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(Background: BCARI (breast cancer antiestrogen resistance protein 1) and BCAR3 promote antiestrogen resistance and
Results: Mutations preventing the tight BCAR1-BCARS3 association disrupt downstream signaling events required for anties-

Conclusion: Complex formation is critical for BCAR1-BCAR3 oncogenic activities.
Significance: The BCAR1-BCAR3 complex and associated signaling events represent promising therapeutic targets in breast
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Most breast cancers are estrogen receptor-positive and
treated with antiestrogens, but aberrant signaling networks can
induce drug resistance. One of these networks involves the scaf-
folding protein BCAR1/p130CAS, which regulates cell growth
and migration/invasion. A less investigated scaffolding protein
that also confers antiestrogen resistance is the SH2 domain-
containing protein BCAR3. BCAR1 and BCARS3 bind tightly to
each other through their C-terminal domains, thus potentially
connecting their associated signaling networks. However,
recent studies using BCAR1 and BCAR3 interaction mutants
concluded that association between the two proteins is not crit-
ical for many of their interrelated activities regulating breast
cancer malignancy. We report that these previously used BCAR
mutations fail to cause adequate loss-of-function of the com-
plex. By using structure-based BCAR1 and BCAR3 mutants that
lack the ability to interact, we show that BCAR3-induced anti-
estrogen resistance in MCF7 breast cancer cells critically
depends on its ability to bind BCARL. Interaction with BCAR3
increases the levels of phosphorylated BCARI, ultimately
potentiating BCAR1-dependent antiestrogen resistance. Fur-
thermore, antiestrogen resistance in cells overexpressing BCAR1/
BCARS3 correlates with increased ERK1/2 activity. Inhibiting
ERK1/2 through overexpression of the regulatory protein
PEA15 negates the resistance, revealing a key role for ERK1/2 in
BCAR1/BCAR3-induced antiestrogen resistance. Reverse-
phase protein array data show that PEA15 levels in invasive
breast cancers correlate with patient survival, suggesting that
PEA15 can override ERK1/2 activation by BCAR1/BCAR3 and
other upstream regulators. We further uncovered that the
BCAR3-related NSP3 can also promote antiestrogen resistance.
Thus, strategies to disrupt BCAR1-BCAR3/NSP3 complexes
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and associated signaling networks could ultimately lead to new
breast cancer therapies.

In their acquisition of an increasingly more malignant and
aggressive phenotype, breast cancer cells rely on signaling net-
works that deregulate proliferation/survival and migration/in-
vasiveness as well as confer resistance to chemotherapeutic
drugs. Intrinsic or acquired drug resistance and metastatic dis-
semination are the most serious obstacles to breast cancer erad-
ication (1, 2). High expression of the scaffolding protein breast
cancer antiestrogen resistance 1 (BCARL,® also known as
p130CAS) has been implicated in the intrinsic resistance to
antiestrogens and other chemotherapeutic agents as well as
the acquisition of more mesenchymal/migratory characteris-
tics and basal-like features (3—14). BCARI also contributes to
the malignant characteristics of breast cancer cells overex-
pressing the HER2/ErbB2 oncogene (15-17). Furthermore,
high BCAR1 protein levels in breast cancer patients have been
correlated with the triple-negative phenotype, poor prognosis,
rapid disease recurrence, and resistance to therapy with the
estrogen receptor antagonist tamoxifen (4, 5, 13, 18, 19). All
four members of the CAS protein family regulate signaling
assemblies through their multiple conserved domains. These
include an N-terminal SH3 domain, a substrate domain con-
taining multiple tyrosine and serine phosphorylation sites, and
two focal adhesion targeting domains that in three of the family
members are separated by an intervening SRC binding domain
(11).

Although they lack enzymatic activity, CAS family proteins
play a central role in cell physiology by serving as scaffolds for
multiple protein partners to relay signals downstream of integ-
rins and receptor-tyrosine kinases (11, 12, 20). CAS proteins
bind non-receptor-tyrosine kinases, such as the focal adhesion

3 The abbreviations used are: BCAR1, breast cancer antiestrogen resistance 1;
NSP, novel SH2-containing protein; GEF, guanine nucleotide exchange fac-
tor; ANOVA, analysis of variance.
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kinase FAK through their SH3 domain and SRC family kinases
through their SRC binding domain. Motifs phosphorylated by
SRC in the BCARI1 substrate domain generate multiple docking
sites for the SH2 domains of adaptor proteins such as CRK,
which links BCAR1 to the C3G and DOCK180 exchange factors
(12, 20-22). C3G activates the Ras family GTPases R-RAS and
RAP1I, thus promoting integrin-mediated adhesion. DOCK180
activates the RHO family GTPase RAC1, which promotes the
formation of membrane ruffles and protrusions as well as cell
migration and invasiveness. Notably, among the family mem-
bers only BCARI has been shown to confer antiestrogen resis-
tance (11, 12, 17, 23).

Another multidomain signaling protein that has been asso-
ciated with antiestrogen resistance and a mesenchymal pheno-
type in breast cancer is breast cancer antiestrogen resistance 3
(BCARS3, also known as AND-34) (23-27). BCAR3 is a member
of the novel SH2-containing protein (NSP) family and was iden-
tified together with BCARI in a screen for gene products whose
increased expression promotes proliferation of estrogen recep-
tor-positive breast cancer cells treated with antiestrogens (3,
24). BCARS3 plays a key role in the regulation of BCAR1 signal-
ing and subcellular localization as well as activates signaling
effectors (such as PI3K, RAC1, PAKI, and cyclin D1) that pro-
mote antiestrogen resistance and a migratory/invasive pheno-
type (23, 28 -33).

