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Background: Expression of breast tumor kinase (Brk) is linked to breast carcinoma.
Results: SOCS3 binds to Brk and inhibits its ability to tyrosine phosphorylate STAT3.
Conclusion: To date SOCS3 is the only negative modulator described for Brk, and it may play a significant role as a tumor
suppressor.
Significance: Understanding the mechanism by which SOCS3 inhibits Brk provides knowledge to silence its action in tumor
progression.

Breast tumor kinase (Brk) was originally isolated from a
human metastatic breast tumor, but also is found expressed in
other epithelial tumors and in a subset of normal epithelia. Brk
is a tyrosine kinase and its expression in breast carcinoma has
been linked to tumor progression. The signal transducer and
activator of transcription 3 (STAT3) is one of the substrate tar-
gets of Brk, and elevated tyrosine phosphorylation of STAT3 is
known to contribute to oncogenesis. Conventional activation of
STAT3occurs in response to cytokine stimulation of Janus tyro-
sine kinases (JAK). One of the negative regulators discovered in
cytokine signaling of the JAK-STAT pathway is the suppressor
of cytokine signaling 3 (SOCS3). In this report we describe the
finding that SOCS3 can also inhibit the unconventional target,
Brk. Investigation of the mechanism by which SOCS3 inhibits
Brk reveals the SOCS3 protein binds to Brk primarily via its SH2
domain, and itsmain inhibitory effect ismediated by the SOCS3
kinase inhibitory region (KIR). SOCS3 has only a modest effect
on promoting Brk degradation, and this requires theC-terminal
SOCS box domain. SOCS3 is the only known inhibitor of Brk,
and knowledge of themechanisms bywhich SOCS3 inhibits Brk
may lead to methods that block Brk in cancer progression.

Accumulating evidence points to a causal relationship
between expression of breast tumor kinase (Brk)2 (also known
as protein tyrosine kinase 6) and high-grade breast tumors
(1–4). Although the function of Brk is not limited to the mam-
mary gland, aberrant expression has been linked to breast can-
cer. Brk expression in breast carcinoma also correlates with
overexpression of the human epidermal growth factor receptor
(HER/EGFR/ErbB) family (5–8). The co-expression of ErbB
andBrk has led to studies demonstrating physical association of
Brk with ErbB, inhibition of ErbB internalization by Brk, Brk

enhancement of the mitogenic and tumorigenic responses of
ErbB with prolonged activation of MAPK pathways, and pro-
motion of ErbB stimulated cell migration by Ras and Rac1 acti-
vation (3, 8–12).
Brk belongs to a family of tyrosine kinases distantly related to

the Src family (2). Brk possesses both Src homology 2 (SH2) and
SH3 domains that modulate its activity and play a role in sub-
strate recognition (13, 14). However, it differs from the Src fam-
ily in that it lacksmyristoylation or palmitoylation signals and it
is found in both cytoplasmic and nuclear compartments. In
addition, the activity of Brk is correlatedwith its level of protein
expression and is not dependent on an inducing ligand. To date
more than ten substrates have been identified for Brk and these
include two members of the signal transducer and activator of
transcription (STAT) family, STAT3 and STAT5b (15, 16). The
relevance of these substrates resides in the fact that constitutive
activation of STAT3 and STAT5 by tyrosine phosphorylation
has been causally linked to cancer development (17, 18). In
addition, down-regulation of Brk in breast tumor cells leads to
reduced tyrosine phosphorylation of STAT3 (19).
Cytokine activation of STAT3 is critical for a wide range of

physiological responses (20). However, persistent cytokine sig-
naling elicits deleterious effects, and for this reason negative
regulation is critical to maintain an appropriate biological bal-
ance. STAT3 was first identified as a DNA-binding factor acti-
vated in response to interleukin-6 (IL-6) (21–23). Following
IL-6 stimulation, Janus kinases (JAKs) that are associated with
the receptor can tyrosine-phosphorylate both the receptor and
recruited STAT3 (24). Phosphorylation of STAT3 promotes
dimerization via reciprocal phosphotyrosine and SH2 domain
interactions, and the dimers are able to bind specific DNA
sequences. One of the genes induced in response to STAT3
activation is the suppressor of cytokine signaling 3 (SOCS3)
(25). SOCS3 is a member of a family of SOCS proteins that
negatively regulate cytokine signal transduction (26). SOCS3
binds to phosphotyrosine residues on cytokine receptors, and
inhibits receptor-associated JAK activity (27). In addition,
SOCS3 appears to target phosphorylated JAK signaling com-
plexes for ubiquitin mediated proteosomal degradation (28).
The down-modulation of JAK activity by SOCS3 serves a criti-
cal role in cytokine signaling homeostasis.
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Continual activation of JAK/STAT pathways can promote
cancer pathogenesis (18, 29, 30). The negative feedback of
SOCS3 appears necessary to suppress inflammation and cellu-
lar proliferation. The promoter of the SOCS3 gene is often
found silenced bymethylation in cancers, and SOCS3 silencing
allows unregulated cell growth (31).Wehave found that SOCS3
is not only a negative regulator of JAK cytokine signaling, it is
also a negative regulator of Brk (15). To date this is the only
negative modulator described for Brk, and it may play a signif-
icant role as a tumor suppressor. In this study we characterize
how SOCS3 may play a role in negative feedback of Brk signal-
ing and evaluate the mechanisms by which SOCS3 elicits this
effect.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—HeLa, COS1, Hep3B, T47D, and
MDA-MB-231 cells were cultured according to ATCC’s guide-
lines. Cell proliferation was analyzed by trypan blue exclusion
method and Countess automated cell counter system (Invitro-
gen). Doxycycline (Sigma)was used at 2�g/ml,MG132 (Sigma)
was used at 5 �M. DNA transfections were performed with
TransIT-LT1 Reagent (Mirus).
Plasmids and Lentiviruses—The STAT3-GFP, Brk-V5, and

