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ABSTRACT: Brk (breast tumor kinase, also known as PTK6)
is a nonreceptor tyrosine kinase that is aberrantly expressed in
several cancers and promotes cell proliferation and trans-
formation. Genome sequencing studies have revealed a number
of cancer-associated somatic mutations in the Brk gene;

Y342 Y4|47
[ sHs [osH2 T Kinase N
| | | ) !
L16F R131L V253M N317S  L343F P450L

however, their effect on Brk activity has not been examined. We analyzed a panel of cancer-associated mutations and determined
that several of the mutations activate Brk, while two eliminated enzymatic activity. Three of the mutations (L16F, R131L, and
P450L) are located in important regulatory domains of Brk (the SH3, SH2 domains, and C-terminal tail, respectively).
Biochemical data suggest that they activate Brk by disrupting intramolecular interactions that normally maintain Brk in an
autoinhibited conformation. We also observed differential effects on recognition and phosphorylation of substrates, suggesting
that the mutations can influence downstream Brk signaling by multiple mechanisms.

B rk (Breast tumor kinase, also known as PTK6) is a
nonreceptor tyrosine kinase that is a member of the family
of kinases that includes Frk, Srms, and Sik.' Brk has 46%
sequence homology with c-Src, and has a similar domain
arrangement, containing Src-homology 3 (SH3), Src-homology
2 (SH2), and kinase catalytic domains.” While c-Src has an N-
terminal myristoylation site that targets the kinase to the cell
membrane, Brk lacks a myristoylation sequence, and is localized
in both the cytoplasm and nucleus.”

The SH2 and SH3 domains of Brk regulate enzyme activity
in a similar manner to Src by forming intramolecular
interactions with other regions of the protein.> The SH2
domain of Src interacts with the C-terminal tail phosphorylated
at Tyr 527.%° Likewise, the SH2 domain of Brk binds to its C-
terminal sequence when phosphorylated at the analogous
tyrosine residue, Tyr 447.> The SH3 domain of Src binds to the
proline-rich linker region between the SH2 domain and the
kinase domain,*> and the SH3 domain of Brk functions in a
similar manner.>®” In Brk, as in Src, these interactions are
autoinhibitory. Engagement of the SH2 or SH3 domains by
ligands or substrates disrupts these intramolecular interactions,
leading to autophosphorylation of Brk at tyrosine 342 within
the activation loop of the kinase domain, and increased
activity.>® Dephosphorylation of the C-terminal tail also serves
to release these autoinhibitory interactions.>

Brk was first identified in a tyrosine kinase screen of
metastatic breast cancers. It was found to be overe)épressed in
two-thirds of breast cancer samples and cell lines.” Aberrant
expression of Brk is observed in several other cancers including
ovarian’ and prostate cancers.'”'" Overexpression of Brk in
nonsmall cell lung cancer (NSCLC) is correlated to poor
outcome.'> Brk promotes cell proliferation through several
signaling pathways. Brk increases proliferation of mammary
epithelial cells in response to stimulation of epidermal growth
factor (EGF)"'* through activation of the PI3K/Akt signaling
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pathway."® Brk activates ERKS and p38-MAPK in response to
EGF as well as heregulin."® Activation of signaling pathways is
not limited to those downstream of the epidermal growth factor
receptor family. Knockdown of Brk inhibits anchorage
independent growth of cells induced by insulin-like growth
factor 1 (IGE-1)."® Brk is also critical for cell migration and may
play a role in metastasis of cancer cells. Both p130Cas and
paxillin have been identified as Brk substrates and phosphor-
ylation of these substrates leads to increased cell migration.'”'®
Recently, Brk levels were found to be inversely correlated to E-
cadherin levels, and targeting of Brk to the cell membrane of
prostate epithelial cells promoted the epithelial to mesenchymal
transition and increased metastasis of xenograft tumors.'
Coexpression of Brk and ErbB2 decreased the sensitivity of
cells to treatment with Lapatinib,”® and expression of Brk in
human mammary epithelial cells provides partial resistance to
doxorubicin.! Together, these studies have identified Brk as a
potential target for cancer therapy.

