these proteins was not de-
tected (51). Cell type-dependent differences, for example, in
expression of critical regulatory proteins, may also account for
the specificity of the ubiquitin-proteasome pathway. For exam-
ple, STAT1 becomes ubiquitinated after IFN-y stimulation in
HelLa cells (24), and tyrosine-phosphorylated Statl has been
found to be stabilized by proteasome inhibitors in fibroblasts
without any indication of ubiquitination (16). In addition, cer-
tain cytokine receptors such as EpoR, GHR, IL-2Rp, and
IL-9R have been shown to become ubiquitinated, and protea-
somes control the turnover of these receptors (50).

Here we present evidence that the ubiquitin-proteasome
pathway directly regulates the activated form of Jak2. We show
that Jak2 is ubiquitinated in vivo and in vitro and that IL-3 and
IFN-vy stimulation increases the accumulation of polyubiquiti-
nated forms of Jak2 that are stabilized by proteasome inhibitor
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treatment. Tyrosine phosphorylation was found to be a re-
quirement for efficient ubiquitination and proteasomal degra-
dation of Jak2. These findings led us to investigate the role of
SOCS proteins in this regulation, and proteasome inhibitors
were found to stabilize the interaction between Jak2 and
SOCS-1. Expression of SOCS-1 enhanced proteasome-depen-
dent degradation of the activated form of Jak2. Importantly,
ubiquitination and protein levels of Jak2YF, a Jak2 mutant
with a Y1007F mutation that fails to interact with SOCS-1,
were not affected by coexpression of SOCS-1. Thus, the Jak2
protein is a target for ubiquitin-proteasome-mediated regula-
tion of cytokine signaling, in which tyrosine phosphorylation of
Jak2 and the interaction with SOCS-1 function as regulatory
mechanisms.

MATERIALS AND METHODS

Antibodies and reagents. The following antibodies were used: antiphosphoty-
rosine clone 4G10 (Upstate Biotechnology, Lake Placid, N.Y.), a polyclonal
anti-Jak2 antibody, kind gift from J. N. Thle (45), an anti-influenza virus hem-
agglutinin (HA) epitope antibody (clone 16B12; Berkeley-Antibody, Richmond,
Calif.), antiubiquitin mouse monoclonal antibody mAb-Ubi-1 (Sigma-Aldrich
RBI), and anti-SOCS-1 and anti-SOCS-3 monoclonal antibodies (57). Recom-
binant murine IL-3 was purchased from PeproTech (London, England), and
recombinant human IFN-y was purchased from Immugenex. Proteasome inhib-
itors MG132 (carbobenzoxyl-L-leucyl-L-leucyl-L-leucinal; Z-LLL-CHO), clasto-
lactacystin-B-lactone (B-lactacystin), and ubiquitin aldehyde were purchased
from Calbiochem-Novabiochem (Darmstadt, Germany); MG132 and B-lactacys-
tin were dissolved in dimethyl sulfoxide. Biotinylated antimouse and antirabbit
antibodies were purchased from Dako A/S, and streptavidin-biotinylated horse-
radish peroxidase was purchased from Amersham Pharmacia Biotech. Rabbit
reticulocyte lysates were purchased from Promega (Madison, Wis.), and ubiq-
uitin, hexokinase, D-glucose, and ATP for the in vitro ubiquitination reaction
were purchased from Sigma. Pervanadate was prepared as follows: 100 wl of 100
mM Na;VO, was mixed with 88 pl of Tris-buffered saline (TBS) and 12 pl of
30% H,0,. The mixture was used within 5 min of preparation.

Cell culture. Cos-7 cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco-BRL) supplemented with 10% fetal calf serum (FCS),
100 U of penicillin/ml, and 100 pg of streptomycin/ml. IL-3-dependent myeloid
progenitor 32D cells were maintained in RPMI medium (Gibco-BRL) supple-
mented with 4% WEHI supernatant, 10% FCS, and antibiotics. Starvation was
performed by washing the cells with phosphate-buffered saline (PBS) prior to
incubation in medium containing 0.5% FCS for 12 to 14 h.

Plasmid construction and transfections. The plasmids expressing
Jak2WT-HA and Jak2KN-HA have been described previously (41). Jak2KN-HA
contains a K882E substitution in the lysine involved in the phosphotransfer
reaction. The Y1007F Jak2 mutant is identical with Jak2WT-HA except for the
Y1007F substitution created by direct PCR mutagenesis using the following
primers: 5'TGC CGC AGG ACA AAG AAT TCT ACA AAG TAA AGG AGC
CA and 3'TGG CTC CTT TAC TTT GTA GAA TTC TTT GTC CTG CTG
CGG CA. HA-tagged ubiquitin and Hisg-ubiquitin were kind gifts from D.
Bohman (EMBL Heidelberg, Germany). SOCS-1, SOCS-1ASB, and SOCS-3
expression plasmids have been previously described (18, 58). Cos-7 cells were
transfected by electroporation using a Bio-Rad Pulse apparatus.

Pulse-chase experiments. Transfected Cos-7 cells were pretreated with pro-
teasome inhibitor MG132 for 1 h before lysis, and the proteasome inhibitors
were maintained throughout the experiments. Cells were then transferred to
methionine-free and cysteine-free DMEM (Gibco-BRL) for 30 min, pulsed with
0.1 mCi of [**S]methionine and [**S]cysteine (ProMix; Amersham) for 15 min,
and chased with DMEM followed by stimulations (see Fig. 7).