Flag-SOCS3 plasmids have been described (15, 25, 32). The
3xFLAG-Brk dlSH3, dlSH2, and dlTK were previously
described (13) or generated by cloning Brk-(1–190) a.a. into the
p3xFLAG-CMV-7.1 vector (Sigma). The wild type or K219M
mutant of Brk cDNA was PCR amplified and cloned into the
pEGFP-C2 vector. Brk Y251F in GFP-Brk or Brk-V5 plasmid
was generated by site-directed mutagenesis (Stratagene).
SOCS3 deletion mutants were generated by PCR and cloned
into the pEF-Flag-I vector, and SOCS3 pointmutantswere gen-
erated by site-directed mutagenesis. SOCS3 cDNA was cloned
into the pGEX-KG vector in frame with GST for bacterial
expression and purification. The tetracycline-inducible Brk
(TO/Brk-myc) was generated by PCR and cloned into the
pcDNA4/TO/myc-His vector (Invitrogen). The His-Ub plas-
mid has been described (33). Cells were infected with lentivi-
ruses generated with pLenti6.3/V5-DEST Gateway Vector Kit
(Invitrogen) to express SOCS3 or GFP. Cells were infected with
a moi of 4 using 8 �g/ml of Polybrene (SIGMA). Four days
post-infection cells were selected for lentiviral integration in
2.5–5 �g/ml blastidin for 2 weeks.
RT-PCR—RNA extraction was performed with SurePrep

TrueTotal RNAPurification kit (Fisher) and cDNAwas synthe-
sized withM-MLV Reverse Transcriptase (Promega). PCR was
performedwith primers: SOCS3, forward 5�-CAGCTGGTGG-
TGAACGCAGTG and reverse 5�-GATGTAATAGGCTCTT-
CTGGG, and GAPDH, forward 5�-GGAGCCAAAAGGGTC-
ATCATCTC and reverse 5�-AGTGGGTGTCGCTGT-
TGAGTC.
Bacterial Expression and Purification of GST-SOCS3—

pGEX-KG plasmid expressing SOCS3 was transformed into
BL21 codon plus bacteria and protein expression was induced
with 0.2 mM IPTG in LB broth at 22 °C for 18 h. GST-SOCS3
was purified by batch affinity purificationwith glutathione-aga-
rose beads (Sigma). Free glutathione was removed by dialysis
after protein preparation. Concentration of the GST-SOCS3

proteinwas determined by Bio-Rad ProteinAssay. The purified
protein was stored at �80 °C until use.
In Vitro Binding Assay—Purified recombinant GST-SOCS3

protein or GST protein (15 �g each) was used in each binding
reaction. Cell lysates containing GFP or GFP-Brk were pre-
pared in RIPAbuffer (50mMTris�Cl pH7.5, 150mMNaCl, 5mM

EDTA, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.1%
SDS). Cellular protein (500 �g) was incubated with GST-
SOCS3 protein bound to glutathione-agarose beads for 3 h,
washed, and eluted. The eluted proteins were analyzed by
Western blot. Images were captured with enhanced chemilu-
minescence system and x-ray film, and presented with Adobe
Photoshop.
Immunoprecipitation and Western Blot—For co-immuno-