In addition to overexpression, tyrosine kinases can become
hyperactivated in human cancer through somatic mutations.
Activating mutations in the kinase domain of EGFR are a
significant cause of NSCLC, and have been found to affect
sensitivity of the kinase to small molecule inhibitors.**
Mutations to c-Kit are observed in a significant proportion of
gastrointestinal stromal tumors.”? Jak3, a nonreceptor tyrosine
kinase, is often mutated in T-cell acute lymphoblastic leukemia
and other leukemias.** Several somatic mutations have been
recently identified in the gene encoding PTK6/Brk. It has not
been determined whether these cancer-associated mutations
activate Brk or promote neoplastic growth.
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Figure 1. Cancer-associated mutations affect Brk activation and intramolecular interactions. (A) The domain arrangement of Brk is shown
schematically. The autophosphorylation site (Tyr 342) and inhibitory tyrosine (Tyr 447) are in black. The cancer-associated mutations are indicated
in red. (B) Lysates from 293T cells expressing Flag-tagged wild-type or mutant forms of Brk were probed with anti-phosphoBrk (pY342),
phosphotyrosine, and Flag antibodies. The gel is representative of five similar experiments. (C) Wild-type and mutant forms Brk were
immunoprecipitated from transfected 293T cells using anti-Flag M2 affinity gel, then incubated with Src-substrate peptide in the presence of [y*>-P]
ATP. The activities were measured in duplicate with the phosphocellulose paper assay. The results are representative of three experiments. The error
bars show standard deviations. (D) Lysates from Src”Yes Fyn™ null (SYF) cells expressing wild-type or mutant forms of Brk were incubated with
SH2 ligand (left) or SH3 ligand (right) conjugated to agarose beads. Bound protein was eluted with SDS-PAGE sample buffer and resolved by SDS-
PAGE, then probed with anti-Brk (left) and anti-Flag (right) antibodies. Affi-gel control samples contained lysates from wild-type Brk expressing
cells incubated with nonconjugated beads. Untransfected controls (Un) contained untransfected cell lysates with peptide conjugated beads.

In this study, we have examined a panel of Brk somatic
mutations to assess enzymatic activity and substrate binding.
The mutations were identified in different cancer types and are
located across the different domains of Brk (Figure la). The
L16F mutant, identified in clear cell renal cell carcinoma,® is
found in the SH3 domain. The R131L mutant, found in gastric
cancer,”® is located in the SH2 domain. The V253M, N317S,
and L343F mutants are found in the kinase domain. They were
identified in head and neck squamous cell carcinoma,”” ovarian
carcinoma,”® and cutaneous squamous cell carcinoma,””
respectively. The P450L mutant, identified in pancreatic
cancer,® is located adjacent to the inhibitory tyrosine residue
at the C-terminal tail of Brk. The location of these mutations
suggests the possibility that the autoinhibitory interactions of
Brk could be disrupted, leading to increased activity. We show
that the L16F, R131L, L343F, and P450L mutations increase
Brk activity, while the V253M and N317S mutants inactivate
Brk. Furthermore, as the SH3 and SH2 domains also mediate
substrate interactions, we observe mutant-specific effects on
substrate binding and phosphorylation.

B MATERIALS AND METHODS

Reagents and Antibodies. Bovine serum albumin (BSA)
was obtained from Amresco. Leupeptin and aprotinin were
from Roche. Phenylmethylsulfonyl fluoride, sodium vanadate,
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dithiothreitol (DTT), and Polybrene were from Sigma, and
NAF was purchased from JT Baker. Human epidermal growth
factor (EGF) was purchased from Millipore. Primary antibodies
were obtained from the following companies: antiphospho-Akt
(Ser473), anti-Akt, antiphospho-p130 Cas (Tyr249), antiphos-
pho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (D13.144E),
p44/42 MAPK (Erk1/2), and antiphospho STAT3 (Tyr 705)
were from Cell Signaling Technology, anti-ErbB2 (24BS),
antiphospho Brk (Tyr342), antiphosphotyrosine, clone 4G10,
were from Millipore, anti-p130 Cas (C-20), anti-Samé68 (c-20),
anti-Stat3 (H-190), and anti-pTyr (pY99) were from Santa
Cruz, anti-#-catenin was from BD Biosciences, and monoclonal
ANTI-FLAG M2-peroxidase (HRP) was from Sigma. Horse-
radish peroxidase linked donkey anti-rabbit IgG and sheep anti-
mouse antibodies were from GE Healthcare. SuperSignal West
Femto Chemiluminescent Substrate and Pierce ECL Western
Blotting Substrate were purchased from Thermo Scientific.
Cell Lines. The mammalian cell lines HEK293T,
Src”Yes Fyn™ null (SYF), NIH-3T3, and SkBr3 were cultured
in Dulbecco’s modified Eagle’s medium (Corning) with 10%
fetal bovine serum (Seradigm) and 1000 units/mL penicillin, 1
mg/mL streptomycin, and 2.5 pg/mL amphotericin B
(Corning). 293-GPG cells used for generating retrovirus were
maintained in DMEM with 10% FBS, 300 pg/mL L-glutamine,
1X penicillin/streptomycin solution (Corning), 100 pg/mL
tetracyclin (Sigma), 2 ug/mL puromycin (Gibco), and 300 ug/
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mL G418 (Corning). MCF-10a cells were maintained in
DMEM/F12 (Corning) containing 5% horse serum (Sigma),
20 ng/mL EGF (Millipore), 0.5 pg/mL hydrocortisone (MP
Biomedical), 100 ng/mL cholera toxin, 10 ug/mL insulin
(Sigma), and 1X penicillin/streptomycin (Corning). MCF-10a
cells were starved in growth media with only 2% horse serum
and without EGF.

DNA Constructs and Mutagenesis. The baculovirus
vector for His-tagged Brk and the mammalian expression vector
for Flag-tagged Brk were described previously.>® Site-directed
mutagenesis was performed using the Stratagene QuikChange
Kit, and mutations were confirmed by DNA sequencing. Full-
length ErbB2 in pcDNA3.1-neo and Flag-tagged f-catenin in
pcDNA3.1 mammalian expression vectors were gifts from Drs.
Deborah Brown and Dr. Ken-Ichi Takemaru, respectively, of
Stony Brook University. The expression vector for p130Cas in
pcDNA3.1/V5-His B was described previously.>!

