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Differential Roles of SOCS Family Members in
EpoR Signal Transduction
ARMIN G. JEGALIAN 1 and HONG WU1,2

ABSTRACT
To elucidate the roles of suppressor of cytokine signaling (SOCS) family members in erythropoietin (EPO)
signaling, we explored SOCS gene regulation, mRNA stability, and protein function in two EPO-responsive
hematopoietic cell lines. Using two independent approaches, one involving inhibition of specific signaling molecules and the other employing cell lines that express particular EpoR mutants and thereby activate only subsets of signaling cascades, we demonstrate that induction of SOCS1, SOCS2, SOCS3, and cytokine-inducible
SH2-containing protein (CIS) in response to EPO stimulation appears to depend on Stat5 but not on mitogen-activated protein kinase (MAPK) or phosphatidylinositol 3-kinase (PI3K). SOCS4 expression, in contrast,
does not appear to be EPO inducible. Furthermore, we show differential stabilities of SOCS transcripts, with
SOCS2 the longest-lived and SOCS1 and CIS the least stable, and provide evidence in support of EPO-independent expression of SOCS3 and SOCS4. In order to understand the effects of SOCS on EPO-mediated effects, we generated multiple stable cell lines that inducibly express particular SOCS proteins. Overexpression
of SOCS1, SOCS3, or CIS negatively regulates EPO-mediated cell proliferation, Stat5 phosphorylation, and
activation of a Stat-dependent luciferase reporter. In contrast, SOCS2 is less effective, and SOCS4 is ineffective at counteracting EPO-mediated events. Thus, we have demonstrated differential regulation and function
of various SOCS family members in EPO-dependent hematopoietic cells.
INTRODUCTION

S

(SOCS) family members
are induced in response to a broad range of cytokines and,
in turn, may diminish cytokine signaling. Thus, they partake in
a classic negative feedback loop to control the duration and intensity of cytokine responses and are involved in cross-talk between different cytokine systems.(1–3) There are at least eight
members of this family (cytokine-inducible SH2-containing
protein [CIS] and SOCS1–7), each of which contains a variable
N-terminal region, a central Src homology 2 (SH2) domain, and
a conserved C-terminal SOCS box domain.(4) The current study
systematically examines the differential regulation of SOCS
gene expression in response to erythropoietin (EPO) stimulation and the roles of different SOCS family members in modulating EPO function.
EPO is a glycoprotein hormone vital for the differentiation
of committed erythroid progenitor cells. It signals through the
EPO receptor (EpoR), a member of the cytokine receptor superfamily, which lcaks catalytic activity. EpoR association with
Janus kinase 2 (Jak2) permits receptor phosphorylation on liUPPRESSOR OF CYTOKINE SIGNALING

gand stimulation and activation of downstream events. These
signaling cascades include those mediated by phosphatidylinositol 3-kinase (PI3K), mitogen-activated protein kinase
(MAPK), and signal transducer and activator of transcription 5
(Stat5) (for review, see ref. 5). On phosphorylation, Stat5, a latent transcription factor, dimerizes and translocates into the nucleus, where it activates transcription of target genes, including
the founding member of the SOCS family, CIS.
Early reports have documented the induction of SOCS1,
SOCS2, SOCS3, and CIS transcripts in mouse bone marrow
cells treated with EPO,(6) and CIS provides a model for understanding SOCS gene regulation. The proximal promoter of CIS
contains four Stat5-binding sites, all of which are necessary for
EPO-inducible activation.(7–10) Additionally, a dominant negative mutant of Stat3 reduces the induction of SOCS1 mRNA in
response to interleukin-6 (IL-6) or leukemia inhibitory factor
(LIF) in M1 cells.(11) Finally, a Stat1/Stat3-binding element, located 272 to 264 of the SOCS3 promoter, was shown to be
essential for LIF stimulation of SOCS3 production.(12) SOCS1
gene expression is negatively controlled by translational repression(13,14) and, through transcriptional repression, by the
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proto-oncoprotein Gfi-1B.(15) However, the roles, if any, of the
MAPK and PI3K pathways in SOCS gene regulation are unclear.
Disruption by gene targeting of several SOCS family members causes severe physiologic effects.(16–23) Based on these
studies, SOCS3 appears to be the family member most relevant
to EPO signaling, as according to one report, SOCS3 null mice
exhibit severe erythrocytosis, whereas SOCS3-transgenic mice
are anemic.(20) One group showed, using Ba/F3 lymphoid cell
lines that ectopically express various EpoR mutants, that
SOCS3 binds directly to Jak2 as well as to Y401 of the activated EpoR and inhibits EPO-dependent cell proliferation and
Stat5 activation.(24)
SOCS1-deficient, SOCS2-deficient, and CIS-deficient mice,
on the other hand, do not exhibit obvious erythroid defects. This
is despite findings that CIS tightly binds to phosphorylated
Y401 of the EpoR and negatively regulates EPO signaling when
overexpressed in cell lines.(7,25,26) Thus, complete dissection of
the contribution of SOCS proteins to signaling requires either
generation of animals that lack multiple SOCS family members
or a biochemical approach, which is essential if clinical therapy with SOCS-like molecules for disturbances in cytokine responsiveness is to be explored.
The current study addresses two important issues: (1) the
mechanisms of SOCS gene induction in response to EPO stimulation and (2) the involvement of multiple SOCS family members in EPO/EpoR signaling. Using two independent EPO-responsive hematopoietic cell lines, we have dissected the
signaling cascades contributing to SOCS induction in response
to EPO and have demonstrated differential stabilities of SOCS
transcripts and different degrees of inhibition of EpoR signaling by overexpression of distinct family members.