precipitation of endogenous Brk and SOCS3, T47D cells were
lysed (400 mM NaCl, 50 mM Tris-pH 7.5, 5 mM EDTA, 0.5%
Nonidet P-40, 10% glycerol), and 4 mg proteins were reacted
overnight at 4 °C with either 2 �g of control rabbit IgG (Santa
Cruz Biotechnology SC-2027) or rabbit anti-Brk antibody
(Santa Cruz Biotechnology SC-1188). Immunocomplexes were
collected on protein G agarose (Invitrogen), separated by SDS-
PAGE and analyzed by Western blot with murine anti-SOCS3
antibody (Santa Cruz Biotechnology SC-51669) and murine
anti-Brk (Santa Cruz Biotechnology SC-66003). Cells trans-
fected with indicated plasmids were lysed (50 mM Tris�Cl
pH8.0, 280mMNaCl, 5mM EDTA, and 0.5%Nonidet P-40) and
500�g proteins were incubated with 1�g of rabbit anti-SOCS3
antibody or control rabbit IgG (H103, Santa Cruz Biotechnol-
ogy) at 4 °C for 3 h. Immunocomplexes were collected with
protein G beads and analyzed by Western blot. Images were
captured with enhanced chemiluminescence system and x-ray
film, and presented with Adobe Photoshop. Primary antibodies
used for Western blot included anti-phosphotyrosine STAT3
(B7, Santa Cruz Biotechnology), anti-STAT3 (H190, Santa
Cruz Biotechnology), anti-Brk (C18, Santa Cruz Biotechnol-
ogy), anti-c-Myc (9E10, Santa Cruz Biotechnology) anti-GFP
(Roche), anti-V5 (Invitrogen), anti-Flag (M2, Sigma) and anti-
�-tubulin (Sigma).
His-ubiquitination Assay—Cells were co-transfected with

His-Ub, TO/Brk-myc, and pcDNA6/TR (Invitrogen) with or
without Flag-SOCS3 or SOCS3 dlbox (1–185 a.a.) for 24 h and
then treated with doxycycline with or withoutMG132 for 24 h.
Cells were harvested and total histidine-tagged proteins were
purified on nickel charged resins (Ni-NTA-agarose beads, Qia-
gen) (34). Myc-tagged Brk proteins were detected by Western
blot with anti-c-Myc antibody. Images were captured with
enhanced chemiluminescence system and x-ray film, and pre-
sented with Adobe Photoshop.

RESULTS

Association of Endogenous Brk and SOCS3—Previously we
demonstrated the ability of ectopic expression of SOCS3 to
inhibit Brk phosphorylation of STAT3 on tyrosine 705 (15).
This result suggested SOCS3 could bind Brk and inhibit its
tyrosine kinase activity. To evaluate protein interactions of
endogenous proteins, we tested Brk and SOCS3 association by
co-immunoprecipitation from T47D cells, a breast tumor cell
line that expresses Brk. Brk was immunoprecipitated from cell
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lysates, and immunocomplexes were analyzed byWestern blot
with antibody to SOCS3 (Fig. 1A). Immunocomplexes with
antibody to Brk clearly detected associated SOCS3 protein.
This result indicates an association of endogenous SOCS3 with
Brk in vivo.
SOCS3 Gene Is Induced in Response to Brk—Biological sys-

tems are usually self-limiting. Our observation that SOCS3
could inhibit the action of Brk suggested the SOCS3 gene to be
a downstream target and negative regulator of Brk. Enzymatic
activity of Brk is constitutive and is coincident with expression
of the protein. Since Brk is not induced or activated by a known
ligand, we evaluated the effects of its expression with a tetracy-
cline-inducible system.We co-expressed an inducible Brk gene
and a gene encoding the tetracycline repressor engineered to be
an activator in response to the tetracycline derivative doxycy-
cline. The tetracycline-inducible Brk gene was introduced in
cells that lack detectable expression of Brk, and its effects were
evaluated on expression of the endogenous SOCS3 gene. Cells
were treated with doxycycline, and SOCS3 mRNA levels were
evaluated by reverse transcription polymerase chain reaction
(RT-PCR) (Fig. 1B). Expression of the Brk gene was readily
detected by 4 h following doxycycline, and induction of endog-
enous SOCS3 mRNA was apparent by 6 h. The data provide
clear evidence that endogenous SOCS3 is induced in response
to expression of Brk, as would be expected for a limiting nega-
tive regulator. ThemRNA levels of SOCS3 decreasedwith time,
similar to the transient response seen with IL-6 stimulation
(35). The results support the reasoning that Brk activates
STAT3which in turn induces the expression of SOCS3by bind-
ing to a target site in the promoter of the SOCS3 gene (36).

The KIR Domain in SOCS3 Is Required for Inhibition of the
Brk Kinase—The exact means by which SOCS3 inhibits IL-6
cytokine signaling appears to be multidimensional involving
receptor binding, JAK kinase inhibition, and JAK degradation
(37, 38). A recent study demonstrates SOCS3 inhibits JAK2 by a
mechanism that does not involve competition for eitherATPor
substrate binding (27) The SOCS proteins were originally char-
acterized to possess a conservedC-terminalmodule of about 40
amino acids termed the SOCS box (Fig. 2A). The SOCS boxwas
later found to facilitate binding to an E3 ubiquitin ligase. The
SOCS proteins also have a central SH2 domain that is involved
in binding to tyrosine-phosphorylated substrates, and an
extended region of the SH2 domain that contributes to sub-