Immunoprecipitation and Western blotting. The cells were harvested in ice-
cold PBS and lysed in NP-40 lysis buffer (50 mM Tris-HCI [pH 7.4], 10% glycerol,
50 mM NaCl, 0.5% sodium deoxycholate, 1% NP-40, 20 mM NaF, 0.2 mM
Na;VO,) supplemented with protease inhibitors. After 30 min of incubation on
ice, lysates were cleared by centrifugation for 20 min at 4°C. For detection of
ubiquitination in endogenous Jak2, isopeptidase activity was inhibited by addi-
tion of 20 pg of ubiquitin aldehyde/ml to the lysis buffer or, alternatively, the cells
were lysed by being boiled in PBS-2% sodium dodecyl sulfate (SDS) buffer as
described previously (47). The protein amount was determined by a Bio-Rad Dc
protein assay kit (Bio-Rad Laboratories). Immunoprecipitations were carried
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FIG. 1. Ubiquitination of Jak2 in response to cytokine stimulation. (A) 32D cells were starved overnight and pretreated with proteasome
inhibitor MG132 (20 wM) or vehicle for 1 h before IL-3 (100 ng/ml) stimulation. The cells were lysed in NP-40 lysis buffer supplied with 20 pg
of MG132/ml and 20 pg of ubiquitin aldehyde/ml to inhibit isopeptidase activities. Jak2 was immunoprecipitated (IP) and subjected to immuno-
blotting using an antiubiquitin antibody. After being stripped the filter was reblotted with an anti-Jak2 antibody. (B) 32D cells were treated as
described in for panel A. Cell extracts were prepared under denaturing lysis conditions, and the immunoprecipitated Jak2 was analyzed by
immunoblotting using an antiubiquitin antibody. (C) Cos-7 cells were starved overnight and pretreated with proteasome inhibitor MG132 (20 pM)
or vehicle for 1 h before IFN-y (100 ng/ml) stimulation. Cell extracts were prepared under denaturing lysis conditions, and the immunoprecipitated
Jak2 was analyzed by immunoblotting using an antiubiquitin antibody. After being stripped the filter was reblotted with an anti-Jak2 antibody.

out as previously described (25). For antiubiquitin detection, immunoprecipita-
tions were performed in the presence of 25 uM MG132 and immunoblotting was
carried out as described previously (38). The stripping was performed by incu-
bating the filters in 62.5 mM Tris-HCI-100 mM 2-mercaptoethanol-2% SDS for
45 min at 56°C followed by extensive washings and blocking with 5% nonfat dry
milk in TBS.

Immunodetection. After SDS-polyacrylamide gel electrophoresis the proteins
were transferred to a nitrocellulose membrane (Protran; Schleicher & Schuell
GmbH) and blocked with 5% nonfat dried milk in TBS-0.1% Tween 20. The
membranes were incubated with specific antibodies diluted in TBS-0.05%
Tween 20. Immunodetection was performed using the enhanced chemilumines-
cence method (Amersham Pharmacia Biotech).

In vitro ubiquitination of Jak2. Jak2 was immunoprecipitated from trans-
fected Cos-7 cells by using an anti-Jak2 antibody and purified with protein
A-Sepharose beads. After extensive washes, the beads were resuspended in 30 .l
of buffer containing 40 mM Tris-HCI (pH 7.5), 5 mM MgCl,, 2 mM dithiothreitol
(DTT), 2 mM ATP, 5 ug of ubiquitin/ml, 12.5 uM MG132, and 20 pg of
ubiquitin aldehyde/ml. To deplete endogenous ATP, hexokinase (1 mg/ml) and
2-deoxyglucose (20 mM) were also included. Five microliters of crude rabbit
reticulocyte lysates was added to each reaction mixture, and the mixture was
incubated for 1.5 h at 30°C. The beads were then extensively washed and resus-
pended in SDS loading buffer. Cell lysates from Cos-7 cells transfected with
SOCS-1, SOCS-1ASB, or a control were prepared by washing the cells twice with
ice-cold PBS and lysing them in 250 pl of lysis buffer (20 mM HEPES [pH 7.2],
10 mM KCl, 1.5 mM MgCl,, 1 mM DTT, 25 uM MG132, and protease and
phosphatase inhibitors). Lysates were sonicated for two cycles of 30 s followed by
centrifugation for 30 min. For the ubiquitination reaction, immunoprecipitated
Jak2 (as described above) bound to protein A-Sepharose was resuspended in 50
wl of reaction buffer (20 mM HEPES [pH 7.2], 10 mM MgCl,, 1 mM DTT, 1 mM
ATP, 1 mg of hexokinase/ml, 20 mM p-glucose, 25 pM MG132, 5 pg of ubiquitin/
ml) containing 100 pg of cell lysates and then the suspension was incubated for
90 min at 30°C, after which the bound Jak2 was washed and resuspended in SDS
loading buffer.

RESULTS

Jak2 is ubiquitinated in vivo, and its ubiquitination is reg-
ulated by cytokines. Proteasome inhibitors have been shown to
prolong the Jak/STAT signaling pathway, but the underlying