Transient Transfection, Western Blotting, and Immu-
noprecipitation. Cells (1 X 10°) were transfected 24 h after
plating with 8 uL of polyethylenimine per yg of DNA in 150
mM NaCl. Cells were harvested 48 h post-transfection using
RIPA buffer (25 mM Tris, pH 7.5, 1 mM EDTA, 100 mM
NaCl, 1% NP-40) supplemented with aprotinin, leupeptin,
PMSEF, NaF, DTT, and Na;VO,. The lysates were resolved by
SDS-PAGE and transferred to PVDF membranes and probed
with the appropriate antibodies, or were used in immunopre-
cipitation assays.

For immunoprecipitation studies, 1 mg/mL of cell lysate was
precleared with 15 uL of protein G agarose beads for 1 h at 4
°C on a rotator. The precleared lysates were incubated with 1
ug of the appropriate antibody for 1 h at 4 °C, and then
combined with 15 yL of fresh protein G agarose for 4 h at 4 °C.
The beads were washed three times with RIPA buffer, and then
eluted with SDS-PAGE bufter and resolved by SDS-PAGE. The
proteins were transferred to PVDF membrane for Western blot
analysis.

For immunoprecipitation of Flag-tagged Brk, cell lysates (1
mg protein) were incubated with 45 uL of anti-Flag M2 affinity
gels (Sigma) on a rotator for 3 h at 4 °C, and then washed
three times with Tris-buffered saline (TBS). The immunopre-
cipitated proteins were divided in three tubes. Duplicate
samples were used for a radioactive kinase assay with Src
peptide (sequence: AEEEEIYGEFEAKKKKG). The immuno-
precipitated proteins were incubated with 15 pL of reaction
buffer (30 mM Tris, pH 7.5, 20 mM MgCl,, 1 mg/mL BSA,
200 uM ATP), 1.2 mM Src peptide, and S0—100 cpm/pmol of
[y*2-P] ATP at 30 °C for 10 min. The reaction was quenched
using 45 uL of 10% trichloroacetic acid. The samples were
centrifuged, and 30 uL of the reaction was spotted onto
Whatman P81 cellulose phosphate paper, which was washed
with 0.5% phosphoric acid. Transfer of radioactive phosphate to
the peptide was measured by scintillation counting,

Peptide Binding Assay. SH2 ligand peptide (ETpYEEY-
GYDG) or SH3 ligand peptide (RGAAPPPPPVPRGRG) were
coupled to Affi-gel 15 resin (Biorad) by incubation in 0.1 M
Hepes (pH 7.5) overnight at 4 °C. Unreacted resin was then
blocked with 100 mM ethanolamine. The peptide conjugated
beads were washed with 0.1 M Hepes (pH 7.5) then
equilibrated with binding buffer (S mM EDTA, S0 mM Tris,
pH 7.5, 100 mM NaCl, 0.1% Triton X-100, 1 mM DTT, 0.5
mM Na;VO,). Lysates (500 pg) from transiently transfected
cells were incubated with the beads for 1 h at 4 °C. The bound
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protein was eluted with SDS-PAGE sample buffer, resolved by
SDS-PAGE, and analyzed by Western blotting.

Stable Cell Expression. The MSCV-PIG vector and 293-
GPG cells were a kind gift from Dr. Senthil Muthuswamy
(University of Toronto). To generate retrovirus, 15 ug of DNA
was combined with SO uL of Lipofectamine 2000 (Life
Technologies) in 2 mL of serum-free DMEM. The mixture
was added to 293-GPG cells in 4 mL of fresh serum-free
DMEM. Following a 6 h incubation, S mL of fresh media was
added to the cells, and incubation continued overnight. The
media was replaced the following day. Virus collected on the
fifth day after transfection was filtered with a 0.45 ym filter and
combined with 4 mL of media and 8 ug/mL Polybrene and
added to NIH-3T3 cells. Following a S h incubation, 6 mL of
fresh media was added to the cells. Puromycin (2 ug/mL) was
added to the cells 48 h postinfection to select for positively
infected cells. Stable cells were monitored by GFP expression.

Growth Assays. Cells (20 000) were plated in duplicate in
12-well plates. At each time point, the cells were trypsinized,
then resuspended in media and counted with a hemocytometer.
To measure nonanchored cell growth, 20 000 cells were plated
in triplicate in 24-well low attachment plates (Corning). On
day 6, the cells were centrifuged then resuspended using 100
uL of trypsin and counted with a hemocytometer.

Migration Assay. MCF-10a cells were serum starved
overnight, and plated in duplicate into 24-well Transwell plates
with 0.8 ym polyester inserts (Corning). Media with or without
EGF was added to the bottom chamber. After 8 h, nonmigrated
cells were swabbed from the top of the chamber and the
migrated cells were fixed with formaldehyde and stained with
DAPI. Cells were counted and averaged for 5 different areas of
each well.