FIGURE 1. A, co-immunoprecipiation of endogenous SOCS3 and Brk. T47D
breast cancer cell lysates were immunoprecipitated (IP) with control rabbit
immunoglobulin (cIg) or rabbit anti-Brk. Western blots (WB) were performed
with murine antibody to SOCS3 or Brk. Molecular mass markers are shown
adjacent to 20% input. B, induction of endogenous SOCS3 mRNA with Brk
expression. Hep3B cells were transfected with tetracycline-inducible Brk and
tetracycline repressor for 24 h and treated with doxycycline for 4, 6, 8, 12, and
24 h. Total RNA was prepared and endogenous SOCS3 mRNA was detected by
RT-PCR using specific primers. GAPDH mRNA was amplified as internal con-
trol. Brk expression was assayed from cell lysates by SDS-PAGE and Western
blot (WB) with specific c-Myc (Brk tag) antibodies (bottom panel).

FIGURE 2. Requirement of SOCS3 KIR domain for Brk inhibition. A, linear
diagram of SOCS3 deletion mutants. Numbers correspond to amino acids.
B, COS1 cells were co-transfected with STAT3-GFP, Brk-V5 with or without
Flag-SOCS3 full-length (FL) or SOCS3 deletion mutants, and serum-starved for
24 h. Cell lysates were subjected to SDS-PAGE and Western blot with specific
anti-STAT3 phosphotyrosine, anti-GFP (STAT3 tag), anti-V5 (Brk tag) and anti-
Flag (SOCS3 tag) antibodies. C, cells were co-transfected with STAT3-GFP,
Brk-V5 with or without Flag-SOCS3 wide type (WT) or SOCS3 L22D, F25A, or
double mutant LF22/25DA (LF). Lysates were prepared and analyzed by SDS-
PAGE and Western blot with specific anti-STAT3 phosphotyrosine, anti-GFP,
anti-V5, and anti-Flag antibodies.
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strate binding called the extended SH2 domain (ESS). SOCS3
has a PEST domain that signals its rapid protein degradation
and may contribute to decreasing levels seen in the Brk induc-
ible expression system (Fig. 1B) (39). The N terminus of the
SOCS family is varied, and the SOCS3 protein contains a small
kinase inhibitory domain (KIR).
To determine the mechanism by which SOCS3 inhibits Brk,

we first evaluated, which domains are required for the inhibi-
tion of kinase activity (Fig. 2B). Several SOCS3 deletion
mutants were generated and tested for their ability to inhibit
Brk-induced STAT3 phosphorylation. Cells were co-trans-
fected with genes encoding STAT3-GFP and Brk, with or with-
out SOCS3 deletionmutants, and STAT3 phosphorylation was
detected by Western blot with a specific STAT3 phosphoty-
rosine antibody. Full-length SOCS3was clearly able to suppress
phosphorylation of STAT3 by Brk in this system. However, the
SOCS3N-terminal deletions expressing amino acids 34–225 or
46–225 were not able to suppress STAT3 phosphorylation.
Both of these deletionmutants lack the KIR domain, suggesting
the KIR domain plays a critical role in the inhibition of Brk
activity. Expression of a SOCS3 deletion mutant that lacks the
SOCS box (amino acids 1–185) was fully competent to inhibit
Brk-mediated STAT3 phosphorylation similar to full length
SOCS3. These results indicate that the SOCS box is not
required for the ability of SOCS3 to inhibit Brk, but suggest the
KIR domain is necessary.
Closer examination of the role of the KIR domain was per-

formed with site directed mutagenesis. A number of SOCS3
KIR point mutants, including L22D and F25A, have been
reported to abrogate the ability of SOCS3 to inhibit cytokine
signaling (40). For this reason we generated KIR single mutants
L22D and F25A, and double mutant LF22/25DA and tested
whether SOCS3 with these point mutations could inhibit Brk
phosphorylation of STAT3. The results indicated that SOCS3
L22D and F25A partially blocked STAT3 phosphorylation by
Brk, but the double mutant LF22/25DA abolished the ability of
SOCS3 to inhibit Brk activity (Fig. 2C). These results confirm
the requirement of the KIR domain for Brk inhibition by
SOCS3.
SOCS3 Binding to Brk—SOCS3 inhibits IL-6 signaling by

binding to a phosphorylated tyrosine site on the cytoplasmic
domain of the gp130 receptor and by binding JAK2. SOCS3
inhibits JAK2 kinase activity, and appears to target the receptor
for proteosomal degradation (27, 39, 41, 42).We demonstrated
endogenous SOCS3 and Brk proteins interact (Fig. 1), but to
evaluate their interaction in greater detail, we examined the
physical interaction of recombinant proteins. Co-immunopre-
cipitation and Western blot studies with cells expressing GFP-
tagged Brk and Flag-tagged SOCS3 demonstrated Brk was spe-
cifically detected in immune complexes with SOCS3, but was
not detected with control antibody. (Fig. 3A). To determine
direct physical association of Brk andSOCS3,wenext evaluated
whether bacterially expressed SOCS3 could bind Brk in vitro.
Purified glutathione S-transferase (GST) orGST-SOCS3 fusion
protein was immobilized on glutathione agarose beads and
incubated with lysates from cells expressing Brk (Fig. 3B). Brk
was detected byWestern blot and clearly demonstrated binding

to GST-SOCS3 protein but not to the GST control. The results
indicate that SOCS3 binds directly to the Brk protein.
Interaction between SOCS3 SH2 Domain and Brk—The

