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Background: Deactivation of the JAK1/STAT3 pathway is tightly controlled in cells.
Results: CUEDC2 inhibits JAK1/STAT3 signaling through binding to SOCS3.
Conclusion: CUEDC2 is a novel regulator of JAK1/STAT3 signaling.
Significance: Our study identified a novel potential mechanism of SOCS3-mediated suppression on the JAK/STAT signaling
pathway and provided important insight into the critical roles of CUEDC2 in the complex signal transduction network.

Janus kinase 1/signal transducers and activators of transcrip-
tion 3 (JAK1/STAT3) pathway is one of the recognized onco-
genic signaling pathways that frequently overactivated in a vari-
ety of human tumors. Despite rapid progress in elucidating the
molecular mechanisms of activation of JAK/STAT pathway, the
processes that regulate JAK/STAT deactivation need to be fur-
ther clarified. Here we demonstrate that CUE domain-contain-
ing 2 (CUEDC2) inhibits cytokine-induced phosphorylation of
JAK1 and STAT3 and the subsequent STAT3 transcriptional
activity. Further analysis by a yeast two-hybrid assay showed
that CUEDC2 could engage in a specific interaction with a key
JAK/STAT inhibitor, SOCS3 (suppressors of cytokine signaling
3). The interaction betweenCUEDC2 and SOCS3 is required for
the inhibitory effect of CUEDC2 on JAK1 and STAT3 activity.
Additionally, we found CUEDC2 functions collaboratively with
SOCS3 to inhibit JAK1/STAT3 signaling by increasing SOCS3
stability via enhancing its associationwithElonginC.Therefore,
our findings revealed a new biological activity for CUEDC2 as
the regulator of JAK1/STAT3 signaling and paved the way to a
better understanding of the mechanisms by which SOCS3 has
been linked to suppression of the JAK/STAT pathway.

The Janus kinase/signal transducers and activators of tran-
scription (JAK/STAT) pathway was originally described as a
signal-transducing pathway induced by interferons (1). How-

ever, it has now been demonstrated that the JAK/STAT path-
way mediates a multitude of distinct biological signals. JAK
kinases are associated with cell surface receptors, such as cyto-
kine and tyrosine kinase receptors. Binding of ligand triggers
JAK-mediated phosphorylation of specific tyrosine residues in
the cytoplasmic portion of the receptor. Cytoplasmic STAT
proteins are recruited to the membrane by phosphorylated
receptor and then phosphorylated by JAKs. Phosphorylated
STATs then dimerize via their Src homology 2 (SH2)4 domains,
translocate to the nucleus, and transactivate target genes (2, 3).
JAK/STAT pathway regulates many cellular processes critical
for hematopoiesis, immune response, and allelotaxy, including
innate and adaptive immune function, development, prolifera-
tion, differentiation, apoptosis, and inflammation. Duration
and degree of JAK/STAT activation are tightly controlled, and
any deregulation will lead to disease, including tumor develop-
ment (4).
The STAT protein family is composed of multiple members,

termed STAT1–6. STAT3 was first described as a DNA-bind-
ing protein activated by epidermal growth factor and interleu-
kin-6 (IL-6) capable of interacting with an enhancer element in
the promoters of acute phase genes (5, 6). Later studies demon-
strated that STAT3 is activated in response to several cytokines
and growth factors, such as interferon (IFN) and leptin. In nor-
mal cells, STAT3 activation is transient like other STAT family
members; however, in a large number of primary tumors and
cancer-derived cell lines, it remains persistently activated,
which may be caused by impairment of negative regulation or
mutation of STAT3 itself (7, 8). Evidence indicates that consti-
tutive activation of STAT3 may contribute to cellular transfor-
mation, induce tumor angiogenesis, and suppress anti-tumor
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immune responses, further enhancing tumor progression
(9, 10). Therefore, STAT3proteins are emerging as ideal targets
for cancer therapy (9, 11, 12).
A large body of literature has been generated on the regula-

tion of the JAK/STAT pathway. After well defining of the pos-
itive regulators of this signaling pathway, three main classes of
proteins that negatively control the JAK/STAT pathway were
concluded, including SOCS (suppressors of cytokine signaling)
proteins, PIAS (protein inhibitors of activated stats) family pro-
teins, andprotein-tyrosine phosphatases (13). The SOCS family
consists of eight members, including cytokine-inducible SH2
protein and SOCS-1–7. The SOCS proteins contain a central
SH2 domain and a conserved carboxyl-terminal region called
the SOCS box. Expression of SOCS proteins is rapidly induced
by cytokine-mediated STAT activation (14) and subsequently
leads to down-regulation of cytokine-induced signal transduc-
tion. Therefore, SOCS proteins act in a classic negative feed-
back loop to regulate JAK/STAT signal transduction. Despite
the structural similarity of SOCS family members, they inhibit
JAK/STAT signaling through differentmechanisms. For exam-
ple, cytokine-inducible SH2 protein, which was the first family
member identified, was shown to compete with STAT5 for
binding sites within the erythropoietin receptor (EpoR),
thereby attenuating the JAK2/STAT5 signaling pathway (15).
SOCS1 binds to the activation loop of JAKs via its SH2 domain
and inhibits JAK kinase activity (16). The detailed mechanism
by which SOCS3 functions to inhibit JAK/STAT signaling has
not been well characterized. Some studies have reported that
SOCS3 could also bind to and directly inhibit JAKs (17),
whereas other reports suggest that it is necessary for SOCS3 to
associate with the activated cytokine receptors to attenuate
JAK/STAT signaling (18–22).
CUEDC2 is a CUE domain-containing protein. Previous

work from our laboratory showed that CUEDC2 interacts with
the progesterone receptor andpromotes progesterone-induced
proteasomal degradation of the progesterone receptor (23).
More importantly, we found CUEDC2 is a crucial determinant
of resistance to endocrine therapies in breast cancer through
affecting estrogen receptor � protein stability (24). These func-
tions provide insight into the mechanism by which CUEDC2
regulates breast cancer cells. In this study, we demonstrate that
CUEDC2 inhibits JAK1/STAT3 activation by attenuating their
phosphorylation. In addition, we identify CUEDC2 as a novel
SOCS3 binding partner that stabilizes SOCS3 protein, resulting
in suppression of JAK1/STAT3 signaling. Therefore, our novel
findings suggest that CUEDC2 cooperates with SOCS3 to sup-
press the JAK/STAT signaling pathway.