molecular mechanisms remain poorly understood. We wanted
to investigate the role of the proteasome pathway in regulation
of Jak activation and initially examined whether Jak?2 is subject
to ubiquitination in response to IL-3 stimulation. For these
experiments, IL-3-dependent myeloid 32D cells were starved
overnight and stimulated with IL-3 in the presence or absence
of proteasome inhibitors. Two different proteasome inhibitors
were used, MG132, which is a reversible 26S proteasome in-
hibitor, and B-lactacystin, which is an irreversible proteasome
inhibitor that blocks the isopeptidase activities as well. 32D
cells were lysed with a nondenaturing buffer containing pro-
teasome inhibitors as well as ubiquitin aldehyde to inhibit
isopeptidase activities. Jak2 was immunoprecipitated and sub-
jected to antiubiquitin and anti-Jak2 immunoblotting. IL-3
stimulation resulted in rapid tyrosine phosphorylation of Jak2,
and MG132 treatment stabilized the tyrosine phosphorylation
of Jak2 as previously reported (4) (data not shown). A protein
whose molecular weight corresponded to that of Jak2 was
detected by the antiubiquitin antibody in both unstimulated
and IL-3-stimulated 32D cells (Fig. 1A). Stripping and reblot-
ting the filter with an anti-Jak2 antibody indicated that the
protein was Jak2. Based on the molecular weight this band
represented a monoubiquitinated form of Jak2. IL-3 stimula-
tion induced a smear above the Jak2 band, which is character-
istic of polyubiquitination. This smear could also be detected
upon longer exposures using antiphosphotyrosine antibodies
(data not shown). The presence of ubiquitin aldehyde in the
lysis buffer was critical for detection of the polyubiquitinated
forms of Jak2. Pretreatment of 32D cells with MG132 did not
affect the level of monoubiquitinated Jak2 but increased the
accumulation of polyubiquitinated Jak2. Control immunopre-
cipitations with antibodies against STAT1, STAT6, and PU.1
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FIG. 2. In vivo and in vitro ubiquitination of Jak2. (A) Ubiquitination of Jak2 in Cos-7 cells. Cos-7 cells were transiently transfected with
plasmids encoding Jak2WT-HA and ubiquitin (Ubi). The sample from lane 4 was pretreated with proteasome inhibitor B-lactacystin (10 uM) for
12 h before harvesting. Cell extracts were immunoprecipitated (IP) with an anti-Jak2 antibody and analyzed by immunoblotting with an
antiubiquitin antibody. After being stripped the filter was blotted with an anti-HA antibody. (B) Detection of Jak2 ubiquitination using an anti-HA
antibody. Cos-7 cells were transfected with Jak2WT (lanes 1 to 3) and Ubi-HA (lanes 2 and 3) expression plasmids, and Jak2 was immunopre-
cipitated with anti-Jak2 antibodies and analyzed by immunoblotting with an anti-HA antibody. Lane 3 represents the sample pretreated with
MG132 (10 uM) for 3 h before harvesting. The filter was stripped and reblotted with an anti-Jak2 antibody. (C) In vitro ubiquitination of Jak2.
Immunopurified Jak2WT-HA from transfected Cos-7 cells was subjected to an in vitro ubiquitination reaction. After the reaction, Western blotting
was performed using an antiubiquitin antibody. Lane 1, input for the ubiquitination reaction; lane 2, immunopurified Jak2 after a 1.5-h

ubiquitination reaction.

indicated that the antiubiquitin antibody detected a faint non-
specific band slightly above Jak2 (data not shown). Preclearing
the lysates with irrelevant antibodies did not affect the intensity
of the Jak2 band detected by antiubiquitin blotting.

Ubiquitination of Jak2 was next investigated by using a de-
naturing lysis protocol to inhibit the proteasome as well as the
isopeptidase activities. In 32D cells IL-3 stimulation induced
rapid polyubiquitination of Jak2, which decreased by 1 h (Fig.
1B). The proteasome inhibitor treatment stabilized the poly-
ubiquitinated form of Jak2, thus suggesting that the polyubig-
uitinated forms of Jak2 are normally rapidly removed through
the proteasome pathway. Similar results were obtained with
another IL-3-dependent myeloid cell line, FDCP-1 (data not
shown). We also investigated whether other cytokine signals
would regulate ubiquitination of Jak2. IFN-y stimulation in-
duced ubiquitination of the endogenous Jak2 protein, and
MG132 treatment enhanced and stabilized the polyubiquitina-
tion of Jak2 (Fig. 1C). Taken together, these data indicate that
the ubiquitin-proteasome pathway is involved in regulation of
Jak2 in IL-3 and IFN-y signal transduction.

Ubiquitination of Jak2 in intact cells and in a cell-free
system. Modulation of cytokine receptors by the proteasome
pathway is a potential mechanism for the effects of proteasome
inhibitors and for regulation of Jak2 activity. To exclude this,
ubiquitination of Jak2 in Cos-7 cells, where Jaks can be acti-
vated by overexpression in a receptor-independent mechanism,
was next investigated. Cos-7 cells were transiently transfected
with plasmids encoding HA epitope-tagged wild-type Jak2
(Jak2WT-HA) and ubiquitin. The Jak2 protein was immuno-
precipitated with an anti-Jak2 antibody and subjected to SDS-
polyacrylamide gel electrophoresis and immunoblotting with

antiubiquitin and anti-HA antibodies. As shown in Fig. 2A,
endogenous Jak2 from untransfected cells was weakly ubiqui-
tinated (lane 1) and overexpression of Jak2WT-HA enhanced
the ubiquitination of Jak2. Coexpression of the ubiquitin ex-
pression plasmid with that for JakZWT-HA did not have any
significant effect on the level of Jak2 ubiquitination, suggesting
that the availability of ubiquitin is not a rate-limiting step in
this reaction. After being stripped, the filter was probed with
the anti-HA antibody, which indicated that the band detected
by antiubiquitin was the Jak2 protein. B-Lactacystin treatment
resulted in accumulation of multiubiquitinated forms of Jak2,
detected as the characteristic high-molecular-weight smear.
Preclearing the lysates with an irrelevant monoclonal antibody
did not affect the ubiquitin signal of Jak2 (data not shown)

To confirm the ubiquitination of Jak2, Cos-7 cells were tran-
siently transfected with Jak2WT (without the HA tag) and HA
epitope-tagged ubiquitin (Ubi-HA) expression plasmids (Fig.
2B). Jak2 was immunoprecipitated with the anti-Jak2 antibody,
and ubiquitination was detected by anti-HA blotting. The an-
ti-HA antibody detected Jak2 only when Ubi-HA was cotrans-
fected, and MG132 treatment increased the ubiquitination.
The anti-HA and anti-Jak2 blots show typical laddering caused
by sequentially attached ubiquitin molecules. Thus, these re-
sults confirmed that Jak2WT was monoubiquitinated in Cos-7
cells, and proteasome inhibitor treatment enhanced polyubig-
uitination of Jak2.