Isothermal Titration Calorimetry. The pET28 SAC SP
vector encoding the Brk SH2 domain was a kind gift from Dr.
John Engen (Northeastern University). The SH2 domain was
expressed in BL21 (DE3) E. coli cells. Cells were lysed in a
French pressure cell, and the SH2 domain was purified by
chromatography on NiNTA agarose. Purified protein was
dialyzed overnight in ITC buffer (20 mM Hepes, 1 mM EDTA,
250 mM NaCl, 1 mM f-mercaptoethanol, and 5% glycerol).
Synthetic peptides based on the wild-type or mutant Brk C-
terminal tail were from Genemed Synthesis, Inc. Crude
peptides were purified by reverse-phase HPLC and dialyzed
in ITC buffer. The protein was diluted to 67.4 yM and the
wild-type (FTS-Y(p)-ENLTG) and P450L (FTS-Y(p)-
ENPTG) peptides were diluted to 1 mM and 827 uM,
respectively. The protein and peptides were degassed at 4 °C
and loaded into the sample cell and syringe, respectively. ITC
experiments were performed on a MicroCal VP-ITC micro-
calorimeter at 25 °C with S uL of peptide added per injection.
Origin 7.0 was used for data fitting.

B RESULTS

Cancer-Associated Mutations Affect Brk Activity. We
introduced the six mutations into expression vectors encoding
Flag-tagged full length Brk and expressed the proteins in
HEK293T cells. We measured Brk phosphorylation in cell
lysates using a general phosphotyrosine antibody and with an
antibody specific for pY342, the major site of autophosphor-
ylation in Brk.> The mutations located within important
regulatory regions of Brk, L16F (SH3), R131L (SH2), and
P4SOL (adjacent to the regulatory C-terminal phosphotyr-
osine), caused significant increases in Brk autophosphorylation
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(Figure 1B). The L343F mutant, which is adjacent to the
autophosphorylation site in the activation loop, also increased
phosphorylation of tyrosine 342. The V253M and N317S
mutations in the Brk kinase domain reduced autophosphor-
ylation activity to undetectable levels. An additional anti-
phosphotyrosine Western blot, showing higher-molecular
weight proteins, is presented in Supporting Information Figure
1. To confirm activation of Brk, we immunoprecipitated Brk
from cell lysates and incubated the protein with a synthetic
peptide substrate in the presence of [y*2-P] ATP. The mutants
that showed increased autophosphorylation also had increased
activity against the peptide, although the degree of activation
toward the exogenous substrate was not as high (Figure 1c).
The N317S mutant was inactive in this assay, consistent with its
lack of autophosphorylation (Figure 1B).

Cancer-Associated Mutations Disrupt Brk Intermolec-
ular and Intramolecular Interactions. The P450L mutation
is located at the P+3 position relative to the regulatory tyrosine
(Y447) at the Brk C-terminal tail. The identity of the amino
acid at the P+3 position often dictates the affinity and
specificity of SH2 ligands;>* thus, the P450L mutation could
potentially affect autoinhibitory binding between the Brk SH2
domain and phosphorylated Y447. We tested this possibility
first with a peptide affinity assay, using a peptide containing the
pPYEEY sequence that we previously showed binds to the SH2
domain of Brk.® The autoinhibited forms of Src and Brk bind
weakly to immobilized SH2 ligands because their SH2 domains
are engaged with their phosphorylated C-terminal tails, while
activated forms bind more strongly.”>> We incubated the
immobilized pYEEY peptide with lysates from cells expressing
wild-type or P450L Brk. The P450L mutant showed increased
affinity for the SH2 ligand compared to wild-type Brk (Figure
1d), suggesting that the P4S0L mutation may disrupt the
inhibitory interaction between the SH2 domain and the C-
terminal tail of Brk. We also measured binding of the SH2
domain to a synthetic peptide based on the phosphorylated C-
terminal tail of Brk (FTSpYENPTG) or to a similar peptide
containing the P4S0L substitution (FTSpYENLTG) by
isothermal titration calorimetry. The dissociation constant of
the Brk SH2 domain for a phosphorylated Brk C-terminal tail
peptide increased from 15 yM to 53 uM with the introduction
of the P450L mutation (Supporting Information Figure 2).
This is consistent with a decreased interaction between the
SH2 domain and its phosphorylated C-terminal tail in the Brk
P4S0L mutant.

Based on the autoinhibited structure of Src kinases, the Brk
SH3 domain is predicted to bind to the SH2-kinase linker to
stabilize the autoinhibited conformation. Mutations within the
linker sequence strongly activate Brk.’ A structural analysis of
the Brk SH3 domain showed that Trp17 (the residue adjacent
to Leul6) interacts with Pro179 in the linker region.** Thus,
activation of Brk by the L16F mutation (Figure 1B) could be
due to the disruption of SH3-linker interactions. The SH3
domain of Brk plays a key role in the recognition of substrates,
so the L16F mutation could also interfere with substrate
binding. We carried out a binding assay using an immobilized
peptide based on the SH3 recognition sequence on Sam68, a
physiological substrate of Brk. The L16F mutant showed
decreased binding to the SH3 ligand compared to wild-type
Brk, which suggests that the ability of the L16F mutant to
recognize its substrates would be compromised (Figure 1D).