EXPERIMENTAL PROCEDURES

Plasmid Constructions—HA-CUEDC2 full-length and trun-
cated mutants were described as before (25). To generate bac-
terial expression vector forGST-CUEDC2 and themutants, the
corresponding CUEDC2 cDNAs (1–287, 1–133, 1–180,133–
287, and 180–287 aa) were cloned in-frame into pGEX-KG
vector (Amersham Biosciences). FLAG-SOCS3 and FLAG-
SOCS3 (�SH2) were amplified by PCR from mammary library
and cloned into pCDNA3.0 vector; other FLAG-SOCS3 dele-
tion mutants were kindly provided by Dr. Fred Schaper (26).

PACT-Luc and m67-Luc were, respectively, provided by Dr.
Tarik Moroy (27) and Dr. Yong-Yun Kong (28). FLAG-STAT3
constructswere obtained fromDr.Darnell Jr., andGST-STAT3
was from Dr. XinMin Cao. IFN-� activating sequence repor-
ter was gift fromDr. Geoffrey L. Greene. JAK1 expression plas-
mid was kindly provided from Dr. Claude Haan. To generate
Gp130 expression construct, a DNA fragment containing the
intracytoplasmic domain of gp130 was amplified by PCR and
inserted into PXJ40-HA vector.
Cell Culture, Transfection, and Reporter Gene Analysis—

HEK293T cells and HeLa cells were cultured in DMEM con-
taining 10% newborn calf serum at 37 °C in a humidified atmo-
sphere of 5% CO2. HepG2 cells were maintained in MEM con-
taining 10% fetal bovine serum. Cells were transfected using
Lipofectamine 2000 (Invitrogen) following the manufacturer’s
instruction. Luciferase assays were carried out using the lucif-
erase kit (Promega,Madison,WI) as described by themanufac-
turer’s instructions, and luciferase activities were determined
using a Dual-Luciferase Reporter Assay System (Promega). All
experiments were repeated at least three times.
Immunoprecipitation, Immunoblotting, and Antibodies—For

immunoprecipitation experiments, cells were lysed in E1A
buffer (50mMHepes, pH 7.6, 250mMNaCl, 0.1%Nonidet P-40,
5 mM EDTA) containing a mixture of protease inhibitors.
Immunoprecipitations were performed by incubating whole
cell extracts with the indicated antibody and rocking at 4 °C for
6 h after the preincubating with protein A/G-Sepharose (Santa
Cruz Biotechnology),. Immunoprecipitates were washed 3
times and resuspended in 40 �l of 1� SDS sample buffer, then
resolved by SDS-PAGE. All the samples for phosphorylation
assays were prepared in M2 buffer. Mouse anti-HA antibody,
rabbit anti-SOCS3 (sc-9023), and anti-STAT3 (sc-7179) anti-
bodies were purchased from Santa Cruz Biotechnology. Anti-
FLAG (M2) (F3165) monoclonal antibody was from Sigma.
Rabbit anti-pSTAT3 (Tyr-705) (#9131), anti-JAK1 (#3332), and
anti-pJAK1 (#1022/1023) (#3331)were purchased fromcell sig-
naling technology. CUEDC2 monoclonal antibody and
GAPDH and GFP polyclonal antibodies were prepared in our
laboratory.
GST Pulldown Assay—GST and GST fusion proteins were

expressed in DH5� and purified according to the manufactur-
er’s instructions (GE Healthcare). FLAG-SOCS3 protein,
obtained from the whole cell lysates of HEK293T cells, which
were transfected with FLAG-SOCS3 and/or its mutants plas-
mids, were incubated with GST and GST-CUEDC2 or its trun-
cate fusion protein bound to agarose beads in 1 ml of binding
buffer (20mMTris-HCl, pH 8.0, 150mMNaCl, 1mMEDTA, 2%
glycerol, and 0.1% Nonidet P-40) containing a protease inhibi-
tor mixture at 4 °C for 6 h. Beads were then washed 3 times and
resuspended in 30 �l of 1� SDS-PAGE sample buffer and
detected by immunoblotting.
RNA Interference—The two small interfering RNAs (siRNA)

that target CUEDC2 were purchased, respectively, from Invit-
rogen (#1, HSS149051) and Dharmacon (#2, J-014272-20);
target sequences were, respectively, 5�-CCAAGAUGAGGCA-
ACUGGCGCUGAG-3� (#1) and 5�-CAUCAGAGGAGAAC-
UUCGA-3� (#2). For control siRNA against Photinus pyralis
luciferase gene (Invitrogen), the target sequence was 5�-GGA-
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UUUCGAGUCGUCUUAAUGUAUA-3�. Relative expression
of endogenous CUEDC2 was detected by anti-CUEDC2 (from
our laboratory). SOCS3 was selectively suppressed by using the
RNA interference method, and the siRNA used for targeting
human SOCS3 were: 5�-CCAAGAACCUGCGCATCCA-3�
and 5�-TGGATGCGCAGGTTCTTGG-3� (29).
Stable Cell Lines Construction—The pSUPER retro shRNA

retrovirus vector expressing CUEDC2 siRNA (target sequence
5�-GAAGCTGATCCGATACATC-3�; 5�- GTACATGATGG-