We also set up an in vitro assay to analyze if Jak?2 is subject
to ubiquitination in a cell-free system. Such a system was pre-
viously successfully used in demonstrating the ubiquitination of
the epidermal growth factor receptor (EGFR) in vitro (28). As
starting material for the reaction we used immunopurified
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FIG. 3. Tyrosine phosphorylation of Jak2 correlates with its ubiq-
uitination and degradation. Jak2WT-HA (left) and Jak2KN-HA
(right) were transiently expressed in Cos-7 cells. After 48 h the cells
were starved overnight and pretreated with proteasome inhibitor
B-lactacystin (20 wM) or vehicle for 1 h before treatment with different
concentrations of pervanadate for 1 h. Total-cell lysates were immu-
noprecipitated (IP) with an anti-HA antibody and analyzed by immu-
noblotting using antiubiquitin or antiphosphotyrosine (anti-PTyr) an-
tibodies. The antiubiquitin and antiphosphotyrosine blots from
Jak2WT-HA and Jak2KN-HA panels were exposed for the same time.
The filters were then stripped and blotted with an anti-HA antibody
(bottom).
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Jak2WT from transfected Cos-7 cells, crude rabbit reticulocyte
lysate, ATP, and ubiquitin. The reaction was allowed to pro-
ceed for 1.5 h. Immunoblotting with the antiubiquitin antibody
demonstrated that the input Jak2 protein was already monou-
biquitinated and that the in vitro ubiquitination reaction en-
hanced the monoubiquitinated and polyubiquitinated forms of
Jak2 (Fig. 2C).

Polyubiquitination and degradation of Jak2 are regulated
through tyrosine phosphorylation. Our results indicated that
cytokine stimulation induced polyubiquitination of Jak2. Next,
we wanted to examine directly the role of tyrosine phosphor-
ylation in ubiquitination and degradation of Jak2. For this
purpose Cos-7 cells were transiently transfected with
Jak2WT-HA or kinase-negative Jak2 (Jak2KN-HA) expres-
sion plasmids (see Materials and Methods). Overexpression
results in tyrosine phosphorylation and activation of Jak2WT.
For these experiments the expression level of Jak2 was titrated
to a level which allowed the regulation of Jak2 tyrosine phos-
phorylation by tyrosine phosphatase inhibitor pervanadate.
The cells were treated with different concentrations of per-
vanadate for 1 h to induce tyrosine phosphorylation of Jak2.
Jak2 was immunoprecipitated with the anti-HA antibody and
analyzed by Western blotting. As illustrated in Fig. 3, pervana-
date treatment induced, in a dose-dependent manner, ubig-
uitination of Jak2, which correlated with enhanced tyrosine
phosphorylation of Jak2. Treatment of the cells with 50 pM
pervanadate caused phosphorylation and polyubiquitination of
Jak2 and disappearance of the monoubiquitinated form of
Jak2. Interestingly, anti-HA blotting showed that 50 uM per-
vanadate treatment resulted in a dramatic decrease in Jak2
protein levels. Inhibition of proteasomes by B-lactacystin en-
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hanced both polyubiquitination and tyrosine phosphorylation
of Jak2 and stabilized the phosphorylated Jak2 protein (Fig. 3).
Thus, these results suggest that phosphorylation of Jak2 serves
as a signal for the ubiquitination reaction and for the degra-
dation of Jak2 through the proteasome pathway.

Jak2KN was found to be monoubiquitinated at low levels in
Cos-7 cells (Fig. 3). Jak2KN is not significantly tyrosine phos-
phorylated when overexpressed in Cos-7 cells, but a high con-
centration of pervanadate resulted in low levels of tyrosine
phosphorylation of Jak2KN, probably due to transphosphory-
lation. A modest increase in mono- and polyubiquitination of
Jak2KN was detected after pervanadate treatment, and B-lac-
tacystin pretreatment enhanced ubiquitination as well as ty-
rosine phosphorylation of Jak2KN. Pervanadate treatment (50
pwM) decreased Jak2KN protein levels slightly. These results
further substantiate the correlation between tyrosine phos-
phorylation and ubiquitination of Jak2 and the involvement of
proteasomes in regulation of the tyrosine-phosphorylated form
of Jak2.

To analyze in more detail the role of tyrosine phosphoryla-
tion in regulation of Jak2 via the ubiquitin-proteasome path-
way, we performed kinetic studies using pervanadate (50 wM)
and proteasome inhibitor MG132 (25 pM). Cos-7 cells were
transiently transfected with Jak2WT-HA (Fig. 4A) or
Jak2KN-HA (Fig. 4B). Jak2 was immunoprecipitated using the
anti-HA antibody and analyzed by Western blotting. As shown
in Fig. 4A, pervanadate treatment rapidly increased the poly-
ubiquitination of Jak2, with a peak at 15 min, after which the
level of ubiquitination decreased and became undetectable
after 2 h. Tyrosine phosphorylation of Jak2 also showed a time
dependence, with pervanadate treatment stimulating the phos-
phorylation of Jak2, followed by a decline in the level of phos-
phorylation. Anti-HA blotting indicated that the decreased
levels of phosphorylation and ubiquitination correlated with
degradation of Jak2. Preincubation with MG132 enhanced
ubiquitination and phosphorylation of Jak2. Furthermore,
MG132 treatment stabilized the Jak2 protein levels, particu-
larly the lower-mobility forms of Jak2, which are likely to
represent phosphorylated forms of Jak2 proteins.