MATERIALS AND METHODS
Plasmids
FLAG epitope-tagged mouse SOCS1, SOCS2, SOCS3,
SOCS4, or CIS cDNA, each in the mammalian expression plasmid pEF, was generously provided by Dr. Doug Hilton. Subcloning into the metallothionein promoter-containing eukaryotic expression vector pMT-CB61(neo) (provided by Dr. Frank
Rauscher, III) was achieved using XbaI sites, and the resulting
clones were verified for correct orientation.

Cell culture and proliferation assays
32D cells that have been engineered to express either wildtype or mutant murine EpoR and HCD57 cells, which naturally
express the EpoR, have been described.(27,28) 32D-derived cells
were maintained in RPMI medium supplemented with 10% fetal bovine serum (FBS) and 5% WEHI-3B-conditioned medium
(as a source of IL-3). HCD57 cells were grown in Iscove’s modified Dulbecco’s medium (IMDM) containing 20% FBS and
1 U/ml recombinant human erythropoietin (rHuEPO) (Amgen,
Thousand Oaks, CA). For EPO stimulation assays, cells were
first washed three times in RPMI/10% FBS (for 32D cells) or
in IMDM/20% FBS (for HCD57 cells) to remove traces of IL3 or EPO. After incubation in cytokine-free medium at 37°C
and 5% CO2 for 14–16 h, cells were stimulated with 1 U/ml
rHuEPO and counted at given times. Cells were counted using

either a hemacytometer, after staining with trypan blue to assess viability, or using a Coulter Z1 Particle Counter (settings
at 9–12 mm to exclude dying cells and clumps) (Coulter Electronics, Hialeah, FL). To inhibit PI3K and MAPK pathways,
cells were pretreated with DMSO vehicle control, 20 mM
LY294002 (PI3K inhibitor), or 50 mM PD98059 (MAPK inhibitor) for 30 min at 37°C before EPO addition.

Generation of stable cell lines
For generating cell lines that inducibly overexpress various
SOCS family members, pMT-SOCS1, pMT-SOCS2, pMTSOCS3, pMT-SOCS4, or pMT-CIS was linearized with PvuI
and used to electroporate 32D-EpoR cells (25 mg DNA for 107
cells, pulsed at 25 mF and 400 V). Stable transfectants were selected in 0.6 mg/ml G418, and after limiting dilution and expansion, single clones were tested for their fold induction of
the relevant SOCS transcript on addition of 100 mM zinc sulfate. To generate cell lines that stably express dominant negative Stat5, the C-terminally truncated DSTAT5B (provided by
Dr. Alice Mui) was subcloned into pcDNA 3.1. The resulting
construct was linearized with PvuI and used to electroporate
32D-EpoR or HCD57 cells, as described. Stable transfectants
were selected in G418 as described (1.0 mg/ml for HCD57
cells) and analyzed as subpools rather than single clones.

Transient transfections and reporter assays
32D-EpoR or HCD57 cells were transfected with 5 mg total
plasmid DNA per 106 cells, using Effectene™ Transfection
Reagent (Qiagen, Chatsworth, CA) and following the manufacturer’s guidelines. For transient SOCS overexpression studies, 4 mg of either pEF vector or pEF-SOCS expression plasmid was cotransfected with 0.5 mg SOCS1 promoter-containing
PGL3 basic(15) and 0.5 mg pRL-TK (Promega, Madison, WI)
to normalize transfection efficiency. Cell lysates were prepared
36 h posttransfection and analyzed for luciferase activity using
the Dual-Luciferase® Reporter Assay System (Promega).

Northern blot analysis
Total RNA (10 mg), isolated from cells using Trizol Reagent
(Life Technologies, Gaithersburg, MD), was separated by gel
electrophoresis, transferred to nylon membranes, and hybridized with a32P-dCTP-labeled DNA probes, derived from
full-length cDNA template using the Prime-It® II Random
Primer Labeling Kit (Stratagene, La Jolla, CA). After hybridizing for 2 h at 65°C using QuikHyb® Hybridization Solution (Stratagene), blots were washed twice for 20 min at 65°C
using 0.13 SSC/0.1% SDS. The relative abundance of transcripts was determined using a PhosphorImager (ImageQuant™
software, Molecular Dynamics, Sunnyvale, CA) and standardized against actin.