TGGATAGC-3�) were constructed by recombinantDNA tech-
nology. The packaging cells Phoenix (from ATCC) were trans-
fected with these combinant plasmids using a liposome-based
transfection method, and virus supernatant was collected and
then infected into HeLa cells. The stable integrant was selected
using G418 for 2 weeks.
For HepG2 cell lines stably expressing CUEDC2, CUEDC2

cDNA was inserted into pBabe-retro-puro retrovirus vector.
HepG2 cells were infected with virus supernatant from

FIGURE 1. CUEDC2 inhibits STAT3 transcriptional activity. A, HEK293T cells were transiently transfected in a 12-well plate with pACT luciferase reporter (200
ng), FLAG-STAT3 (200 ng), and increasing amounts of HA-CUEDC2 vectors (0, 200, and 500 ng) as indicated. 24 h after transfection, cells were stimulated with
IFN-� (50 ng/ml) for an additional 6 h, and luciferase activity was measured. Renilla reporter pRL-TK (20 ng/well) vectors were used as an internal control for
transfection efficiency. B, HEK 293T cells were transfected with control siRNA or the two different CUEDC2 siRNAs (20 nM) (#1 and #2). 24 h later pACT-Luc and
FLAG-STAT3 plasmids were cotransfected as in A. After another 24 h, cells were treated with IFN-� for 6 h, and luciferase reporter assays were performed.
C, HEK293T cells were transfected the same as in A, except the luciferase reporter gene was replaced by STAT3 responsive IFN-� activating sequence reporter
(500 ng/well). D and E, HEK293T cells were transfected with 4� IRF-1 luciferase reporter (500 ng/well) construct and STAT3 or STAT1(200 ng/well) together with
or without CUEDC2 as indicated. Twenty-four hours after transfection, cells were left untreated (open columns) or treated with IFN-� (50 ng/ml) for 6 h, and
luciferase activity was determined. F, HepG2 cells were transiently transfected with pACT-Luc (200 ng/well) together with increasing amounts of CUEDC2 vectors;
24 h after transfection cells were starved for 16–18 h in MEM with 0.5% serum then treated with IL-6 (100 ng/ml) for another 6 h, and luciferase activity was measured.G,
JAK1 or glycoprotein 130 (gp130) expression vectors (200 ng/well) were co-transfected with pACT-Luc, FLAG-STAT3, and HA-CUEDC2 (or HA-vector) into HEK293T
cells; 24 h later cells were harvested and detected for luciferase activity. All the results are the means � S.E. of three independent experiments.
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Phoenix cells transfected with pBabe-GFP or pBabe-
CUEDC2, and stable integrant was selected with puromycin
for 2 weeks. HeLa cells stably expressing CUEDC2 were
described as before (25).

RESULTS

CUEDC2 Inhibits STAT3 Transcriptional Activity—CUEDC2
interacts with progesterone receptor and estrogen receptor,
leading to the ubiquitination and proteasome-dependent deg-
radation of these two proteins (23, 24). To gain further insight
into the function of CUEDC2 and elucidate other potential
roles of CUEDC2 in cytokine-mediated signal transduction, we
investigated whether CUEDC2 regulates other transcription
factors that are also ubiquitinated. To investigate this possibil-
ity, reporter gene assays were used to determine the effect of
CUEDC2 on the transcriptional activity of various transcrip-
tion factors. STAT3 activity was shown to be affected by
CUEDC2 in a screening assay.5 As shown in Fig. 1A, HEK293T
cells were transfected with pACT-Luc (a luciferase reporter

plasmid containing the promoter of �1-antichymotrypsin that
is has two STAT3 binding sites) (27) and an increasing dose of
HA-CUEDC2 constructs. Results show that CUEDC2 clearly
inhibits IFN-�-induced STAT3 transcriptional activity in a
dose-dependent manner. Similar results were also obtained in
HeLa cells (supplemental Fig. 1A). To further confirm the role
of endogenous CUEDC2 in STAT3 transcriptional activation,
CUEDC2 expression was knocked down using two different
siRNA in HEK293T cells. As anticipated, IFN-�-induced
STAT3 activation was higher in CUEDC2 knockdown cells
compared with control cells. Western blot analysis demon-
strates that both of the two CUEDC2 siRNA, but not control
siRNA, specifically reduced the expression of endogenous
CUEDC2 (Fig. 1B and supplemental Fig. 1B). To exclude the
nonspecific effect thatmay be caused by the�1-antichymotryp-
sin reporter gene, the same experiments were performed by
using other STAT3-responsive luciferase reporter constructs of
GAS (IFN-�-activating sequence) reporter andm67 reporter (a
synthetic STAT3-responsive promoter) (31, 32), and the results
showed that CUEDC2 also inhibits the expression of these two
reporters in a dose-dependentmanner (Fig. 1C and supplemen-
tal Fig. 1C).

5 W.-N. Zhang, L. Wang, Q. Wang, X. Luo, D.-F. Fang, Y. Chen., X. Pan, J.-H. Man,
Q. Xia, B.-F. Jin, W.-H. Li, T. Li, B. Liang, L. Chen, W.-L. Gong, M. Yu, A.-L. Li, T.
Zhou, and H.-Y Li, unpublished data.