SOCS3 protein binds to tyrosine-phosphorylated gp130 recep-
tor by its SH2 domain (39, 41, 42). To examinewhether the SH2
domain of SOCS3 mediates binding to Brk, we evaluated the
behavior of several constructs containing regions of the SH2
domain. Three constructs were generated: SOCS3 amino acids
46–185 encoding the entire SH2 domainwith the embedded 35
amino acid PESTmotif; SOCS3 amino acids 130–225 contain-
ing the PESTmotif, C-terminal portion of the SH2 domain, and
the SOCS box; and SOCS3 amino acids 46–129 containing the
N-terminal portion of the SH2 domain (39) (Fig. 4A). Cells
expressing GFP-tagged Brk and either Flag-tagged full-length
SOCS3 or the three SH2 domain constructs were tested for
protein-protein association. The SOCS3 proteins were immu-
noprecipitatedwith anti-SOCS3 antibody andBrkwas detected

FIGURE 3. The interaction between SOCS3 and Brk. A, co-immunoprecipi-
tation between SOCS3 and Brk. COS1 cells were co-transfected with GFP-Brk
and Flag-SOCS3 or empty vector. Forty-eight hours after transfection, the
cells were lysed, immunoprecipitated (IP) with anti-SOCS3 antibody or con-
trol rabbit IgG, and detected by Western blot (WB) with anti-Brk or anti-Flag
antibody. An aliquot of each input was assayed with anti-GFP or anti-Flag
antibody. B, in vitro binding assay of SOCS3 and Brk. GST-SOCS3 or GST pro-
teins were immobilized on glutathione-agarose beads and incubated with
lysates from cells expressing GFP-Brk or GFP. Bound Brk proteins were
detected by Western blot with anti-GFP antibody.
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in immune complexes by Western blot. The results indicate
that full-length SOCS3, the complete SOCS3 SH2 domain (46–
185 a.a.), and the amino portion of the SOCS3 SH2 domain
(46–129 a.a.) bind to Brk. However the SOCS3 fragment con-
taining the carboxyl portion of the SH2 domain and the SOCS
box (130–225 a.a.) was not able to bind to Brk. The results
suggest that the binding between SOCS3 and Brk is mediated
by the SOCS3 SH2 domain.
Mutagenesis studies of SOCS3 have identified a critical argi-

nine 71 within the SH2 domain that contributes to binding
phosphotyrosine targets (40). To study the role of arginine 71 in
the ability of the SOCS3 SH2 domain to interact with Brk, we

mutated arginine 71 to glutamic acid (R71E) in the SOCS3 con-
struct containing 46–129 amino acids. The SOCS3 mutation
was expressed with Brk and evaluated for its ability to co-im-
munoprecipitate with Brk (Fig. 4B). The arginine mutation in
SOCS3 46–129R71E abolished its binding to Brk. These results
indicate the SH2 domain is involved in binding to Brk.
SOCS3Binds to theTyrosineKinaseDomain of Brk—Brkpos-

sesses a tyrosine kinase domain located at its C terminus, a
central SH2 domain, and a SH3 domain at the N terminus (2).
To determine if a particular region of Brk is involved in associ-
ation with SOCS3, we assessed the ability of various deletion
mutants of Brk to bind SOCS3 (Fig. 5). The SOCS3 protein was
produced as a bacterial GST fusion and bound to glutathione-
agarose beads. As a source of Brk proteins, mammalian cells
were transfected with genes encoding Flag-tagged Brk lacking
the SH3 domain, or the SH2 domain, or the kinase domain. Cell
lysates were incubatedwith theGST-SOCS3 bound to glutathi-
one beads and bound proteins were eluted. The presence of Brk
in the complexes was detected by Western blot. The results
indicate that Brk deletions lacking the SH2 domain or the SH3
domain both bind efficiently to SOCS3 (Fig. 5A). However,
deletion of the tyrosine kinase domain from Brk abrogates
SOCS3 binding. These data suggest that the kinase domain of
Brk is required for the interaction with SOCS3.
The kinase activity of Brk has been shown to be dependent on