Western blot analysis
After being washed once with phosphate-buffered saline
(PBS), cells were lysed on ice in a buffer composed of 20 mM
Tris, pH 8.0, 1% Nonidet P-40, 150 mM NaCl, 50 mM NaF,
1 mM Na3VO4 , 10 mg/ml leupeptin, 10 mg/ml aprotinin,
1 mg/ml pepstatin, and 1 mM phenylmethylsulfonyl fluoride
(PMSF). After incubating for 30 min on ice, lysates were
cleared of debris by centrifugation at 15,000g for 30 min. Care-
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fully quantitated protein lysates (50 mg per sample) were boiled
for 5 min in SDS-PAGE sample buffer and then resolved by
SDS-PAGE. This was followed by protein transfer to a nitrocellulose membrane, which was blocked with 5% nonfat milk
in tris-buffered saline with 0.1% Tween 20 (TBS-T) for 1 h at
ambient temperature. The blot was then incubated with antiphospho-Stat5 antibody (Cell Signaling), following the manufacturer’s guidelines. After several washes, a 1:3000 dilution
of antirabbit horseradish peroxidase (HRP)-conjugated secondary antibody (Bio-Rad, Hercules, CA) was added and incubated for 1 h at ambient temperature. This was followed by
several washes, enhanced chemiluminescence (ECL) (Cell Signaling Technology, Beverly, MA), and exposure to film. The
blot was stripped with a buffer composed of 62.5 mM Tris, pH
6.8, 2% SDS, and 100 mM b-mercaptoethanol at 50°C for 30
min, washed, blocked with 5% nonfat milk in TBS-T, and then
reprobed with anti-Stat5 antibody (Santa Cruz Biotechnology,
Santa Cruz, CA) at a concentration of 1 mg/ml in 5% nonfat
milk/TBS-T overnight at ambient temperature. ECL was performed as described, and after stripping the blot, it was reprobed
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with anti-FLAG M2 monoclonal antibody (mAb) (Sigma, St.
Louis, MO). ECL followed incubation with 1:5000 antimouse
HRP-conjugated secondary antibody (Bio-Rad).

RESULTS
A survey of SOCS expression
In order to acquire an initial sense of the relevance of SOCS
to EpoR signaling, we surveyed the expression of five of eight
known SOCS family members in two EPO-dependent hematopoietic cell lines, HCD57 and 32D-EpoR. As shown in Figure
1, all five members are highly expressed in 32D-EpoR cells.
SOCS1, SOCS2, SOCS3, and CIS ar EPO inducible, whereas
SOCS4 is not. To further study the regulation of SOCS gene
expression, we used pharmacologic inhibitors of signaling pathways known to be controlled by EpoR activation. As shown in
Figure 1A, neither PD98059 (MAPK pathway inhibitor) nor
LY294002 (PI3K pathway inhibitor) reduces SOCS transcript

FIG. 1. Effects of specific signaling pathway inhibitors or dominant negative Stat5 on SOCS transcript induction. (A) 32DEpoR cells were washed three times to remove cytokine, then cultured in the absence of EPO for 8 h, at which point cells were
pretreated with either PD98059 (50 mM), LY294002 (20 mM), or DMSO carrier control for 30 min at 37°C, followed by the addition of EPO to 1 U/ml for 2 h, in the continued presence of either DMSO alone or chemical inhibitors. Northern analysis was
conducted as described. Quantitative values were obtained by PhosphorImage analysis and are normalized against actin. D, DMSO;
P, PD98059 (MAPK pathway inhibitor); L, LY294002 (PI3K pathway inhibitor). (B) Three subpools of 32D-EpoR cells stably
harboring either pcDNA 3.1 vector or a C-terminally truncated dominant negative version of Stat5 (DSTAT5) were deprived of
cytokine for 15 h, followed by stimulation with 1 U/ml EPO for 1 or 3 h, at which point RNA was isolated. Northern analysis
was conducted, and normalized values for SOCS signal intensities for each lane are reported at right. The data shown are representative of three independent experiments.
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induction (relative to actin), even at maximal recommended
doses that significantly inhibit phosphorylation of AKT and
ERK, two directly downstream signaling molecules of the PI3K
and MPAK pathways, respectively.(15,29–31) Also downstream
of EpoR is Stat5, which is known to activate SOCS3 and CIS
transcription. Through the generation of cell lines that overexpress DSTAT5, a dominant negative version of Stat5 lacking
the C-terminal transactivation domain, we studied the roles of
Stat5 in controlling other members of the SOCS family. On
EPO stimulation, only half-maximal induction of SOCS1,
SOCS2, SOCS3, and CIS was observed in cells that overexpress DSTAT5 (Fig. 1B). These results suggest that SOCS induction occurs through Stat5 activation but does not rely on
PI3K or MAPK signaling pathways. Furthermore, although
SOCS4 is expressed in these cell lines, it does not appear to be
a Stat5-dependent or EPO-inducible gene.