FIGURE 2. CUEDC2 decreases STAT3 and JAK1 tyrosine phosphorylation. A, HEK293T cells in 6-well plates were transfected with FLAG-STAT3 (500 ng/well)
together with HA-CUEDC2 or control vectors (1.5 �g/well). 24 h after transfection cells were stimulated by IFN-� (50 ng/ml) for the indicate periods, and total
cell lysates were immunoblotted using anti-p-STAT3 (Tyr-705), anti-FLAG and anti-HA antibodies. B, HeLa/vector and HeLa/CUEDC2 cells were stimulated for
0 –30 min with IFN-� (50 ng/ml), and endogenous STAT3 phosphorylation at Tyr-705 was detected by immunoblotting. C, HepG2 cells infected with retrovirus
construction of pBabe-GFP(HepG2/GFP) or pBabe-CUEDC2(HepG2/CUEDC2) were starved for 16 –18 h in MEM with 0.5% serum and then treated with IL-6 (100
ng/ml) for the indicated times. Cell lysates were analyzed by immunoblotting with indicated antibodies. D, HepG2 cells transfected with CUEDC2 siRNA(#1) or
control siRNA were starved for 16 –18 h in MEM with 0.5% serum and then treated with IL-6 (100 ng/ml) for the indicated times. Cell lysates were analyzed by
immunoblotting, and STAT3 phosphorylation at Tyr-705 was detected. E, HeLa/vector and HeLa/CUEDC2 cells were treated the same as in B, phosphorylated
JAK1 was detected by immunoblotting with anti-p-JAK1 (Tyr-1022/1023). F and G, cell extracts were prepared from HeLa cells with control or CUEDC2 shRNA
(#1 or #2), then treated by IFN-� (50 ng/ml) for the indicated periods, and immunoblot analysis was performed.
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To test the specificity of CUEDC2 on STAT3 activation, a
luciferase reporter construct (4� interferon regulatory factor-1
(IRF-1)) containing four copies of the STAT binding sequence
from the IRF-1 gene were used (33). Cells cotransfected with
STAT3 and (4� IRF-1) reporter showed a 200-fold increase of
luciferase expression upon IFN-� treatment. In keeping with
the above data, expression of CUEDC2 strongly inhibited IFN-
�-induced STAT3-dependent gene expression. However,
CUEDC2 had no such inhibitory effect on STAT1-mediated
transcriptional activation in response to IFN-� (Fig. 1,D andE),
indicating that CUEDC2 specifically inhibits STAT3 transcrip-
tional activity. Because STAT3 is also the major mediator of
IL-6 signaling, it was next investigated whether CUEDC2 plays
a role in IL-6-mediated STAT3 activation. As shown in Fig. 1F,
CUEDC2 expression decreases IL-6-induced STAT3 activation
in HepG2 cells. Notably, our results also demonstrate that
CUEDC2 can inhibit STAT3 activation triggered by forced
expression of JAK1 or the intracytoplasmic domain of cell sur-
face receptor glycoprotein 130 (gp130) (Fig. 1G). These data
suggest that CUEDC2-mediated suppression of STAT3 activa-
tion is not restricted to a particular stimulation but may be a
general mechanism of STAT3 regulation.
CUEDC2 Inhibits Phosphorylation of JAK1 and STAT3—

Phosphorylation of STAT3 at specific residues, particularly
Tyr-705, is necessary for its activation. Therefore, it was next
determinedwhether CUEDC2 inhibits STAT3 activity through

affecting its phosphorylation. To this end, either HA-CUEDC2
or control vectors were co-transfected with FLAG-STAT3 into
HEK293T cells. Time course analysis of STAT3 phosphoryla-
tion demonstrates that, in response to IFN-� treatment, the
amount of phosphorylated STAT3 increased substantially in
the cells transfected with a control vector (HA vector); in con-
trast, this phosphorylation of STAT3 was markedly decreased
in cells transfected with the CUEDC2 vector (HA-CUEDC2)
(Fig. 2A). To analyze the phosphorylation status of endogenous
STAT3, HeLa cells stably expressing FLAG-CUEDC2 (HeLa/
CUEDC2) or the control vector (HeLa/Vector) were treated
with or without IFN-� for the indicated times, and cell lysate
was resolved by SDS-PAGE and subjected toWestern blot anal-
ysis. The results show that IFN-�-induced phosphorylation of
STAT3 was much less in cells expressing CUEDC2 compared
with control cells. Levels of total STAT3 protein were similar in
both samples (Fig. 2B). Next we examined the influence of
CUEDC2 on IL-6-induced STAT3 phosphorylation. In keeping
with the luciferase reporter assay results, IL-6-induced phos-
phorylation of STAT3 at Tyr-705 was also reduced in HepG2
cells stably expressing CUEDC2 (HepG2/CUEDC2) compared
with control cells expressing GFP (HepG2/GFP) (Fig. 2C).
However, inhibition of CUEDC2 by siRNA in HepG2 cells led
to an elevated level of phosphorylated STAT3 (Fig. 2D). Fur-
thermore, the impact of CUEDC2 on JAK1 phosphorylation
was also investigated in HeLa cells because of its major role in

FIGURE 3. CUEDC2 interacts with SOCS3 in vitro and in vivo. A, the yeast strain AH109 was cotransformed with pGADT7-Gal4-AD, pGADT7-Gal4-AD-
SOCS1’SOCS3, SHP1, or SHP2 plus the pGBKT7-Gal4-DBD or pGBKT7-Gal4-DBD-CUEDC2 as indicated. A cotransformant from each plate was streaked on
SD/�Trp/�Leu/�His/�Ade medium with �-galactosidase (�, positive interaction; �, no interaction). At the top of the graph is a schematic diagram of the
CUEDC2 protein. B, cell lysates of HEK293T cells expressing FLAG-tagged SOCS3 (up panel) or SOCS1 (down panel) were incubated with agarose beads coupled
to GST alone or a fusion protein of GST and CUEDC2 (GST-CUEDC2), and the interacting proteins were detected with anti-FLAG. IB, immunoblot; CBB, Coomassie
Brilliant Blue staining. C, HEK293T cells were transfected with vectors expressing HA-tagged CUEDC2(3 �g/well) and FLAG-tagged SOCS3(1 �g/well) as
indicated. Whole cell lysates were then immunoprecipitated (IP) with anti-FLAG monoclonal antibodies and immunoblotted with anti-HA antibody. D, HeLa
cell lysates were immunoprecipitated with mouse IgG or anti-CUEDC2 monoclonal antibodies, and immunoprecipitates were determined by immunoblotting
with anti-SOCS3 and anti-CUEDC2 antibodies.