Effect of Brk Mutants on Cell Growth. Several studies
have supported a role for Brk as an oncogenic driver of cancer.
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Expression of Brk increases cell proliferation and promotes
anchorage independent growth,'* a measure of transforming
potential. Brk also promotes tumorigenesis in the mouse
mammary gland,* and decreases tumor latency.”' Knock-down
of Brk inhibits cell growth.">*® We measured anchored and
nonanchored growth of NIH-3T3 cells stably expressing wild-
type Brk or the cancer-associated mutants. We expressed Brk
using a retroviral vector that contains an internal ribosomal
entry site for expression of GFP. We selected Brk expressing
cells by puromycin treatment, and analyzed cells with
equivalent GFP expression. Cells expressing wild-type Brk
showed increased cell growth compared to empty vector cells,
with the greatest difference in cell number at Day 6 (Figure
2A). All of the stable cells expressing Brk mutants showed
reduced proliferation relative to wild-type Brk, and cells that
expressed the P4S0L mutant did not survive past Day 6. We
examined anchorage-independent growth using plates with a
neutral surface to minimize cell attachment. We observed an
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Figure 2. Effect of Brk mutants on cell growth. (A) Anchored cell
growth: 20 000 NIH-3T3 cells stably expressing wild-type or mutant
Brk were plated in duplicate in 12-well plates and counted over several
days with a hemocytometer. The results are representative of three
experiments. The error bars represent standard deviations. (B)
Nonanchored cell growth: 20 000 NIH-3T3 stable cells were plated
in triplicate in 24-well low attachment plates. On day 6, the cells were
collected and counted using a hemocytometer. The results are
representative of two experiments. The error bars represent standard
deviations. (C) Lysates from NIH3T3 cells expressing wild type or
mutant forms of Brk were probed with anti-Brk and anti-GFP
antibodies.
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increase in nonanchored growth in NIH3T3 cells expressing
wild-type Brk as compared to control cells, but there were no
significant differences between control cells and cells expressing
Brk mutants (Figure 2B).

The effect of Brk expression on cell growth is most often
studied in the context of breast cancer. We stably expressed
wild-type or mutant forms of Brk in MCF-10a nontransformed
mammary epithelial cells, as well as in SKBR3 cells, which are a
transformed mammary cell line. We chose the SKBR3 cell line
because it overexpresses ErbB2, which we have previously
shown to cooperate with Brk to enhance cell growth.”
Similarly to the results in NIH3T3 cells, MCF-10a cells
expressing the P450L and L16F mutants showed reduced
proliferation relative to wild-type Brk (Figure 3). In SKBr3
cells, we observed no difference in proliferation between
control cells and cells expressing Brk (wild-type or mutant) at
Day 6 (data not shown) or Day 14 (Supporting Information
Figure 3).

Effect of Brk Mutants on Signaling Pathways. Several
of the cancer-associated mutations increased Brk activity, yet
reduced cell growth. To understand the basis for these effects,
we examined signaling pathways that are often activated in
cancer. Brk is a mediator of signaling downstream of the EGFR
family of receptor kinases. Coexpression of Brk with ErbB2
leads to increase in phosphorylation of Erk1/2.*° We first
examined the effect of two of the mutations (L16F and P450L)
on interaction with the ErbB2 receptor. Activation of ErbB2
leads to transphosphorylation of the intracellular domain, which
provides binding sites for cellular proteins containing SH2
domains, including Brk.*” Mutations to Brk that interfere with
inhibitory intramolecular interactions could allow greater access
of Brk to the SH2 binding sites. We cotransfected ErbB2 and
Brk into 293T cells, immunoprecipitated ErbB2, and examined
Brk association by Western blotting. The L16F and P450L
mutants showed increased interaction with ErbB2 compared to
wild-type Brk (Figure 4A).