Dissection of signaling cascades involved in
SOCS induction
Because pharmacologic inhibitors may have nonspecific effects, we took advantage of cell lines that express equivalent
amounts of various EpoR mutants.(27) These lines were derived
from the IL-3-dependent 32D murine myeloid progenitor cell
line, which normally does not express EpoR but can proliferate in response to EPO on ectopic expression of wild-type (WT)
EpoR. The mutants included F8, in which all eight cytoplasmic
tyrosines (Y) are converted to phenylalanines (F), as well as
single tyrosine-containing EpoR variants (YxF7). Y343 or Y401
is required for maximal Stat5 activation but fails to activate
MAPK or PI3K, whereas Y464 and Y479 are not sufficient to
activate Stat5 but are essential for activation of MAPK and
PI3K.(32,33) As shown in Figure 2, WT EpoR but not the F8
form allows upregulation of SOCS1, SOCS2, SOCS3, and CIS
on EPO stimulation. Thus, EPO-dependent SOCS induction requires the presence of EpoR cytoplasmic tyrosine residues,
which are phosphorylated in response to EPO stimulation. It
should be noted that F8 as well as Y464F7 and Y479F7 allow
some Stat5 activation (8% of that with WT), which likely ac-
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counts for basal levels of SOCS induction.(32) EpoR mutant
Y343F7 or Y401F7, either of which supports near-maximal levels of Stat5 activation, allows maximal SOCS induction,
whereas mutant Y464F7 or Y479F7 fails to do so. Thus, consistent with the results from the studies with pharmacologic inhibitors and dominant negative Stat5 (Fig. 1), this genetic approach further validates the role of Stat5 activation in SOCS
induction.

EPO dependence and relative stabilities of
SOCS transcripts
Unlike SOCS1 and CIS, SOCS2 and SOCS3 transcripts are
detectable in the absence of EPO stimulation or maximal Stat5
activation (Fig. 2), which may reflect cytokine-independent expression or expression in response to unidentified factors in
serum or greater transcript stability than seen with SOCS1 or
CIS. Thus, the relative stabilities of SOCS transcripts were examined by treating cells with actinomycin D, an inhibitor of
mRNA synthesis, for various times, in the absence or presence
of EPO. Figure 3 shows the results with HCD57 cells, although
similar trends were obtained with 32D-EpoR. On removal of
EPO stimulation and in the absence of actinomycin D (Fig. 3,
lanes 1–5), SOCS1 and CIS transcripts disappear within 1–3 h,
whereas SOCS2, SOCS3, and SOCS4 transcripts are maintained substantially for at least 8 h. The stabilities of SOCS
transcripts apparently do not depend on EPO, as similar profiles are seen for each family member on actinomycin D treatment regardless of the absence or presence of EPO (Fig. 3, lanes
6–10 vs. lanes 11–15). One is inclined to conclude that SOCS3
and SOCS4 transcription must be induced, at least to a certain
extent, in the absence of EPO, possibly in response to other
serum factor(s). The basal level of SOCS2, on the other hand,
is due to its prolonged half-life.

Inhibition of EPO-mediated events by SOCS
We next addressed the roles that SOCS proteins may play in
the regulation of EpoR signaling. The pilot experiment entailed

FIG. 2. Time course expression of SOCS genes in response to EPO in cell lines that express previously characterized EpoR
mutants. 32D cells that express similar levels of previously characterized EpoR mutants(27,32,33) were maintained in IL-3, then
deprived of cytokines for 15 h, followed by stimulation with 1 U/ml rHuEPO for the indicated times. RNA was isolated at these
points and subjected to Northern analysis using probes derived from full-length cDNA. IL-3 stimulation caused a similar pattern
of induction for all cell lines and was similar to EPO-induced SOCS expression in 32D-WT EpoR (not shown), indicating that
the effects seen are EPO mediated. Activation of particular signaling pathways, as described in the text, has been attributed to
each of the EpoR variants.(32,33)
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FIG. 3. Relative stabilities and EPO dependence of SOCS
transcripts. HCD57 cells were either washed three times with
cytokine-free medium and cultured in the absence of EPO for
the indicated times (lanes 1–5) or cultured without EPO but
with 10 mg/ml actinomycin D for the indicated times (lanes
6–10) or cultured continuously in the presence of 1 U/ml EPO
but with actinomycin D added for the indicated times (lanes
11–15). RNA was isolated and subjected to Northern analysis.