CUEDC2 Inhibits JAK1/STAT3 Signaling

386 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 1 • JANUARY 2, 2012



STAT3 activation. The results showed that, just as STAT3,
IFN-�-induced JAK1 phosphorylation was lower in cells stably
expressing CUEDC2 compared with the control cells (Fig. 2E).
Consistent with these results, phosphorylation levels of JAK1
and STAT3 were elevated when CUEDC2 was knocked down
by shRNA(#1) in HeLa cells (Fig. 2F). To rule out the off-target
effect, we tested the kinetics of JAK1 and STAT3 phosphoryla-
tion with a different CUEDC2 shRNA(#2), and the same results
were also obtained (Fig. 2G). Thus, these data indicate that
CUEDC2 inhibits the phosphorylation of JAK1 and STAT3 and
thus attenuates STAT3 transcriptional activation.
CUEDC2 Associates with SOCS3—Because CUEDC2 inhib-

its JAK1 and STAT3 phosphorylation and the subsequent
STAT3 transcriptional activity, was next determined whether
CUEDC2 directly interacts with JAK1 and/or STAT3. How-
ever, we found that no association was observed between
CUEDC2 and either JAK1 or STAT3, although the positive
controls (JAK1 interacts with SOCS1 and STAT3 interacts with
PIAS3) in the same assay worked well (supplemental Fig. 2) (33,
34). This indicates that CUEDC2 inhibits JAK1/STAT3 signal-
ing by recruiting some other essential molecules. To further
explore howCUEDC2mediates JAK1 and STAT3 inhibition, it
was determined whether SOCS or SHP (the SH2 domain-con-
taining protein-tyrosine phosphatase) family members, which

are key negative regulators of JAK/STAT signaling, interact
with CUEDC2 in a yeast strain, AH109, by performing �-galac-
tosidase assays. Interestingly, out of all the proteins tested,
CUEDC2only interactswith SOCS3 (Fig. 3A). The specificity of
the interaction between CUEDC2 and SOCS3 was further con-
firmed by GST pulldown assays. Results show that substantial
amounts of SOCS3were pulled downbyGST-CUEDC2but not
by GST alone (Fig. 3B, upper panel). Additionally, SOCS1,
another member of the SOCS family proteins, could bind nei-
ther GST nor GST-CUEDC2 (Fig. 3B, lower panel). These
results suggest that CUEDC2 specifically associates with
SOCS3 in vitro.

To further verify this interaction in eukaryotic cells, HA-
CUEDC2 and FLAG-SOCS3 were co-expressed into HEK293T
cells, and co-immunoprecipitation experiments were per-
formedwith anti-FLAG antibody and followed byWestern blot
analysis. Again, data show that CUEDC2 associates with
SOCS3 specifically (Fig. 3C). As data from Fig. 3, A–C, demon-
strate that these two proteins interact was performed with
exogenous protein expression, we next examined whether
CUEDC2 and SOCS3 interact under physiological conditions,
To do so, cell extracts from HeLa cells were prepared, and
immunoprecipitations were performed with anti-CUEDC2
antibody or mouse immunoglobulin G (IgG) control. Precipi-

FIGURE 4. Interaction between CUEDC2 and SOCS3 is essential for inhibition of CUEDC2 on STAT3 activity. A, shown are deletion mutants of CUEDC2
used in domain-mapping experiments; numbers indicate amino acids included in constructs. B, purified GST or truncated GST-CUEDC2 fusion proteins were
incubated with cell lysates from HEK293T cells transiently transfected with FLAG-SOCS3 vector. After extensive washes, bound proteins were analyzed by
immunoblotting (IB) with anti-FLAG antibody. The GST fusion proteins were resolved by SDS-PAGE and stained with Coomassie Blue. C, shown is a schematic
diagram depicting different SOCS3 deletion mutants used in the domain-mapping experiments. D, HEK 293T cells were transiently transfected with FLAG-
SOCS3 or its truncated vectors, cell lysates were prepared and incubated with GST or GST-CUEDC2, and bound proteins were analyzed by immunoblotting with
anti-FLAG antibody. E, HEK 293T cells were transfected with FLAG-STAT3 vectors (500 ng/well) and plasmids expressing full-length CUEDC2 or CUEDC2
deletion mutants (1.5 �g/well) and then treated with or without IFN-� (50 ng/ml) for 20 min. Lysates immunoprecipitated (IP) with anti-FLAG and whole-cell
lysates were analyzed by immunoblotting with indicated antibodies. F, full-length CUEDC2 or CUEDC2 mutant expression vectors (500 ng/well) were cotrans-
fected with pACT-Luc (200 ng/well) and FLAG-STAT3 (200 ng/well) into HEK293T cells and left treated with or without IFN-� (50 ng/ml) for 6 h, then luciferase
reporter assays were performed. Data are representative of at least three independent experiments and are shown as means � S.E.
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tates were resolved by SDS-PAGE followed by Western blot
analysis using SOCS3 antibody. As shown in Fig. 3D, SOCS3
was detected in the immunoprecipitates obtained from cell
extracts with antibody to CUEDC2 (anti-CUEDC2) but not
with control IgG. Collectively, these data indicate that
CUEDC2 interacts with SOCS3 in vitro and in vivo.
Interaction between CUEDC2 and SOCS3 Is Essential for