The effects of pervanadate treatment on ubiquitination, ty-
rosine phosphorylation, and degradation of Jak2KN and of
Jak2WT showed clear differences in magnitude and slight dif-
ferences in time course (Fig. 4B). Tyrosine phosphorylation of
Jak2KN occurred at low levels, and polyubiquitination ap-
peared slightly later, showing a peak at 30 min. The anti-HA
Western blot indicated that, compared to those of Jak2WT, the
Jak2KN protein levels were less affected by pervanadate treat-
ment, a finding which correlates with the lower level of tyrosine
phosphorylation and ubiquitination. MG132 stabilized the pro-
tein levels and enhanced both tyrosine phosphorylation and
ubiquitination of Jak2KN.

SOCS-1 regulates the degradation of Jak2 through the pro-
teasome pathway. SOCS-1 is reported to bind to the phosphor-
ylated activation loop tyrosine in Jak2 and to inhibit the cata-
lytic activity of Jak2 (52). The association of SOCS proteins
with elongins B and C has, however, raised the possibility that
the SOCS-mediated regulation of cytokine signaling may also
involve the proteasome pathway (21). Our results indicated
that tyrosine phosphorylation regulates the degradation of
Jak2 via the ubiquitin-proteasome pathway, and therefore we
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FIG. 4. Kinetics of Jak2 ubiquitination and degradation in vivo. Jak2ZWT-HA (A) and Jak2KN-HA (B) were transiently expressed in Cos-7 cells.
After 48 h the cells were starved overnight and stimulated with pervanadate (50 wM) as indicated. Right blots (A and B), lysates from cells
pretreated with proteasome inhibitor MG132 (25 wM) for 1 h before pervanadate treatment. Jak2 was assessed by immunoblotting using an
antiubiquitin or antiphosphotyrosine (anti-PTyr) antibody followed by stripping and anti-HA blotting. The antiubiquitin and antiphosphotyrosine
blots for Jak2ZWT-HA and Jak2KN-HA were exposed for the same time. IP, immunoprecipitation.

and the cells were treated with pervanadate (25 pM) in the
presence or absence of proteasome inhibitor MG132 (20 pM).
Coexpression of SOCS-1 resulted in reduced levels of ubiqui-
tinated Jak2 compared to expression of Jak2 alone (Fig. 5A).

wanted to investigate whether SOCS proteins could be in-
volved in ubiquitin-mediated degradation of Jak2. To test this
hypothesis, Cos-7 cells were transiently transfected with plas-
mids expressing Jak2ZWT-HA alone or together with SOCS-1,
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FIG. 5. SOCS-1 coexpression enhances proteasomal degradation of Jak2WT but not Jak2YF. Cos-7 cells were transiently transfected with
plasmids encoding Jak2WT-HA (A and B) or Jak2YF-HA (C) either alone or together with plasmids encoding SOCS-1. After 48 h the cells were
starved overnight and pretreated with proteasome inhibitor MG132 (20 wM) for 1 h before pervanadate treatment (25 wM). Jak2 was analyzed

by immunoprecipitation (IP) with an anti-HA antibody followed by immunoblotting with the indicated antibodies. (A, a and b) Different exposures
of the same blot. SOCS-1 protein levels were determined by Western blotting 20 pg of total-cell lysates using an anti-SOCS-1 antibody.
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FIG. 6. Proteasome inhibitor MG132 stabilizes the interaction between Jak2WT and SOCS-1. (A) Coimmunoprecipitation of Jak2 and
SOCS-1. Cos-7 cells were transfected with Jak2ZWT-HA and SOCS-1 as indicated and treated with MG132 and pervanadate as described for Fig.
5. Total-cell lysates were immunoprecipitated (IP) with anti-HA or anti-SOCS-1 antibodies and analyzed by immunoblotting using anti-SOCS-1
or anti-HA antibodies. (B) Coimmunoprecipitation of SOCS-1 with different Jak2 mutants. Cos-7 cells were transfected with Jak2WT-HA (lanes
1 and 2), Jak2KN-HA (lanes 3 and 4), and Jak2YF-HA (lanes 5 and 6) together with SOCS-1. Cells were pretreated with MG132 (25 pM) for 1 h
before the pervanadate treatment (25 pM). After anti-HA immunoprecipitation, the filter was immunoblotted with an anti-SOCS-1 antibody.

Anti-HA immunoblotting indicated that coexpression of Jak2
with SOCS-1 caused a reduction in Jak2 protein levels (Fig. a,
lanes 1 and 5), which were further decreased by pervanadate
treatment. Pretreatment of the cells with MG132 partially sta-
bilized Jak2 protein levels in the presence of SOCS-1, as shown
in longer exposures of the anti-HA blot (Fig. b). These results
suggest that SOCS-1 enhanced proteasomal degradation of
Jak2. An anti-SOCS-1 Western blot showed that pervanadate
had only a marginal effect on SOCS-1 protein levels.

To analyze the Jak2-SOCS-1 interaction in more detail,
similar experiments were performed with autophosphorylation
site mutant Jak2YF mutant, which has been shown to fail to
interact or to interact only weakly with SOCS-1 (52). Interest-
ingly, pervanadate treatment induced monoubiquitination and
tyrosine phosphorylation of Jak2YF but only very low levels of
polyubiquitnation (Fig. 5C). In striking contrast to the results
obtained with Jak2WT (Fig. SA and B), the protein levels of
Jak2YF were not affected by pervanadate treatment. Further-
more, SOCS-1 expression did not have any effect on ubiquiti-
nation, tyrosine phosphorylation, or protein levels of Jak2YF
(Fig. 5C).