transient cotransfection of 32D-EpoR cells with (1) SOCS expression plasmid, (2) pRL-TK plasmid for normalizing transfection efficiency, and (3) a luciferase reporter plasmid of
SOCS1 promoter activity, which has been shown to be EPO
dependent and to contain functional Stat-binding sites.(15) As
shown in Figure 4A, SOCS1, SOCS3, and CIS significantly
downmodulate reporter activity (p , 0.005), whereas SOCS2
is less efficient (p , 0.05), and SOCS4 is ineffective. Similar
results were seen with HCD57 cells. Because myeloid cells are
in general difficult to transiently transfect at efficiencies adequate for biochemical and cellular analyses, we generated stable cell lines that overexpress various SOCS family members
from a zinc-inducible promoter.
Thus, each SOCS cDNA was subcloned into the pMTCB61(neo) vector, and the resulting pMT-SOCS1, pMTSOCS2, pMT-SOCS3, pMT-SOCS4, and pMT-CIS were each
introduced into 32D-EpoR cells. Single clones were screened
by Northern analysis for their fold induction of the appropriate
SOCS transcript in the presence of 100 mM zinc sulfate (data
not shown). For each construct, two independent clones (A and
B) were tested for EPO-mediated effects: (1) EPO-dependent
cell proliferation and (2) Stat5 phosphorylation.
Figure 4B presents the results of proliferation assays of these
clones on addition of 30 mM zinc. Cell numbers were counted
daily for 3 days to measure cell proliferation. As no significant
cell death was observed in all samples during the assay period
(i.e., ,1% based on trypan blue staining), decelerated increase
in cell number likely reflects reduced cell proliferation rather
than enhanced cell death. All clones grow at a similar rate in
the absence of zinc (data not shown). However, overexpression
of SOCS1, SOCS3, or CIS, on zinc addition, reduces the rate
of cell proliferation. SOCS2 overexpression reduces cell proliferation but not to as great an extent as other family members,
whereas SOCS4 overexpression does not significantly alter cell
proliferation.
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The fact that all the overexpressed proteins should be FLAG
epitope tagged allows direct comparisons of overexpressed levels of various SOCS proteins. Cells were continuously passaged
in EPO in the absence or presence of 30 mM zinc sulfate for
24 h, followed by protein extraction and Western analysis. As
shown in Figure 4C (top), zinc induces expression of FLAGcontaining proteins of appropriate molecular weights. Endogenous SOCS protein levels, however, are very low and
undetectable by Western analysis unless concentrated by immunoprecipitation (data not shown). Thus, the amount of SOCS
protein produced is comparable among clones. The same blot
was probed with both phospho-Stat5 and Stat5 antibodies. Zinc
at 30 mM is not cytotoxic, and Stat5 levels are not changed with
zinc treatment per se or on SOCS overexpression (Fig. 4C, bottom). However, in certain cell lines that inducibly overexpress
SOCS, particularly those that overexpress SOCS1, SOCS3, and
CIS, Stat5 phosphorylation is strongly reduced or not even detectable on zinc treatment, with consistent results between the
two clones per construct (Fig. 4C, middle). On the other hand,
Stat5 phosphorylation is not substantially altered on SOCS2 or
SOCS4 overexpression. Thus, the specific effects of different
SOCS on EPO-induced Stat5 phosphorylation are consistent
with their activities in the EPO-dependent reporter gene expression assay (Fig. 4A) and with their effects on EPO-dependent cell proliferation (Fig. 4B).

DISCUSSION
Cytokine signaling is tightly regulated, with multiple levels
of both positive and negative control. The latter is executed by
at least three protein classes, namely, the SH2-containing protein tyrosine phosphatase 1 (SHP1), the protein inhibitors of activated Stats (PIAS), and the SOCS. In this study, we have
shown that although at least five SOCS family members are
transcribed in two EPO-responsive hematopoietic cell lines,
they are differentially regulated and have selective effects on
EPO signaling.
Whereas others have surveyed SOCS expression in response
to other cytokines, we have demonstrated the relative stabilities of SOCS transcripts and examined the effects of signaling
pathways other than Jak-Stat on SOCS gene induction. Through
two independent approaches, one involving specific pathway
suppression with either pharmacologic inhibitors or with dominant negative Stat5, and the other involving cell lines that activate only subsets of signaling pathways in response to EPO,
we have provided solid evidence for the critical role of Stat5
in EPO-inducible SOCS1, SOCS2, SOCS3, and CIS transcriptional activation.
Our studies of the relative stabilities and EPO dependence
of different SOCS transcripts reveal that all SOCS transcripts,
except for SOCS2, are short-lived, with a half-life of less than
1 h. As SOCS protein levels may parallel transcript levels,(34–36)
this short half-life provides a mechanism to explain how transient induction of SOCS gene expression can contribute to stringent control of SOCS protein levels and, therefore, effects on
cytokine responsiveness. One group has proposed that because
SOCS2 transcripts tend to persist on prolactin stimulation,
whereas SOCS1 and SOCS3 appear only transiently, SOCS2
may serve to restore the sensitivity of cells to prolactin.(37)
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FIG. 4. Effects of transient overexpression of various SOCS family members on EPO-dependent (A) SOCS1 promoter activity, (B) cell proliferation, and (C) Stat5 phosphorylation. (A) 32D-EpoR cells, continuously cultivated in 1 U/ml EPO, were transiently cotransfected with a firefly luciferase reporter plasmid containing the SOCS1 promoter,(15) a Renilla luciferase plasmid
for normalizing transfection efficiency, and either pEF vector or pEF constructs allowing expression of SOCS1, SOCS2, SOCS3,
SOCS4, or CIS. Protein was extracted 36 h posttransfection and assayed for luciferase activity. Results are based on four independent experiments. Statistical analysis was performed using single factor ANOVA. *p , 0.05; **p , 0.005. (B) Per construct,
two 32D-EpoR clones (A and B) that inducibly overexpress SOCS family members were plated at 20,000 cells/ml in medium
containing 1 U/ml EPO and 30 mM zinc sulfate. Live cells (excluding trypan blue) were counted on each day, and results are
based on analyses of two different clones per sample. In the absence of added zinc, EPO-dependent growth was similar among
samples (data not shown). (C) The same clones described in Figure B were passaged continuously in EPO in the absence (2) or
presence (1) of zinc sulfate (30 mM) for 24 h. Protein was isolated and subjected to Western analysis. The antibodies used recognize the FLAG epitope (top), phospho-Stat5 (middle), or both phosphorylated and unphosphorylatedStat5 (bottom). Par, parental
cell line control; 1, pMT-SOCS1; 2, pMT-SOCS2; 3, pMT-SOCS3; 4, pMT-SOCS4.