CUEDC2-mediated Inhibition of STAT3 Activity—To delin-
eate which region of CUEDC2 was responsible for association
with SOCS3, a series of GST-CUEDC2 deletion mutants was
constructed (Fig. 4A), and GST pulldown assays were per-
formed inHEK293T cells. As indicated in Fig. 4B, onlywild type
CUEDC2 and the carboxyl-terminal region of CUEDC2 (133–
287 aa) interacted with SOCS3; none of the other CUEDC2
mutants (1–133, 1–180, and 180–287aa) was enough to bind
SOCS3. Therefore, these results revealed that association of
CUEDC2 and SOCS3 requires the carboxyl-terminal region
including the CUE domain. To analyze the binding domains of
SOCS3 in better detail, SOCS3 deletion mutants, respectively,
lacking the 23 amino-terminal amino acids (SOCS3 �N), the
amino-terminal region identified as an extension of the SH2

domain (SOCS3 �ESS), the SH2 domain (SOCS3 �SH2) and
the carboxyl-terminal SOCS-box (SOCS3 �Box) were gener-
ated (Fig. 4C). These mutants were transiently expressed in
HEK293T cells, and pulldown assays were performed. The
results demonstrated that CUEDC2 associates with all the
SOCS3 deletion mutants except SOCS3 �SH2 (Fig. 4D), sug-
gesting that the SH2 domain of SOCS3 is essential for its inter-
action with CUEDC2.
Based on the results that CUEDC2 binds SOCS3, it was next

determinedwhether interaction betweenCUEDC2 and SOCS3
was essential for CUEDC2 inhibition on STAT3 activity. To
this end, the effect of each CUEDC2 mutant on IFN-� induced
STAT3 phosphorylation was determined. As shown in Fig. 4E,
there were much lower levels of STAT3 phosphorylation
induced by IFN-� in cells overexpressing wild type CUEDC2 or
CUEDC2 (133–287 aa) than the control vector, whereas robust
phosphorylation of STAT3 was still observed in cells trans-
fected with CUEDC2 (1–133 aa), which could not bind SOCS3.
These results were further confirmed by luciferase reporter
assays. Only those deletionmutants of CUEDC2 that can inter-
act with SOCS3 were able to inhibit STAT3 transcriptional

FIGURE 5. CUEDC2 cooperates with and requires SOCS3 to inhibit STAT3 activation. A, FLAG-STAT3 expression vectors (500 ng/well) were transfected
alone or together with expression constructs of HA-CUEDC2 (500 ng/well) and/or HA-SOCS3 (100 ng/well) into HEK293T cells. 24 h after transfection, cells were
stimulated with or without IFN-� (50 ng/ml) for 20 min, lysates were immunoprecipitated (IP) with anti-FLAG, and the immunoprecipitates and whole-cell
lysates were analyzed by immunoblot as indicated. B, HEK 293T cells were transfected as in Fig.1 with HA-CUEDC2 (100 ng/well) and/or HA-SOCS3 (20 ng/well)
vectors. 24 h later cells were treated with IFN-� (50 ng/ml) for 6 h, and luciferase activity was determined and normalized for transfection efficiency. Data are
shown as means � S.E. C, HEK293T cells were transfected with either control siRNA or SOCS3 siRNA 24 h before the cotransfection CUEDC2 vectors (1.5 �g/well)
and FLAG-STAT3 vectors (500 ng/well). After another 24 h, cells were treated with IFN-� (50 ng/ml) for 20 min and immunoprecipitated with anti-FLAG, and
whole cell lysates (WCL) were analyzed by immunoblotting with indicated antibodies. D, HEK293T cells were transfected the same as in C but not with
FLAG-STAT3, and phosphorylation of endogenous STAT3 was analyzed by immunoblotting. E, HEK293T cells were transfected with control siRNA or SOCS3
siRNA 24 h before the cotransfection CUEDC2 vectors (200 ng/well) and FLAG-STAT3 vectors (200 ng/well), and luciferase activity was determined and
normalized for transfection efficiency. Data are shown as the means � S.E.
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activity (Fig. 4F). These data suggests that negative regulation of
STAT3 activation by CUEDC2 requires its interaction with
SOCS3.
CUEDC2 Cooperates with and Requires SOCS3 to Inhibit

STAT3 Activation—Given that the interaction with SOCS3 is
essential for the ability of CUEDC2 to inhibit STAT3 activity,
further characterization of this relationship was required. To
define the requirement of SOCS3 in CUEDC2-mediated inhi-
bition of STAT3 activity, HEK293T cells were co-transfected
with FLAG-STAT3 and either SOCS3 and CUEDC2 alone or
together. Cell lysates were immunoprecipitated with anti-
FLAG, and Western blot analysis was performed. As shown in
Fig. 5A, the levels of phosphorylated STAT3 were lower in cells
expressing either CUEDC2 or SOCS3 (fourth lane and sixth
lane, compared with the second lane). Notably, co-expression
of both CUEDC2 and SOCS3 almost completely abrogated
STAT3phosphorylation (eighth lane comparedwith the second
lane). Similar results were also obtained in luciferase reporter
assays (Fig. 5B). These data indicate that CUEDC2 enhances
SOCS3-mediated inhibition of STAT3 activation. Therefore, it
is probable that SOCS3mediates the repression of CUEDC2 on
STAT3 activity. To test this possibility, SOCS3 was knocked
down by siRNA, and the effect of CUEDC2 on STAT3 activity
was examined. We found that the inhibition of CUEDC2 on
STAT3phosphorylation (either exogenous or endogenous)was
partially recovered by SOCS3 knockdown (Fig. 5, C and D).
Luciferase reporter assay further confirmed these data (Fig. 5E).
Taken together, these results suggest that CUEDC2 cooperates
with and requires SOCS3 to attenuate STAT3 activation.
CUEDC2 Stabilizes SOCS3 Protein by Protecting It fromDeg-