Akt kinase has previously been identified as a binding partner
and substrate for Brk.>® We did not observe any differences in
Akt phosphorylation between control 293T cells or cells
expressing WT or mutant forms of Brk (Figure 4B). The L16F
mutant showed increased phosphorylation of Erk1/2 compared
to wild-type Brk (Figure 4B). In serum starved cells, no
phosphorylation of Erkl/2 was observed, and there was no
appreciable difference between wild-type and L16F Brk
following stimulation with EGF (Figure 4C). This suggests
that the L16F mutation disrupts autoinhibitory constraints in
Brk, but does not activate Brk to levels higher than those
achieved by EGF stimulation. The increased phosphorylation of
Erk1/2 by the L16F mutant in cells that were not serum starved
(Figure 4B) suggests that the L16F mutant may be more
sensitive to activation by other factors. Akt and Erk1/2 were
still phosphorylated in cells expressing the catalytically inactive
N317S mutant, suggesting that this mutant might potentiate
phosphorylation of signaling molecules by another kinase (e.g.,
a Src family kinase), perhaps by acting as a scaffolding protein.
These results are consistent with observations of cell migration
and cell growth upon expression of kinase inactive Brk.**** We
also measured activation of Akt and Erk1/2 in SkBr3 breast
cancer cells (Supporting Information Figure 3). We observed
increased activation of both Akt and Erkl/2 in cells expressing
the L343F mutant, but there was no increase in anchored or
nonanchored cell growth.
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Figure 3. Biological effects of Brk mutants in MCF-10a cells. (A)
MCF-10a cells (20000) stably expressing wild-type or mutant forms
of Brk were plated in 24-well plates in starvation media. Eighteen
hours post-starvation, cells were stimulated with 2.5 ng/mL EGF or
were left untreated. Cells were counted on a hemocytometer 6 days
after EGF stimulation. The data is representative of three similar
experiments. The error bars show standard deviations. *P < 0.0S
compared to Brk WT. (B) MCF-10a cells (50 000) were plated in a
24-well low attachment plate. On days 3 and 6, the cells were collected
and counted using a hemocytometer. The data is representative of
three similar experiments. The error bars show standard deviations. *P
< 0.05 compared to Brk WT. (C) MCF-10a cells (100 000) were
serum starved for 24 h then were plated in Transwell inserts of a 24-
well plate. Media with or without 15 ng/mL EGF was added to the
bottom chamber. After 8 h, migrated cells were fixed then stained with
DAP], and imaged with a fluorescent microscope and counted with
Image] software. The number of cells is the average of cells counted in
S fields per well. The error bars show standard deviations.

A number of Brk substrates and interacting proteins have
been identified in normal epithelial cells, as well as in tumors.*’
p130 CRK-associated substrate (Cas) is a substrate of Brk that
is localized to focal adhesions and acts as an adaptor protein to
facilitate cell migration.*’ Cas has been shown to be a direct
substrate of Brk and mediates Brk-induced cell migration of
prostate cells.'” We cotransfected 293T cells with Brk and Cas,
and probed the cell lysates with a phospho-specific Cas
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Figure 4. Effect of Brk mutants on signaling pathways. (A) 293T cells coexpressing ErbB2 and wild-type or mutant forms of Brk were incubated with
anti-ErbB2 antibody. Immunoprecipitated protein was eluted with SDS-PAGE sample buffer and probed with anti-ErbB2 and anti-Flag antibodies.
(B) 293T cells expressing wild-type or mutant forms of Brk were probed with anti-phospho-Akt (Ser473), anti-Akt, anti-phospho-Erk1/2 (Thr202/
Tyr204), anti-Erk1/2, and anti-Flag antibodies. (C) 293T cells were stimulated with 10 ng/mL EGF for 2.5 min following overnight serum
starvation. Lysates were probed with anti-phospho-Erk1/2 (Thr202/Tyr204), anti-Erk1/2, and anti-Flag antibodies. (D) Lysates from 293T cells
expressing both p130Cas and wild-type or mutant forms of Brk were probed with anti-phospho-p130Cas (Tyr 249), anti-p130Cas, and anti-Flag
antibodies. (E) 293T cells expressing wild-type or mutant forms of Brk were probed with anti-phospho-STAT3 (Tyr 507), anti-STAT3, and anti-
Flag antibodies. (F) Endogenous Sam68 protein was immunoprecipitated from 293T cells expressing wild-type or mutant forms of Brk using anti-
Samé68 antibody. Immunoprecipitated proteins were eluted with SDS-PAGE sample buffer and probed with anti-phosphotyrosine, anti-Sam68, and
anti-Flag antibodies. (G) f-Catenin was immunoprecipitated from 293T cells expressing f-catenin and wild-type or mutant forms of Brk.
Immunoprecipitated proteins were eluted with SDS-PAGE sample buffer and probed with an anti-phosphotyrosine, anti-$-catenin, and anti-Flag
antibodies.

antibody (pY165). The R131L, L343F, and P450L mutants all activation of STAT3 has been observed in many types of
showed greater phosphorylation of Cas compared to wild-type cancer. Phosphorylation of STAT3 by Brk increases its
Brk (Figure 4D). The L16F mutant showed decreased transcriptional activity and coexpression of STAT3 and Brk

phosphorylation of Cas. This may be partly due to decreased promote cell proliferation.® We observed a decrease in
expression of L16F Brk upon coexpression with Cas, an effect phosphorylation of STAT3 in cells expressing the V253M
we observed consistently. Additionally or alternatively, and N317S mutants compared to control cells or cells
decreased phosphorylation of Cas by the L16F mutant could expressing wild-type Brk (Figure 4e), suggesting that these
result from decreased binding between the proteins. Src mutants may exert a dominant-negative effect on STAT3

interacts with Cas through its SH3 domain.*” The L16F phosphorylation.
mutation is within the SH3 domain of Brk and interferes with Samé68, an RNA binding protein, was one of the first
ligand binding (Figure 1); thus, the mutation may disrupt the substrates identified for Brk. Sam68 is upregulated in breast
Brk-Cas interaction. cancer** and prostate cancer,* and expression of Brk
The transcription factor, signal transducer and activator of relocalizes Sam68 to Sam68-SLM nuclear bodies (SNBs),*
transcription 3 (STAT3), is a substrate for Brk.* Constitutive which are often observed in cancer cells.” We transiently
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Table 1. Summary of Mutant Effects on Brk Autophosphorylation and Substrate Activation”

ctrl WT L16F
autophosphorylation - + T+
ErbB2 interaction — + .
p-Akt + + +
p-Erkl1/2 + + 4+
p-Erk1/2 + EGF - + +
p-Cas — + _
p-STAT3 - + +
p-Samé68 — + —
p-p-Catenin — + —