Greater transcript stability, as we have demonstrated, can explain why SOCS2 levels are maintained after SOCS1 and
SOCS3 levels decline in response to the same cytokine stimulus.
Furthermore, our data suggest that SOCS3 and SOCS4, unlike their family members, can be transcribed in the absence of
EPO. Indeed, SOCS4 expression does not appear at all to depend on EPO. SOCS3, on the other hand, can be induced in response to EPO, although some transcription occurs in the absence of EPO, as demonstrated in this study. Consistently,
SOCS3 expression can be detected in EpoR-deficient, Jak2-deficient, and Stat5-deficient mouse fetal livers.(20) Two possible
explanations for EPO-independent SOCS3 transcription are (1)
that SOCS3 expression is developmentally regulated in the absence of extracellular signals and (2) that another signaling
pathway is involved. Because HCD57 is a cell line derived from
a mouse infected at birth with Friend murine leukemia virus
and 32D is derived from adult mouse bone marrow, our results
show that EPO-independent transcription can occur even in

nonembryonic cells. Further, they favor the hypothesis that
EPO-independent SOCS3 transcription might be regulated by
other yet unidentified factor(s).
To address the function of SOCS in EPO signaling, we have
tested three readouts of EPO-mediated events, namely, activation of an EPO-dependent luciferase reporter, Stat5 phosphorylation, and cell proliferation, all of which concurred. That is,
SOCS1, SOCS3, and CIS are the most potent inhibitors of EPO
signaling, whereas SOCS2 is less potent and SOCS4 is ineffective. It is interesting that SOCS1 or CIS has as great an effect as SOCS3, given the fact that only the latter has been implicated in regulating erythropoiesis in vivo. Of course,
overexpression studies have the disadvantage of overestimating the range of action of a given protein. However, overexpressing SOCS2 or SOCS4 did not comparably suppress EPOmediated events. The fact that SOCS4 is neither induced by
EPO nor affects EPO signaling when overexpressed distinguishes it from its family members. Thus, we have systematically analyzed the roles of distinct SOCS family members in
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EPO signaling. Our results suggest that certain family members
may have overlapping or redundant roles, and it would be informative to generate mice lacking multiple members of this
family to further dissect their functions in vivo.

11.

ACKNOWLEDGMENTS

12.

We thank Doug Hilton for SOCS cDNAs, Frank Rauscher,
III, for pMT-CB61 vector, Alice Mui for DSTAT5B, and Ursula Klingmuller for parental 32D-EpoR lines. A.G.J. was supported by NIH NIGMS training grant GM08042, the Medical
Scientist Training Program, and the Aesculapians Fund of the
UCLA School of Medicine. This work was supported by a grant
from the V Foundation.

13.

14.

15.

REFERENCES
1. KREBS, D.L., and HILTON, D.J. (2000). SOCS: physiological
suppressors of cytokine signaling. J. Cell Sci. 113, 2813–2819.
2. WANG, Q., MIYAKAWA, Y., FOX, N., and KAUSHANSKY, K.
(2000). Interferon-alpha directly represses megakaryopoiesis by inhibiting thrombopoietin-induced signaling through induction of
SOCS-1. Blood 96, 2093–2099.
3. NAKA, T., TSUTSUI, H., FUJIMOTO, M., KAWAZOE, Y.,
KOHZAKI, H., MORITA, Y., NAKAGAWA, R., NARAZAKI,
M., ADACHI, K., YOSHIMOTO, T., NAKANISHI, K., and
KISHIMOTO, T. (2001). SOCS-1/SSI-1-deficient NKT cells participate in severe hepatitis through dysregulated cross-talk inhibition of IFN-gamma and IL-4 signaling in vivo. Immunity 14,
535–545.
4. HILTON, D.J., RICHARDSON, R.T., ALEXANDER, W.S.,
VINEY, E.M., WILLSON, T.A., SPRIGG, N.S., STARR, R.,
NISHOLSON, S.E., METCALF, D., and NICOLA, N.A. (1998).
Twenty proteins containing a C-terminal SOCS box form five structural classes. Proc. Natl. Acad. Sci. USA 95, 114–119.
5. WOJCHOWSKI, D.M., GREGORY, R.C., MILLER, C.P., PANDIT, A.K., and PIRCHER, T.J. (1999). Signal transduction in the
erythropoietin receptor system. Exp. Cell Res. 253, 143–156.
6. STARR, R., WILLSON, T.A., VINEY, E.M., MURRAY, L.J.,
RAYNER, J.R., JENKINS, B.J., GONDA, T.J., ALEXANDER,
W.S., METCALF, D., NICOLA, N.A., and HILTON, D.J. (1997).
A family of cytokine-inducible inhibitors of signalling. Nature 387,
917–921.
7. MATSUMOTO, A., MASUHARA, M., MITSUI, K., YOKOUCHI, M., OHTSUBO, M., MISAWA, H., MIYAJIMA, A., and
YOSHIMURA, A. (1997). CIS, a cytokine inducible SH2 protein,
is a target of the JAK-STAT5 pathway and modulates STAT5 activation. Blood 89, 3148–3154.
8. VERDIER, F., RABIONET, R., GOUILLEUX, F., BEISENHERZ-HUSS, C., VARLET, P., MULLER, O., MAYEUX, P.,
LACOMBE, C., GISSELBRECHT, S., and CHRETIEN, S. (1998).
A sequence of the CIS gene promoter interacts preferentially with
two associated STAT5A dimers: a distinct biochemical difference
between STAT5A and STAT5B. Mol. Cell. Biol. 18, 5852–5860.
9. MUI, A.L., WAKAO, H., KINOSHITA, T., KITAMURA, T., and
MIYAJIMA, A. (1996). Suppression of interleukin-3-induced gene
expression by a C-terminal truncated Stat5: role of Stat5 in proliferation. EMBO J. 15, 2425–2433.
10. TEGLUND, S., McKAY, C., SCHUETZ, E., VAN DEURSEN,
J.M., STRAVOPODIS, D., WANG, D., BROWN, M., BOBNER,
S., GROSVELD, G., and IHLE, J.N. (1998). Stat5a and Stat5b pro-