radation via Enhancing SOCS3-Elongin C Interaction—Be-
cause CUEDC2 inhibits JAK1/STAT3 signaling by forming a
complex with SOCS3, how CUEDC2 and SOCS3 cooperated
was next explored.We first detected the impact of CUEDC2 on
SOCS3 protein level. As shown in Fig. 6A, CUEDC2 and SOCS3
expression vectors were cotransfected into HEK293T cells.
GFP expression vector was included in these experiments as a
control for transfection efficiency. The results show that over-
expression of CUEDC2 increases SOCS3 protein levels in a
dose-dependent manner. To investigate whether this up-regu-
lation of CUEDC2 on SOCS3 protein level depends on their
interaction, wild type and different deletion mutants of
CUEDC2 constructs were transfected with SOCS3 and GFP
vectors into HEK293T cells. We found that only the full-length
CUEDC2 and CUEDC2 (133–287 aa), which can bind SOCS3,
were able to increase SOCS3 levels. This indicates that the
interaction of CUEDC2 and SOCS3 was essential for the effect

of CUEDC2 on SOCS3 protein level (Fig. 6B). To further sub-
stantiate these findings, we examined whether loss of CUEDC2
affects the protein level of endogenous SOCS3. As shown in Fig.
6C, a decrease of SOCS3 protein levels was observed in HeLa
cells with two different CUEDC2 shRNAs compared with the
cells with control shRNA. As known, an increase in protein
level can be a result of increased production or decreased deg-
radation. To distinguish between these two possibilities, pro-
tein levels of SOCS3weremonitored after the addition of cyclo-
heximide to block protein synthesis. The results show that the
half-life of SOCS3 protein was significantly prolonged when
CUEDC2 was overexpressed (Fig. 6, D and E). Therefore, it is
most likely that CUEDC2 regulates the SOCS3 protein level
through increasing its stability.
Although the detailedmechanismof SOCS3degradation and

its regulation are still not fully known, it is generally accepted
that SOCS3 is degraded by the proteasome-mediated pathway.
A ubiquitylation assay showed that the CUEDC2 overexpres-
sion attenuated the level of ubiquitinated species of SOCS3 in
the presence of MG132 (Fig. 6F), and knock down of CUEDC2
led to an increasing level of SOCS3 ubiquitination (Fig. 6G).
Thus, these data suggest that CUEDC2 stabilizes SOCS3 pro-
tein by blocking its degradation via decreasing its ubiquitina-
tion. It has been shown that the interaction of SOCS3 with
Elongin B and C can limit its turnover. Any factors that can
block the interaction between SOCS family members and
Elongin could promote SOCS degradation (35–37), so we next
determined whether CUEDC2 affects the interaction between
SOCS3 and Elongin B/C. To this end, SOCS3 was co-expressed
in cells with CUEDC2 or control vector. Twenty-four hours
after transfection, cell lysates were incubated with either GST
or a GST-Elongin C fusion protein. As shown in Fig. 6H, more
SOCS3 was pulled down in the presence of CUEDC2 as nor-
malized to input. Taken together, our data demonstrate that
CUEDC2 enhances the SOCS3-Elongin C interaction, attenu-
ates SOCS3 ubiquitination, and facilitates its stabilization.

DISCUSSION

Recent studies have shown that the JAK/STAT signaling
pathway can be regulated at multiple steps through distinct
mechanisms. Suppressors of JAK/STAT signaling can be sum-
marized as the following. First, cofactors of STATs, such as
PIAS family proteins (33), GRIM-19, Daxx, and LMW-DSP2
(38–40), were reported to interact with STATs and repress
their activation. Inhibition occurs either through blocking of
STATs-DNA binding, preventing their nuclear import, or
through undefined mechanisms. Second, protein-tyrosine

FIGURE 6. CUEDC2 stabilizes SOCS3 by protecting it from degradation via enhancing SOCS3-Elongin C interaction. A, HEK293T cells were transfected
with equal amounts of FLAG-SOCS3 (200 ng), GFP expression vector (50 ng), and increasing amounts of HA-CUEDC2 expression vectors (0, 0.5, and 1.5 �g). Cell
lysates were subjected to immunoblotting (IB) using antibodies as indicated. Levels of GFP were shown as equal transfection efficiency. B, wild type or different
deletions of CUEDC2 constructs were transfected into HEK293T cells, and the same assays were performed as in A. C, lysates from HeLa cells with control or
CUEDC2 shRNA (#1 and #2) were subjected to immunoblotting using antibodies as indicated. D and E, HA-CUEDC2 or HA vectors were transfected into HeLa
cells. 16 h after transfection, cells were treated with the protein synthesis inhibitor cycloheximide (CHX, 50 �g/ml), harvested at the indicated times, and then
exogenous (D) and endogenous SOCS3 (E) protein levels were analyzed by immunoblotting. F, HeLa cells were transfected as indicated and treated with or
without the proteasome inhibitor MG132 (10 �M) for an additional 6 h. Cell lysates were immunoprecipitated (IP) with anti-SOCS3 and detected with antibodies
as indicated. ub, ubiquitin, G, HeLa cells with control or CUEDC2 shRNA (#1 and #2) were transfected and treated as indicated, and cell lysates were immuno-
precipitated with anti-SOCS3 and detected with antibodies as indicated. H, HEK293T cells were cotransfected with HA-CUEDC2 (or HA-vectors) and FLAG-
SOCS3, cell lysates were prepared, and input was normalized. After incubation with purified GST or GST-Elongin C fusion protein and extensive washes, bound
proteins were analyzed by immunoblotting with anti-FLAG and anti-HA antibody. WCL, whole cell lysates.
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phosphatase, including SHP1, SHP2, CD45, protein-tyrosine
phosphatase-1b and so on, inhibit the JAK/STAT pathway by
dephosphorylating cytokine receptors, JAKs, or some other
essential pathway components (41, 42). Discovery of the SOCS
proteins unveiled another mechanism of negative regulation of
the JAK/STAT signaling. Distinct SOCS family members
inhibit cytokine signaling through several different mecha-
nisms. Many studies suggest that SOCS1 inhibits cytokine sig-
naling by binding to JAKs and inhibiting their catalytic activity
(34, 43). However, in the case of SOCS3, the detailed mecha-
nisms are not mutually exclusive, and whether there are any
other components involved in SOCS3-mediated inhibition
remains poorly understood. In this study we found that
CUEDC2 impairs JAK1 and STAT3 phosphorylation and
inhibits STAT3 transcriptional activation. However, it seems
thatCUEDC2does not act as a cofactor of STAT3-like PIAS3or
GRIM-19, as no interaction was observed between CUEDC2
and STAT3. Furthermore, results from �-galactosidase assays
in yeast showed no association between CUEDC2 and SHP1.
Here, we demonstrate that CUEDC2 specifically interacts