R131L N317S L343F P450L
+++ - +++ ++
ND ND ND +++

+

+ +

+
++ - +++ +++
- - + +
++ - ++ ++
++ - +++ +++

“A minus sign (—) indicates a signal that was less than that of WT. A plus sign (+) indicates a signal that was similar to that of the WT, and
increasing numbers of plus signs indicate signals stronger than that of the WT. ND, not determined.

expressed Brk (wild-type or mutants) in 293T cells,
immunoprecipitated endogenous Sam68, and examined
phosphorylation by SDS-PAGE and antiphosphotyrosine
Western blotting. We also probed the membranes with Flag
antibody to measure association of Brk. The R131L, L343F,
and P450L mutants showed a small increase in Sam68 binding
and phosphorylation compared to wild-type Brk (Figure 4F).
While the L16F mutant increased Brk activity (Figure 1), there
was decreased binding and phosphorylation of Sam68 by this
mutant compared to WT Brk (Figure 4F). This is likely due to
the effect of the L16F mutation on the ligand-binding ability of
the SH3 domain (Figure 1D), which is critical for interaction
with $am68.%** The N317S mutation, which drastically
reduced autophosphorylation (Figure 1B), severely compro-
mised Sam68 binding and tyrosine phosphorylation (Figure
4F).

Phosphorylation of S-catenin by Brk inhibits its transcrip-
tional activity.*” We measured phosphorylation of ff-catenin in
cells coexpressing f-catenin and wild-type or mutant forms of
Brk. We immunoprecipitated f-catenin from the lysates and
probed with a general phosphotyrosine antibody. We reprobed
the membrane with Flag antibody to assess Brk association.
The R131L, L343F, and P450L mutants all showed greater
binding and phosphorylation of -catenin as compared to wild-
type Brk (Figure 4G). The L16F mutant was not able to
phosphorylate f-catenin, likely due to its decreased interaction
with the protein (Figure 4G). While the N317S mutant bound
normally to p-catenin, it was unable to phosphorylate the
protein. The results suggest that increased phosphorylation of
P-catenin by several of the cancer-associated mutants could
underlie the reduced cell growth observed in NIH3T3 and
MCEF-10a cells.

B DISCUSSION

Tyrosine kinases have emerged as one of the most frequently
mutated gene families in cancer.””! In some cases (e.g, EGF
receptor and c-Kit), the mutant kinases have increased
enzymatic activity and transforming ability.>> Brk was originally
identified as a gene that is overexpressed in metastatic breast
cancer, and several studies have supported a role for Brk as a
driver of tumorigenesis. Brk is a key mediator in several
signaling pathways, functioning downstream from the EGFR
family of receptors'>™'¥** as well as IGFIR.'® Aberrant
expression of Brk promotes cell growth and migration, and
the epidermal to mesenchymal transition'” and is involved in
hypoxia induced growth in breast cancer.** Sequencing efforts
to fully identify the genetic landscape of different cancers have
revealed several cancer-associated mutations to Brk. It has not
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been determined whether these mutations are driver mutations
that are critical for oncogenesis, or simply passenger mutations
that do not contribute any growth advantage. In this study, we
have shown that the L16F, R131L, L343F, and P450L mutants
activate Brk as determined by autophosphorylation. The
activation of Brk was corroborated by measuring the
phosphorylation of a synthetic peptide substrate. In contrast,
the V253M and N317S mutations eliminate the catalytic
activity of Brk. The effects of the mutants are summarized in
Table 1.

The P4S0L and L16F mutations are predicted to affect
intramolecular and intermolecular interactions of Brk. Our
results suggest that the P4S0L mutation weakens binding
between the SH2 domain and the C-terminal tail, an important
interaction for maintaining Brk in its autoinhibited conforma-
tion; the mutation concomitantly increases accessibility of the
SH2 domain for interaction with various substrates (Figures 1D
and 4, and Supporting Information Figure 2). The L16F
mutation leads to decreased interaction with an SH3 ligand
(Figure 1D). The L16F mutation activated Brk (Figure 1B) and
promoted phosphorylation of Erkl/2 (Figure 4F), but
dramatically decreased the ability of Brk to bind and
phosphorylate other substrates such as Sam68 and f-catenin.
(Figure 4F,G). This supports previous studies that showed the
SH3 domain is essential for interaction with Sam68,° and
highlights the importance of this domain for interaction with f-
catenin. This mutation may also inhibit interaction with other
substrates such as paxillin, which Brk also phosphorylates to
promote cell migration. Both the SH2 and SH3 domains were
shown to be involved in interaction with paxillin.'®