The results in Fig. 5 suggest that autophosphorylation site
Y1007 and the interaction with SOCS-1 regulate the ubiquitin-
mediated degradation of Jak2. To validate this hypothesis, we
analyzed the interaction between Jak2 and SOCS-1 directly.
Cos-7 cells were cotransfected with Jak2WT-HA and SOCS-1,
and the association between Jak2 and SOCS-1 was analyzed.
As shown in Fig. 6A, pervanadate enhanced the association
between SOCS-1 and Jak2 in anti-Jak2 immunoprecipitations
but the amount of coimmunoprecipitated SOCS-1 decreased
after 1 h of treatment. MG132 pretreatment stabilized the
Jak2-SOCS-1 complex. Similar results were obtained when the
experiments were performed in the reverse direction by immu-
noblotting SOCS-1 immunoprecipitates with anti-Jak2 for
Jak2. These results, together with the finding that SOCS-1
protein levels were not affected by pervanadate treatment (Fig.
5A), suggest that MG132 inhibited the degradation of the
ubiquitinated Jak2 in the Jak2-SOCS-1 complex. The interac-
tion between SOCS-1 and Jak2 mutants was also analyzed,
and, as shown in Fig. 6B, SOCS-1 showed only very weak

association with Jak2KN-HA and Jak2YF-HA, suggesting that
the association of SOCS-1 with Jak2 requires phosphorylation
of Jak2 on tyrosine 1007.

The results obtained from Western blotting were confirmed
by metabolic-labeling experiments. Cos-7 cells were trans-
fected with Jak2WT-HA or Jak2KN-HA and Jak2YF-HA
alone or together with SOCS-1 and then pulse labeled with *3S
in the presence of MG132. Pervanadate treatment caused a
mobility shift in Jak2WT but not in Jak2 mutants (Fig. 7A).
SOCS-1 coexpression decreased the tyrosine-phosphorylated
slower-migrating forms of Jak2WT, while the protein levels of
Jak2KN-HA and Jak2YF-HA were not affected by SOCS-1
coexpression or pervanadate treatment. A slight decrease in
Jak2KN protein level was noticed after 1 h of pervanadate
treatment (Fig. 7A, bottom, lane 6).

Pulse-chase experiments were conducted to investigate the
effect of SOCS-1 on the half-lives of different Jak2 proteins.
Cos-7 cells were transfected with different Jak2 plasmids alone
or together with SOCS-1 and pulse-labeled with *3S and then
chased for different time periods (Fig. 7B). Jak2 was immuno-
precipitated with the anti-HA antibody. After autoradiography
the amount of the immunoprecipitated Jak2 protein was quan-
tified. Jak2KN was found to have a shorter half-life than
Jak2WT or Jak2YF for currently unknown reasons. However,
in accordance with results shown above, the half-lives of
Jak2KN-HA and Jak2YF-HA mutants were not affected by
SOCS-1 while the degradation of Jak2WT was accelerated in
the presence of SOCS-1.

We wanted to validate the specificity of SOCS-1 in the ubig-
uitin-mediated degradation of Jak2 by analyzing the effect of
related protein SOCS-3 on Jak2 protein turnover in Cos-7
cells. Cotransfection of SOCS-3 had no effect on Jak2 protein
levels (Fig. 8). Pervanadate treatment caused tyrosine phos-
phorylation of SOCS-3, as shown by detection of the low-
mobility forms of the protein (7), and a slight reduction of
SOCS-3 protein, which was stabilized by MG132 treatment.

The SOCS box is required for ubiquitination of Jak2. The
SOCS box of SOCS-1 interacts with elongins B and C and may
target the bound molecules through proteasomal degradation
(57). To determine the role of the SOCS box in the ubiquiti-
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FIG. 7. Phosphorylation-dependent proteasomal degradation of Jak2WT is enhanced by SOCS-1 coexpression. (A) SOCS-1 coexpression
enhances the degradation of Jak2WT but not Jak2YF or Jak2KN in vivo. Cos-7 cells were transfected with Jak2 plasmid (3 pg) either alone or
with the SOCS-1 plasmid (5 pg) and pretreated with proteasome inhibitor MG132 (20 uM) for 1 h before **S metabolic labeling. The inhibitor
was maintained throughout the pulse-labeling experiment. Cells were then treated with pervanadate (25 pM) and lysed in NP-40 lysis buffer
supplemented with 25 uM MG132. Jak2 protein levels were analyzed by immunoprecipitation using an anti-HA antibody followed by autoradio-
graphic detection. (B) Half-lives of different Jak2 mutants in the absence (square) or presence (circle) of SOCS-1 coexpression. Cos-7 cells were
transfected with different Jak2 plasmids alone or together with the SOCS-1 plasmid and pulse-labeled with S for 15 min and chased for the
indicated periods. Jak2 protein (prot) levels were analyzed by anti-HA immunoprecipitation followed by autoradiographic exposure. Images were
scanned and quantified by using the Quan-Image5 program, and the relative protein amounts were adjusted so that time zero represents 100.

nation of Jak2, we analyzed the effects of SOCS-1 and SOCS-
1ASB lacking the SOCS box (58) in an in vitro assay (55).
Jak2WT-HA, Jak2YF-HA, and Jak2KN-HA were immunopu-
rified from Cos-7 cells and incubated in the presence of
SOCS-1, SOCS-1ASB, or control lysates. The ubiquitination
reaction was allowed to proceed for 1 h, and the ubiquitination
of Jak2 was analyzed by Western blotting. The results (Fig. 9)
show that SOCS-1 induced ubiquitination of Jak2WT, whereas
SOCS-1ASB had no significant effect. SOCS-1 did not affect
the ubiquitination of Jak2YF and Jak2KN mutants. These
results suggest that SOCS-1 induces polyubiquitination of
Jak2WT, which requires the presence of the SOCS box of
SOCS-1 and phosphorylation of Y1007 on Jak2.