with SOCS3 and acts as a novel SOCS3 co-operator required for
inhibition of JAK1/STAT3 signaling. Some studies have shown
that SOCS3 inhibits the activity of JAKs by direct binding.
However, compared with SOCS1, SOCS3 binds JAKs with
much lower affinity, and significantly higher levels of SOCS3
must be expressed compared with SOCS1 for equivalent
inhibition of JAK kinase activity (44, 45). In this study we
show that CUEDC2 associates with and stabilizes SOCS3
protein; this up-regulation of SOCS3 via protein stabiliza-
tion may increase the possibility of interaction between
SOCS3 and JAKs, thus leading to JAK inhibition. This indi-
cates a novel potential mechanism of SOCS3-mediated
suppression of the JAK/STAT signaling. Notably, the inter-
action between CUEDC2 and SOCS3 is essential for
CUEDC2-mediated deactivation of JAK1/STAT3 signaling.
Loss of SOCS3 expression counteracts CUEDC2-induced
inhibition on STAT3 activity and suggests that inhibition of
CUEDC2 on JAK1/STAT3 signaling is SOCS3-dependent.
Although the exact mechanism and the E3-ligase by which

SOCS3 protein is degraded is notwell understood, evidence has
been provided that Elongin B/C complex plays important roles
in SOCS protein regulation. The Elongin B/C complex was ini-
tially identified as a positive regulator of RNA polymerase II
elongation factor Elongin A (46, 47) and, subsequently, as a
component of the multiprotein von Hippel-Lindau disease
tumor-suppressor complex (48, 49). Recently, Hilton et al. (51)
and Kile et al. (50) identified Elongin C as a component of ubiq-
uitin ligases that includeElonginB, the ring finger proteinRoc1,
and one of the scaffold proteins Cul2 or Cul5. It has been
reported that the SOCS box mediates the interactions with
Elongin C, and this interaction to Elongin C stabilizes SOCS
protein; disruption of this interaction leads to proteasome-me-
diated SOCSdegradation (35, 36).Our results demonstrate that
CUEDC2 enhances the interaction of SOCS3 and Elongin C,
thus inhibiting SOCS3 degradation. Additionally, we did not
observe direct interaction between CUEDC2 and Elongin C
(Fig. 6H). Therefore, it appears as though CUEDC2 does not
recruit SOCS3 to Elongin C, and one possibility is that binding

of CUEDC2 induces a conformational change of SOCS3 that
may facilitate its tighter association with Elongin C.
As known, appropriate activation of JAK1/STAT3 signaling

is necessary for cell proliferation and differentiation, but persis-
tent STAT3 activation may result in disease, even tumor.
Recent studies also demonstrated that hyperactivation of
STAT3 in tumor cells negatively regulates induction of adapt-
ive immunity and mediates immune evasion by blocking the
production and inhibiting the sensing of inflammatory signals
(52, 53). NF-�B is another critical transcription factor in both
immunologic and inflammation response. An important role of
I�B kinase-dependent NF-�B activation has been documented
both during pathogen infection and in cancers caused by
chronic inflammation and other stimuli (54). Our earlier stud-
ies demonstrated that CUEDC2 inhibits NF-�B activation by
recruitment of protein phosphatase 1, leading to dephosphory-
lation of I�B kinase. Recently, Lee et al. (30) reported that per-
sistently activated STAT3 maintains constitutive NF-�B activ-
ity in tumors. Based on the cross-talk between NF-�B and
STAT3, CUEDC2 might play critical roles in controlling
chronic inflammation and preventing immune evasion by
inhibiting NF-�B and STAT3 activation, which then negatively
regulates tumor development or progression.
In conclusion, we established CUEDC2 as an important

inhibitor of JAK1/STAT3 signaling that exerts its inhibitory
role by attenuating JAK1 and STAT3phosphorylation via inter-
acting and cooperating with SOCS3. CUEDC2 enhances
SOCS3-Elongin C association, thereby preventing SOCS3 deg-
radation by the proteasome. Loss of CUEDC2 expression leads
to decreased levels of SOCS3 protein and increased JAK1/
STAT3 activation. Therefore, our study not only identified a
novel SOCS3 cofactor and a potential mechanism of SOCS3-
mediated suppression of the JAK/STAT signaling pathway but
also provided important insight into the critical roles of
CUEDC2 in the complex signal transduction network.
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