16.

17.

18.

19.

20.

21.

22.

23.

24.

teins have essential and nonessential, or redundant, roles in cytokine responses. Cell 93, 841–850.
NAKA, T., NARAZAKI, M., HIRATA, M., MATSUMOTO, T.,
MINAMOTO, S., AONO, A., NISHIMOTO, N., KAJITA, T.,
TAGA, T., YOSHIZAKI, K., AKIRA, S., and KISHIMOTO, T.
(1997). Structure and function of a new STAT-induced STAT inhibitor. Nature 387, 924–929.
AUERNHAMMER, C.J., BOUSQUET, C., and MELMED, S.
(1999). Autoregulation of pituitary corticotroph SOCS-3 expression: characterization of the murine SOCS-3 promoter. Proc. Natl.
Acad. Sci. USA 96, 6964–6969.
SCHLUTER, G., BOINSKA, D., and NIEMAN-SEYDE, S.C.
(2000). Evidence for translational repression of the SOCS-1 major
open reading frame by an upstream open reading frame. Biochem.
Biophys. Res. Commun. 268, 255–261.
GREGORIEFF, A., PYRONNET, S., SONENBERG, N., and
VEILLETTE, A. (2000). Regulation of SOCS-1 expression by
translational repression. J. Biol. Chem. 275, 21596–21604.
JEGALIAN, A.G., and WU, H. (2002). Regulation of SOCS gene
expression by the proto-oncoprotein Gfi-1B: two routes for STAT5
target gene induction by erythropoietin. J. Biol. Chem. 277,
2345–2352.
STARR, R., METCALF, D., ELEFANTY, A.G., BRYSHA, M.,
WILLSON, T.A., NICOLA, N.A., HILTON, D.J., and ALEXANDER, W.S. (1998). Liver degeneration and lymphoid deficiencies
in mice lacking suppressor of cytokine signaling-1. Proc. Natl.
Acad. Sci. USA 95, 14395–14399.
NAKA, T., MATSUMOTO, T., NARAZAKI, M., FUJIMOTO,
M., MORITA, Y., OHSAWA, Y., SAITO, H., NAGASAWA, T.,
UCHIYAMA, Y., and KISHIMOTO, T. (1998). Accelerated apoptosis of lymphocytes by augmented induction of Bax in SSI-1
(STAT-induced STAT inhibitor-1) deficient mice. Proc. Natl.
Acad. Sci. USA 95, 15577–15582.
ALEXANDER, W.S., STARR, R., FENNER, J.E., SCOTT, C.L.,
HANDMAN, E., SPRIGG, N.S., CORBIN, J.E., CORNISH, A.L.,
DARWICHE, R., OWCZAREK, C.M., KAY, T.W., NICOLA,
N.A., HETZOG, P.J., METCALF, D., and HILTON, D.J. (1999).
SOCS1 is a critical inhibitor of interferon gamma signaling and
prevents the potentially fatal neonatal actions of this cytokine. Cell
98, 597–608.
MARINE, J.C., TOPHAM, D.J., McKAY, C., WANG, D., PARGANAS, E., STRAVOPODIS, D., YOSHIMURA, A., and IHLE,
J.N. (1999). SOCS1 deficiency causes a lymphocyte-dependent
perinatal lethality. Cell 98, 609–616.
MARINE, J.C., McKAY, C., WANG, D., TOPHAM, D.J., PARGANAS, E., NAKAJIMA, H., PENDEVILLE, H., YASUKAWA,
H., SASAKI, A., YOSHIMURA, A., and IHLE, J.N. (1999).
SOCS3 is essential in the regulation of fetal liver erythropoiesis.
Cell 98, 617–627.
METCALF, D., GREENBALGH, C.J., VINEY, E., WILLSON,
T.A., STARR, R., NICOLA, N.A., HILTON, D.J., and ALEXANDER, W.S. (2000). Gigantism in mice lacking suppressor of cytokine signalling-2. Nature 405, 1069–1073.
ROBERTS, A.W., ROBB, L., RAKAR, S., HARTLEY, L.,
CLUSE, L., NICOLA, N.A., METCALF, D., HILTON, D.J., and
ALEXANDER, W.S. (2001). Placental defects and embryonic
lethality in mice lacking suppressor of cytokine signaling 3. Proc.
Natl. Acad. Sci. USA 98, 9324–9329.
METCALF, D., ALEXANDER, W.S., ELEFANTY, A.G.,
NICOLA, N.A., HILTON, D.J., STARR, R., MIFSUD, S., and Di
RAGO, L. (1999). Aberrant hematopoiesis in mice with inactivation of the gene encoding SOCS-1. Leukemia 13, 926–934.
SASAKI, A., YASUKAWA, H., SHOUDA, T., KITAMURA, T.,
DIKIC, I., and YOSHIMURA, A. (2000). CIS3/SOCS-3 suppresses erythropoietin (EPO) signaling by binding the EPO receptor and JAK2. J. Biol. Chem. 275, 29338–29347.