DISCUSSION

Appropriate biological responses through cytokine receptors
require stringent control of the activation signals. The impor-
tance of negative regulation is well exemplified by the results
obtained from deregulated and aberrantly activated Jak ty-
rosine kinases that cause autonomous cell growth and cancer
(26, 33). Here we show that the ubiquitin-proteasome pathway
directly regulates tyrosine-phosphorylated Jak2 in cytokine re-
ceptor signaling.

The irreversible nature of the proteasomal degradation of
proteins demands strict control for these processes. The spec-
ificity is mainly determined through a large family of E3 ubig-
uitin ligases, which recognize substrate proteins in highly or-
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FIG. 8. SOCS-3 does not affect Jak2 protein levels in Cos-7 cells.
Cos-7 cells were transiently transfected with Jak2WT (4 wg) or with
SOCS-3 (4 pg) plasmids. After 48 h the cells were starved overnight
and treated with MG132 and pervanadate as described for Fig. 5. Jak2
was analyzed by immunoprecipitation (IP) and immunoblotting using
an anti-HA antibody. SOCS-3 protein levels were determined by West-
ern blotting 20 g of total-cell lysates using an anti-SOCS-3 antibody.
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FIG. 9. SOCS-1 enhances the ubiquitination of Jak2WT in vitro.
Immunopurified Jak2WT, Jak2YF, and Jak2KN were subjected to an
in vitro ubiquitination reaction in the presence SOCS-1, SOCS-1ASB,
or control lysates. The ubiquitination of Jak2 was analyzed after 1 h of
in vitro reaction by antiubiquitin Western blotting. The filter was
stripped and reblotted with an anti-Jak2 antibody.

dered protein complexes (6). Protein phosphorylation has
been shown to function as a regulatory mechanism for ubiq-
uitination and proteasomal degradation of various signaling
proteins. Several cell surface receptors as well as cellular and
transcriptional regulators such as cyclins, cyclin-dependent ki-
nase inhibitors, Src kinases, IkB-a, p53, B-catenin, c-Jun, and
RNA polymerase have been shown to be regulated via phos-
phorylation-dependent proteasomal degradation (27). Ty-
rosine phosphorylation was also a critical regulator of ubiquiti-
nation and degradation of Jak2. Tyrosine phosphorylation
stimulated polyubiquitination of Jak2, which was stabilized by
proteasome inhibitor treatment, thus indicating that polyubiq-
uitinated Jak2 is rapidly degraded through the proteasome
pathway. We did not observe any significant downregulation in
Jak2 protein levels in 32D cells after IL-3 stimulation. Based
on our experience, only a small fraction of cellular Jak2 be-
comes activated and tyrosine phoshorylated after IL-3 stimu-
lation, and the degradation of this fraction is likely to be
difficult to detect on the total-protein level. The relatively short
half-life of unstimulated Jak2 is also consistent with the con-
cept that the turnover of Jak2 functions as a regulatory mech-
anism in cytokine signaling (43).

A likely mechanism for the tyrosine phosphorylation-depen-
dent regulation of ubiquitination is specific recruitment of the
ubiquitination enzyme complex to the protein. The catalytic
activation of Jak2 involves auto- or transphosphorylation of the
activation loop Y1007, which is likely to cause a conforma-
tional change that allows substrates and ATP to access the
catalytic pocket (12). Here we show that proteasomal degra-
dation of Jak2 required phosphorylation of Jak2 on Y1007.
The phosphorylated Y1007 on Jak2 serves also as a docking
site for the extended SH2 domain of SOCS-1, but an additional
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12 N-terminal amino acids, constituting what is termed the
kinase-inhibitory region, confer high-affinity binding to the ki-
nase domain and inhibitory interaction with the catalytic
pocket of Jak2 (52). The interaction of the SOCS box with
elongins B and C suggested that the regulation via SOCS
proteins may involve the ubiquitin-proteasome pathway (57).
Recent results from mice with a deletion of the SOCS box of
SOCS-1 demonstrate a clear physiological regulatory function
for the SOCS box (58). These mice have a phenotype similar to
but less severe than that of SOCS-1"/~ mice and show in-
creased IFN-y responsiveness and develop a lethal inflamma-
tory disease. We showed that SOCS-1 enhanced ubiquitination
of Jak2 in a SOCS box-dependent manner and that this effect
was regulated by Y1007 on Jak2. Thus SOCS-1 is likely to
recruit, along with elongins, the E3 ligase to the phosphory-
lated Jak2. The exact composition of the SOCS-1-elongin B/C
ubiquitination complex is currently unknown but it is likely to
resemble that of the von Hippel-Lindau complex and to consist
of RING finger protein Rbx1 as a bridging factor, Cullin-2, and
an E2-conjugating enzyme. In cotransfection experiments
SOCS-1 also induced Jak2 degradation which was dependent
on Y1007. SOCS-1 has also been shown to induce degradation
of the VAV protein through the ubiquitin-proteasome path-
way (9). We did not observe any significant reduction in total
Jak2 protein levels in IFN-y-treated thymocytes from SOCS-
17/~ mice (data not shown). However, there was a decrease in
antiubiquitin-reactive high-molecular-weight protein com-
plexes, which are typically observed with polyubiquitinated
proteins. These results are consistent with the concept that
ubiquitination of Jak2 is reduced in SOCS-1"/~ thymocytes,
but more-detailed studies are required to resolve this issue.
Interestingly, SOCS-3, which associates weakly with Jak2 (42),
did not have any effect on Jak2 protein levels. These findings
support the concept that different SOCS proteins have highly
specialized functions in regulation of cytokine receptor signal-
ing.