The V253M and N317S mutations inactivate Brk (Figure
1B,C) and expression of the N317S mutant in cells inhibits
phosphorylation of several substrates including Sam68 and p-
catenin (Figure 4). Erk1/2 and Akt are still phosphorylated in
cells expressing the N317S mutant (Figure 4). These results
show that the catalytic activity is important for activation of
Sam68 and f-catenin, but imply that a catalytically inactive
form of Brk is able to facilitate phosphorylation of other
substrates. Previous studies have shown that a kinase-dead
mutant of Brk is still able to promote proliferation of T-47D
breast cancer cells,>® consistent with these observations.
Additionally, recent studies in several cancer types have
shown a correlation between decreased expression of Brk and
poor prognosis.”> >’ Loss-of-function mutations in Brk could
potentially disrupt its function as a tumor suppressor.

Expression of wild-type Brk showed an increase in anchored
and nonanchored cell growth, as previously observed.'**"*®
While several of the mutations increased Brk kinase activity,
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expression unexpectedly led to decreased cell proliferation
(Figures 2 and 3, and Supporting Information Figure 3). We
hypothesize that this effect may be due to differential
interaction and activation of Brk substrates. We observed an
increase in the interactions of the L16F and P450L mutants
with ErbB2, relative to WT Brk (Figure 4A). We have
previously shown that coexpression of Brk and ErbB2 promotes
cell proliferation mainly through activation of the Ras-MAPK
pathway.”® Thus, activation of Brk and increased interaction
with ErbB2 by the L16F and P450L mutants would be expected
to result in increased phosphorylation of Erkl/2, and
potentially Akt, which is another key signaling protein
downstream of ErbB2 and is a substrate of Brk.'>*® The
L16F mutant (but not the P450L mutant) showed an increase
in activation of Erkl/2, and we observed no significant
difference between mutants compared to wild-type Brk for
the activation of Akt. The lack of Akt activation by L16F Brk
may be due to interference with SH3 ligand binding; the SH3
domain of Brk is important for interaction with Akt.>®

Differential phosphorylation of Brk substrates could result in
activation of both pro- and antiproliferative pathways.
Activation of f-catenin has been implicated in colon cancer
and NSCLC.>® Expression of the R131L, L343F, and P450L
mutants led to increased phosphorylation of f-catenin (Figure
4G). Phosphorylation of f-catenin by Brk inhibits transcrip-
tional activity.*” Coexpression of an alternatively spliced variant
of Brk (Alt-PTK6) enhances Brk downregulation of f-catenin
and decreases colony formation of a prostate adenocarcinoma
cell line.*® Thus, the enhanced phosphorylation of f-catenin by
the Brk mutants could partially explain the decrease in
proliferation.

Whether Brk and Sam68 cooperate in a pro- or
antitumorigenic manner is less clear. Sam68 may contribute
to oncogenesis by promoting alternative splicing. For example,
Sam68 promotes inclusion of a variable exon S in the CD44
pre-mRNA, which is correlated with tumorigenesis.*> Fur-
thermore, expression of an RNA-binding deficient Sam68
inhibits cell growth.*> When phosphorylated by Brk, Sam68
relocalizes to distinct nuclear bodies (SNBs) in breast and
colon cancer cells; the presence of SNBs is correlated with
tumorigenicity in some cancers.*® On the other hand,
phosphorylation of Samé68 by Brk inhibits its RNA-binding
activity.48 The R131L, L343F, and P450L mutants increased
phosphorylation of Samé68 (Figure 4F); thus, expression of the
mutants may inhibit the RNA-binding activity of Sam68 which
is important for cell growth.

The localization of Brk is an additional factor that can
modulate its tumorigenic potential. Brk lacks an N-terminal
myristoylation sequence, which is important for membrane
association in Src family kinases,” and it also lacks a nuclear
localization sequence.*® In poorly differentiated prostate cell
lines such as PC3, which form aggressive tumors in animals, Brk
is mainly found in the cytoplasm.'® Targeting of Brk to the cell
membrane promotes cell growth and transformation.”” We
have shown that cancer-associated mutations can affect the
interaction of Brk with its substrates, which may have indirect
effects on the subcellular localization of the kinase.

In summary, we have shown for the first time that cancer-
associated mutations can affect Brk activity. Several of the
mutations activate Brk, while the V253M and N317S mutations
drastically reduce kinase activity. We have also shown that the
mutations alter the set of substrates Brk is able to bind and
phosphorylate, which may result in both positive and negative
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signals for cell growth and transformation. Expression of the
mutants decreased cell proliferation, but did not result in overt
changes in transformation (as measured by nonanchored cell
growth) or migration in the cell systems we studied (Figures 3
and 4, and Supporting Information Figure 3). The tissues in
which these mutations arose could contain a different
collection, or a different balance, of signaling components.
Thus, Brk mutations could contribute to tumorigenesis by
different mechanisms in different cell contexts. Cancer-
associated somatic mutations can have important consequences
in tumor growth and drug resistance. Because there is currently
no reliable method to predict the consequence of somatic
mutations, experimental testing and validation is essential.
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