the ATP binding site at lysine 219 (14). Amutation substituting
methionine for lysine 219 (K219M) renders the Brk kinase inac-
tive so that it does not display the usual autophosphorylation
activity. To determine if the kinase activity of Brk was required
for its recognition by SOCS3, binding to the kinase dead Brk
mutant was tested. Brk K2191M showed impaired binding
(estimate 4-fold decrease relative to input), indicating that the
auto-phosphorylation site of Brk contributes to recognition by
SOCS3 (Fig. 5B). However, it is possible that other phosphory-
lated tyrosines in the kinase domain participate.
There are seventeen tyrosine residues in the Brk protein, and

a specific tyrosine in the kinase domain matches a described
consensus binding motif for SOCS3. Binding studies were per-
formed with the SOCS3 SH2 domain and a library of phos-
phorylated tyrosine peptides. The studies identified selected
sequences containing hydrophobic residues carboxyl to the
phosphorylated tyrosine, especially with valine at the �3 posi-
tion (43). This binding preference was also found in the crystal
structure of SOCS3 in complex with the gp130 IL-6 receptor
subunit (39). We identified a sequence in Brk at amino acids
249–256 (ALYAVVSV) that matched the binding site consen-
sus, and evaluated its contribution to SOCS3 binding. A muta-
tion was introduced in Brk substituting the tyrosine 251 a.a.
with phenylalanine (Y251F), and binding to GST-SOCS3 was
evaluated (Fig. 5C). The Brk Y251F mutation greatly impaired
the ability of SOCS3 to bind. To ensure that Y251F did not
reduce the kinase activity of Brk, phosphorylation of STAT3
was evaluated (Fig. 5D). The Brk Y251F site mutation did not
reduce the ability of Brk to tyrosine phosphorylate STAT3. The
results indicate that phosphorylated tyrosine 251 is a target for
SOCS3 recognition.
Our analyses of the ability of SOCS3 to bind and inhibit Brk

are consistent with amodel inwhich the SH2 domain of SOCS3

FIGURE 4. SOCS3 SH2 domain binds to Brk. A, COS1 cells were co-trans-
fected with GFP-Brk and Flag-SOCS3 full-length (FL) or SOCS3 deletion
mutants expressing 46 –185 a.a, 130 –225 a.a., or 46 –129 a.a.. Cells lysates
were immunoprecipitated (IP) with anti-SOCS3 antibody and analyzed by
Western blot (WB) with anti-GFP (Brk) antibody. An aliquot of each input was
analyzed by Western blot with anti-GFP or anti-Flag antibody shown in lower
panels. B, cells were co-transfected with GFP-Brk with or without Flag-SOCS3
SH2 46 –129 a.a. or the 46 –129 a.a. R71E point mutation. Cells lysates were
prepared, immunoprecipitated with anti-SOCS3 antibody and analyzed by
Western blot with anti-GFP antibody. An aliquot of each input was analyzed
by Western blot with anti-GFP or anti-Flag antibody (lower panels).
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binds to phosphotyrosine 251 in the Brk kinase domain. The
binding allows the correct positioning of the KIR domain in
SOCS3 to inhibit the tyrosine kinase of Brk (Fig. 5E). This phys-
ical interaction between SOCS3 and Brk phosphotyrosine 251
appears to be a primary but not exclusive interaction, as other
tyrosine residues or Brk domainsmay also contribute to SOCS3
binding.
SOCS3 Has only Modest Effects on Brk Ubiquitination and

Protein Levels—Evidence suggests that the SOCS box of SOCS
proteins participates in the formation of E3 ligase complexes
that can target substrates for ubiquitin-mediated proteasomal
degradation. The SOCS box can interact with elongin C and B
and additional recruitment of cullin5 and Rbx1 completes the
formation of an E3 ligase complex (38). SOCS3 has been
reported to target CD33-related receptors for proteasomal deg-
radation, and to promote destruction of insulin receptor sub-
strates and focal adhesion kinase (44–46). However, the major
inhibitory action of SOCS3 on JAK2 does not appear to be
dependent on degradation (27). For these reasons we deter-
mined whether SOCS3 could promote proteasomal degrada-
tion of Brk. To enhance detection of ubiquitination, a histidine-
tagged ubiquitin gene was expressed in cells with the
tetracycline inducible Brk system. Histidine-ubiquitin and
ligated complexes were captured on nickel charged resins
and Brk was detected by Western blot (Fig. 6A). Results indi-
cated Brk was extensively ubiquitinated, with monoubiquitin
and multiubiquitin or polyubiquitin chains independent of
SOCS3 expression. Expression of SOCS3modestly reduced the
total amount of Brk protein in whole cell lysates less than 2-fold
(WCL:Brk), and this was consistent with a partial decrease in

the apparent ubiquitination of Brk. A proteasome inhibitor
MG132 greatly increased ubiquitination of Brk and restored the
Brk protein levels. To investigate whether the decrease in Brk
levels promoted by SOCS3 was dependent on the SOCS box
domain, we evaluated the effect of SOCS3 deleted for the SOCS