Proteasome inhibitors stabilized the Jak2-SOCS-1 complex
and inhibited proteolysis of Jak2. It is of interest that SOCS-1
protein levels were not markedly affected by pervanadate treat-
ment. We could not detect significant levels of ubiquitination
of SOCS-1 (data not shown); thus, while SOCS-1 may act as
part of an E3 ubiquitin ligase complex, it is not a substrate of
the E3 ligase. These findings together with results from mice
with a SOCS box deletion are consistent with a sequential-
regulation model for SOCS-1, which is initiated by an inhibi-
tory interaction with activated Jak2, followed by recruitment of
the E3 ubiquitin ligase complex and resulting in ubiquitination
and subsequent targeting of Jak2 to proteasomes for degrada-
tion. In line with this hypothesis, cytokine stimulation has been
shown to enhance the interaction between SOCS-1 and elon-
gins B and C, possibly due to conformational changes induced
by SOCS-1-Jak2 association (57).

Jak2 was found to be monoubiquitinated to various degrees
in different cells. This finding was somewhat surprising, but
monoubiquitination of Jak2 was observed by using three dif-
ferent lysis conditions as well as an HA-tagged ubiquitin ex-
pression vector in Cos-7 cells. Monoubiquitination of Jak2 did
not appear to be strictly tyrosine phosphorylation dependent,
as both Jak2KN in Cos-7 cells and endogenous Jak2 in un-
stimulated cells were monoubiquitinated. Induction of tyrosine
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phosphorylation, however, stimulated both monoubiquitina-
tion and polyubiquitination of Jak2. Attachment of a single
ubiquitin molecule on a target substrate (i.e., monoubiquitina-
tion) either modulates the activity or localization of the protein
or targets the protein to the proteasomes (6, 17). Intriguingly,
monoubiquitination of proteins may increase the efficiency of
the polyubiquitination reaction (31). For Jak2, monoubiquiti-
nation may “sensitize” the activated kinase to the subsequent
SOCS-1-mediated polyubiquitination, ensuring that activated
Jak2 is degraded in a timely fashion. The regulatory mecha-
nisms for the monoubiquitination of Jak2 are currently un-
known, and it remains possible that the monoubiquitination
reaction involves an E3 ubiquitin ligase complex different from
the one which catalyzes the polyubiquitination of the tyrosine-
phosphorylated Jak2.

Proteasome inhibitors stabilized the tyrosine-phosphory-
lated form of Jak2, which suggests that the physiological func-
tion of the ubiquitin-proteasome pathway is to remove the
active tyrosine kinase and prevent aberrant cytokine signaling.
Recently SOCS-1 was shown to mediate the growth inhibition
of TEL-Jak2-transformed cells and to accelerate the proteaso-
mal degradation of the oncogenic, hyperactive TEL-Jak2 and
gyrase B-Jak2 chimeras, neither of which is activated in re-
sponse to cytokines (13, 20). These results are in accordance
with our results showing that IL-3 and IFN-vy stimulations and
tyrosine phosphorylation of Jak2 on Y1007 regulate ubiquiti-
nation and degradation of the cellular Jak2. Regulation of
hyperactivated and oncogenic forms of Src kinases through
ubiquitin-mediated degradation has also been shown; thus pro-
teasomal degradation may be a common mechanism to control
the activity of tyrosine kinases (15, 55). In agreement with this
hypothesis, mutations that inhibit the ubiquitin ligase activity
of RING finger protein c-Cbl are oncogenic and cause failure
to ubiquitinate and desensitize EGFR (28). The regulatory
mechanisms involved in these processes have to possess high
degrees of specificity, and E3 ligase E6AP appears to be re-
sponsible for ubiquitination of Src kinases, and c-Cbl mediates
the ubiquitination of EGFR (15, 38), while the SOCS-1-re-
cruited ubiquitination complex represents one mechanism in-
volved in regulation of Jak2.

The SOCS-1-mediated ubiquitination and degradation of
Jak2 show some analogy to the c-Cbl-mediated desensitization
of EGFR (28). The phosphorylated Y1045 on EGFR serves as
a docking site for RING finger protein c-Cbl, which regulates
the ubiquitination of the receptor. Phosphorylation of c-Cbl on
Y371 flanking its RING finger domain is critical for the ubig-
uitination process and subsequent degradation of the activated
EGFR. The Jak2-SOCS-1 interaction does not involve direct
tyrosine phosphorylation of SOCS-1 (data not shown), but
whether the function of SOCS-1 is regulated by other post-
translational modifications or protein interactions remains to
be investigated. In this regard it is interesting that cytokine
stimulation has been shown to promote the interaction be-
tween SOCSs and elongins B and C (57).

It is becoming evident that the ubiquitin-proteasome path-
way plays an integral part in regulation of cytokine receptor
signaling. Several cytokine receptors were shown to be ubiqui-
tinated upon ligand stimulation, and their turnover and intra-
cellular sorting are regulated through proteasomes (49, 54).
SOCS family protein Cis has been implicated in proteasome-
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mediated regulation of EpoR (49). Here we show that ubig-
uitination plays a critical role in selecting the activated Jak2 for
degradation. Interaction between SOCS-1 and tyrosine-phos-
phorylated Jak2 stimulates proteasomal degradation of Jak2,
which may regulate, e.g., IFN-y and granulocyte-macrophage
colony-stimulating factor signaling (32). Various SOCS pro-
teins display highly specific functions in regulation of individ-
ual cytokine signaling pathways, and it is likely that other
SOCSs or distinct adapter proteins and ubiquitination enzyme
complexes regulate other cytokine signaling pathways. Finally,
proteasome inhibitors stabilize transcriptionally active tyrosine-
phosphorylated STATS via an ubiquitin-independent mecha-
nism, which represents a distinct mechanism of proteasomal
regulation (51). In summary, regulation of cytokine receptor
signaling cascades that activate Jak2 and STAT transcription
factors involves several highly specific ubiquitin-proteasome-
dependent regulatory mechanisms, and the specificity of this
regulation is determined by interactions with ancillary proteins
such as SOCSs.
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