860
25. YOSHIMURA, A., OHKUBO, T., KIGUCHI, T., JENKINS, N.A.,
GILBERT, D.J., COPELAND, N.G., HARA, T., and MIYAJIMA,
A. (1995). A novel cytokine-inducible gene CIS encodes an SH2containing protein that binds to tyrosine-phosphorylated interleukin
3 and erythropoietin receptors. EMBO J. 14, 2816–2826.
26. VERDIER, F., CHRETIEN, S., MULLER, O., VARLET, P.,
YOSHIMURA, A., GISSELBRACHT, S., LACOMBE, C., and
MAYEUX, P. (1998). Proteasomes regulate erythropoietin receptor and signal transducer and activator of transcription 5 (STAT5)
activation. Possible involvement of the ubiquitinated Cis protein.
J. Biol. Chem. 273, 28185–28190.
27. BERGELSON, S., KLINGMULLER, U., SOCOLOVSKY, M.,
HSIAO, J.G., and LODISH, H.F. (1998). Tyrosine residues within
the intracellular domain of the erythropoietin receptor mediate activation of AP-1 transcription factors. J. Biol. Chem. 273, 2396–
2401.
28. SPIVAK, J.L., PHAM, T., ISAACS, M., and HANKINS, W.D.
(1991). Erythropoietin is both a mitogen and a survival factor.
Blood 77, 1228–1233.
29. LEE, A.W. (1999). Synergistic activation of mitogen-activated protein kinase by cyclic AMP and myeloid growth factors opposes
cyclic AMP’s growth-inhibitory effects. Blood 93, 537–553.
30. YENUSH, L., ZANELLA, C., UCHIDA, T., BERNAL, D., and
WHITE, M.F. (1998). The pleckstrin homology and phosphotyrosine binding domains of insulin receptor substrate 1 mediate inhibition of apoptosis by insulin. Mol. Cell. Biol. 18, 6784–6794.
31. LILIENTAL, J., MOON, S.Y., LESCHE, R., MAMILLAPALLI,
R., LI, D., ZHENG, Y., SUN, H., and WU, H. (2000). Genetic
deletion of the Pten tumor suppressor gene promotes cell motility
by activation of Rac1 and Cdc42 GTPases. Curr. Biol. 10, 401–404.
32. KLINGMULLER, U., BERGELSON, S., HSIAO, J.G., and
LODISH, H.F. (1996). Multiple tyrosine residues in the cytosolic
domain of the erythropoietin receptor promote activation of
STAT5. Proc. Natl. Acad. Sci. USA 93, 8324–8328.
33. KLINGMULLER, U., WU, H., HSIAO, J.G., TOKER, A., DUCK-

JEGALIAN AND WU

34.

35.

36.

37.

WORTH, B.C., CANTLEY, L.C., and LODISH, H.F. (1997). Identification of a novel pathway important for proliferation and differentiation of primary erythroid progenitors. Proc. Natl. Acad. Sci.
USA 94, 3016–3021.
BOUSQUET, C., SUSINI, C., and MELMED, S. (1999). Inhibitory
roles for SHP-1 and SOCS-3 following pituitary propiomelanocortin induction by leukemia inhibitory factor. J. Clin. Invest.
104, 1277–1285.
COHNEY, S.J., SANDEN, D., CACALANO, N.A., YOSHIMURA, A., MUI, A., MIGONE, T.S., and JOHNSTON, J.A.
(1999). SOCS-3 is tyrosine phosphorylated in response to interleukin-2 and suppresses STAT5 phosphorylation and lymphocyte
proliferation. Mol. Cell. Biol. 19, 4980–4988.
STOIBER, D., KOVARIK, P., COHNEY, S., JOHNSTON, J.A.,
STEINLEIN, P., and DECKER, T. (1999). Lipopolysaccharide induces in macrophages the synthesis of the suppressor of cytokine
signaling 3 and suppresses signal transduction in response to the
activating factor IFN-gamma. J. Immunol. 163, 2640–2647.
PEZET, A., FAVRE, H., KELLY, P.A., and EDERY, M. (1999).
Inhibition and restoration of prolactin signal transduction by suppressors of cytokine signaling. J. Biol. Chem. 274, 24497–24502.

Address reprint requests to:
Dr. Hong Wu
Howard Hughes Medical Institute
Department of Molecular and Medical Pharmacology
UCLA School of Medicine, CHS 23-214
Los Angeles, CA 90095-1735
Tel: (310) 825-5160
Fax: (310) 267-0242
E-mail: hwu@mednet.ucla.edu
Received 18 March 2002/Accepted 29 May 2002