FIGURE 5. The tyrosine kinase domain in Brk mediates interaction with SOCS3. A, binding assays of SOCS3 and Brk deletion mutants. Bacterially expressed
GST or GST-SOCS3 proteins were immobilized on glutathione-agarose beads and incubated with lysates from cells expressing Flag-Brk or Flag-Brk deleted for
the SH3 domain (dlSH3), the SH2 domain (dlSH3), or the tyrosine kinase domain (dlTK). Bound Brk proteins were detected by Western blot with anti-Flag
antibody. Cell lysates were analyzed as input controls. B, co-immunoprecipitation between SOCS3 and Brk K219M. Cells were co-transfected with GFP-Brk wild
type (WT) or Brk K219M with or without Flag-SOCS3. Cells lysates were immunoprecipitated (IP) with anti-SOCS3 antibody and Western blots (WB) were
performed with anti-GFP or anti-Flag antibody. An aliquot of each input was analyzed with anti-GFP or anti-Flag antibody. C, binding of wild type GFP-Brk (WT)
or GFP-Brk with a site mutation Y251F was evaluated. Protein lysates from cells expressing the Brk proteins were incubated with immobilized GST or GST-SOCS3
proteins. Bound Brk was evaluated by Western blot with Brk antibodies. Brk protein input is shown in bottom panel. D, Brk Y251F kinase activity is not impaired.
Lysates from cells co-expressing STAT3-GFP with WT Brk or Brk Y251F were subjected to SDS-PAGE and Western blot with specific anti-STAT3 phosphotyrosine,
anti-STAT3, or anti-Brk antibody. E, conceptual model of SOCS3 binding and inhibition of Brk.

FIGURE 6. SOCS3 targets Brk for proteasomal degradation via the SOCS
box. A, Brk levels decrease with SOCS3. Cells were transfected with tetracy-
cline-inducible Brk, tetracycline repressor and His-Ub with or without Flag-
SOCS3 for 24 h and treated with doxycycline with or without MG132 for 24 h.
Histidine-tagged proteins were purified using Ni-NTA-agarose beads and
Myc-tagged Brk proteins were detected by Western blot with anti-c-Myc anti-
body. An aliquot of each whole cell lysate (WCL) was analyzed by Western blot
with anti-c-Myc, anti-Flag, or anti-tubulin antibody. B, SOCS box is required
for Brk degradation. Cells were transfected with tetracycline-inducible Brk,
tetracycline repressor, and His-Ub with or without Flag-SOCS3 WT or SOCS3
with a deletion in the SOCS box (dlbox) for 24 h and treated with doxycycline
for 24 h. Protein level and ubiquitination of Brk were detected as described
in A.
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box (1–185 a.a.). Expression of SOCS3 deleted for the SOCS
box had no effect on Brk protein levels (Fig. 6B). Together the
results indicate that SOCS3 can modestly reduce the protein
level of Brk, and this affect requires the SOCS box.
Increased SOCS3 Expression Inhibits Breast Tumor Cell

Proliferation—We have shown previously that breast tumor
cell lines such as MDA-MB-231 express Brk concomitant with
tyrosine-phosphorylated STAT3 (15). To evaluate the biologi-
cal effects of SOCS3 on proliferation of breast tumor cells, we
increased expression of SOCS3 by lentiviral gene transduction.
MDA-MB-231 cells were infected with lentivirus expressing
GFP as a control or the SOCS3 gene and selected for stable
expression. Cells were plated at similar densities and evaluated
for proliferation by trypan blue exclusion over the course of
several days. Results ofmultiple independent experiments indi-
cated that expression of SOCS3 inhibits the proliferation of
these breast tumor cells (Fig. 7A). Western blots demonstrated
the increased expression correlated with reduced STAT3 tyro-
sine phosphorylation (Fig. 7B). Similar results were obtained
with another Brk positive breast tumor line, T47D (data not
shown). Increased expression of SOCS3 has a negative impact
on the proliferation of these breast tumor cells.

DISCUSSION

The precise functions of Brk in normal tissues and cancer are
only beginning to be understood. Enhanced expression of Brk
correlates with tumorigenesis, whereas disruption of the
murine Brk gene leads to increased growth of the small intes-
tine (2, 48). The effects of Brk may be context dependent and
influenced by positive or negative regulators. The ability to
engage or disengage Brk can have a profound impact on a single

cell and as a consequence on the entire organism.Therefore it is
critical to understand the molecular mechanisms that regulate
Brk to block its ability to promote cancer.
We identified the STAT3 transcription factor as one of the

substrates of Brk (15). Persistent tyrosine phosphorylation of
STAT3 induces the expression of genes that positively control
cell survival, proliferation, and tumor cell invasion (18, 49–51).
The SOCS3 gene is induced in response to activated STAT3,
and this led to the finding that SOCS3 can inhibit the ability of
Brk to phosphorylate STAT3 (15). In this report we demon-
strate that expression of Brk can induce the endogenous SOCS3
gene, suggesting this is a negative feedback mechanism for Brk
activity. SOCS3 is the only negative regulator of Brk as yet
described. In breast cancer, loss of SOCS3 expression is associ-
ated with poor clinical outcome (52).
Our studies demonstrate a physical interaction between

SOCS3 and Brk. Analyses of various mutations revealed the
association appears to be mediated primarily by the SH2
domain of SOCS3 and the tyrosine kinase domain of Brk (Fig.
4). The kinase activity of Brk contributes to this interaction
since SOCS3 binding to a kinase dead mutant is reduced (Fig.
5). However, the binding of SOCS3 to Brk is not sufficient to
inhibit Brk activity. Inhibition requires the kinase inhibitory
region (KIR) that is present at the amino-terminal region of
SOCS3. Pointmutations of the KIR domain abrogate the ability
of SOCS3 to inhibit Brk (Fig. 2). In cytokine signaling, the
SOCS3 KIR domain also appears to inhibit JAKs. The KIR
domain was originally thought to act as a pseudo substrate (40),
but recent evidence suggests the KIR domain is a noncompeti-
tive inhibitor of JAK2 and that SOCS3 binds to both JAK2 and
the tyrosine phosphorylated cell surface receptor (27). From
our studies it appears that the SH2 domain of SOCS3 binds
phosphotyrosines in Brk and the KIR domain inhibits Brk
kinase activity. The SOCS3 KIR domainmay also serve as a low
affinity supplementary binding site for Brk in conjunction with
the SH2 domain.
All SOCS proteins have a conserved C-terminal SOCS box.

The SOCS box is able to bind to elongin C, a component of the
ECS-type E3 ubiquitin ligase complex (38). SOCS proteins can
thereby target associated proteins for ubiquitination. Ubiquiti-
nation can be formed by isopeptide linkages with seven differ-
ent lysines on ubiquitin, can occur as homotypic chains or
mixed chains, and can occur as polymers or monomers (53).
Polyubiquitination via lysine 48 on ubiquitin can target pro-
teins for proteosomal degradation, and SOCS proteins have
been found to regulate the ubiquitination and half-life of par-
ticular JAKs, receptors, and signalingmolecules. For this reason
we evaluated the effect of SOCS3 on Brk ubiquitination and
degradation. Expression of SOCS3 with Brk was found to
reduce the protein levels of Brk by less than 2-fold (Fig. 6). This
reduction in Brk protein was dependent on the presence of the
SOCS box in SOCS3. A 2-fold reduction in the level of Brk
protein is not sufficient for the dramatic inhibitory effect of
SOCS3 on Brk activity. Therefore the primary inhibitory effect
of SOCS3 on Brk activity appears to be mediated by the KIR
domain.
The results in this study suggest a primary a mechanism of

action of SOCS3 on Brk activity. The SH2 domain of SOCS3

FIGURE 7. SOCS3 inhibits growth of breast cancer cell line MDA-MB-231.
A, lentivirus infection was used to stably express SOCS3 or GFP in the MDA-
MB-231 cell line. Similar cell numbers were seeded and proliferation was
measured by trypan blue exclusion. Results are graphed showing the stan-
dard deviation of three independent experiments. B, Western blot analysis of
MDA-MB-231 cells used in A expressing GFP (lane 1) or SOCS3 (lane 2) per-
formed with antibodies to tyrosine phosphorylated STAT3 (STAT3pY), STAT3,
or SOCS3.
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appears to bind to phosphotyrosines in the Brk tyrosine kinase
domain. This binding positions the SOCS3 KIR domain so that
it inhibits the ability of Brk to phosphorylate STAT3. The KIR
domain may help to facilitate binding to Brk, but its primary
role is inhibition of kinase activity. The SOCS box of SOCS3 is
not necessary for inhibition of Brk although it appears to play a
modest role in Brk stability. In addition to JAKs, SOCS3 has
been shown to inhibit the activity of focal adhesion kinase
(FAK) (46). Distinct from inhibition of Brk, the primary mech-
anism of SOCS3 action on FAK appeared to be ubiquitin-me-
diated degradation.
Accumulating evidence suggests the SOCSproteinsmanifest

the signs of tumor suppressors (47). Clinical studies have found
disruption of SOCS genes by mutation or transcriptional
silencing by methylation correlates with tumorigenesis. In
addition, aberrant phosphorylation of SOCS proteins in some
cancers has been shown to inhibit the ability of SOCS proteins
to associatewith elonginC and the E3 ligase complex. Increased
expression of SOCS3 in breast tumor cells that express Brk
results in a decrease in their proliferation (Fig. 7). Although
originally discovered to inhibit JAK/STAT cytokine signaling,
the SOCS proteins appear to have a more global role in the
regulation of proliferation. The negative effect of SOCS3 onBrk
may be required to maintain a normal balance necessary to
inhibit uncontrolled proliferative signals.
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