BCARS3 and the two other members of the NSP family, NSP1
(gene name SH2D3A) (25) and NSP3 (also known as SHEP1 and
CHAT, gene name SH2D3C) (25, 34, 35), share a common
domain structure. This distinctive structure includes an N-ter-
minal segment subject to alternative splicing, a SH2 domain
that can bind activated receptor-tyrosine kinases and the PTP«
phosphatase (at least in the case of BCAR3), and a C-terminal
CDC25-type guanine nucleotide exchange factor (GEF)-like
domain (11, 36, 37). Recent x-ray crystallography studies have
shown that this GEF-like domain has a unique conformation
that is incompatible with the binding of RAS GTPases but is
capable of functioning as an adaptor module that mediates
extremely tight binding to the C-terminal focal adhesion tar-
geting domain of CAS family proteins. The tight linkage formed
by their C-terminal domains allows members of the BCAR1
and NSP families to connect the signaling networks associated
with each multidomain scaffolding protein.

This is in line with earlier suggestions that the level of the
BCARI1-BCAR3 complex in breast cancer cell lines correlates
with malignancy more closely than the levels of each individual
protein (23). Therefore, disrupting the complex could sensitize
breast cancer cells to chemotherapeutic drugs and favor rever-
sion to a less malignant state. Surprisingly, recent studies of
mutations in the C-terminal interaction domains of mouse
BCAR1 (L791P) and BCAR3 (R743A) have shown that the
mutants retain many biological activities of the wild-type pro-
teins despite their reported decreased ability to interact (30, 38,
39). These findings have cast doubt on the importance of the
BCAR1-BCAR3 association for many of their interrelated bio-
logical functions regulating breast cancer aggressiveness.

However, our recent binding data using recombinant BCAR1
and NSP3 C-terminal domains suggested that certain single
amino acid mutations in the binding interfaces of BCAR1 and
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NSP proteins may not be sufficient to adequately disrupt the
very tight interaction between the two proteins (36). For exam-
ple, even the drastic change in amino acid charge in the human
NSP3 R627E mutant (corresponding to mouse BCAR3 R743E;
Table 1) diminished but did not abolish the interaction of the
NSP3 C-terminal domain with the BCAR1 C-terminal domain
(36). The difficulty in abrogating BCAR1-NSP interactions may
be due to the presence of two separate binding sites that coop-
erate to yield the extremely strong binding between CAS and
NSP family proteins (36). Therefore, we sought to shed light on
the exact role of the BCAR1-BCARS3 linkage in breast cancer
antiestrogen resistance by using structure-guided double muta-
tions to effectively disrupt the interaction between the two pro-
teins. Additionally, we utilized the mutants to unravel signaling
events through which the BCAR1-BCAR3 complex promotes
antiestrogen resistance. Knowing whether the physical associ-
ation between BCAR1 and BCARS3 represents a key factor in
breast cancer malignancy and drug resistance as well as char-
acterizing the signaling events involved has important implica-
tions for breast cancer prognosis and therapy.

EXPERIMENTAL PROCEDURES

Plasmids and Lentiviral Constructs—The human BCAR1
¢DNA (nucleotides 2-2614, GenBank™ accession number
BC062556.1) was cloned in the Xhol and EcoRI sites of the
pEGFP-C2 plasmid (Clontech). The human BCAR3 cDNA
(nucleotides 146-2623, GenBank™ accession number
BC039895.1) was obtained in the pCMV-SPORT6 vector from
Open Biosystems/Thermo Scientific (Huntsville, Alabama; cat-
alog #MHS1010-7508662) and subcloned in the HindIII and
EcoRI sites of pcDNA3.1. The human PEA15 ¢cDNAs (nucleo-
tides 1-393, EMBL accession number CR541733.1) was cloned
into the Kpnl and BamHI sites of the pEGFP-C1 plasmid (Clon-
tech Laboratories, Mountain View, CA).

The BCAR1 cDNA was also inserted between the Xhol and
BamHI sites of the pLVX-IRES-Neo lentiviral vector (#632181;
Clontech Laboratories), and the BCAR3 cDNA was also
inserted between the EcoRI and Xbal sites of the pLVX-IRES-
ZsGreenl lentiviral vector (#632187; Clontech Laboratories).
The human NSP3a ¢cDNA (nucleotides 55-2123, GenBank™
accession number BC027962.1) was inserted between the
EcoRI and Notl sites of pLVX-IRES-ZsGreenl. The mouse
NSP38 cDNA (nucleotides 75-2183, GenBank™ accession
number NM_001252547.1) was inserted between the EcoRI
and BamHI sites of pLVX-IRES-ZsGreenl. Wild-type and
mutant EGFP-PEA15 ¢cDNAs were digested from pEGFP-C1-
PEA15 using Nhel and BamHI and inserted in the Spel and BamHI
sites of pLVX-IRES-ZsGreenl. The NSP3 shRNA (sequence,
CCGGCCTGGACTCATCGCCAGAGAACTCGAGTTCTCT-
GGCGATGAGTCCAGGTTTTTQG) in the pLKO.1-puro lentivi-
ral vector was obtained from Sigma (TRCNO0000072865). All
mutants were generated by site-directed mutagenesis with the
Pfu turbo DNA polymerase from Agilent Technologies (Santa
Clara, CA) and verified by sequencing the entire cDNAs.

All infectious lentiviruses, except for those encoding EGFP-
PEA15, were prepared in HEK293T-LV cells (GeneTarget)
using the pCMV-dR8.74 and pMD2.G second generation pack-
aging system and concentrated by ultracentrifugation in a
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sucrose gradient by the Sanford-Burnham Medical Research
Institute Viral Vector core facility. The EGFP-PEA15 lentivi-
ruses were prepared in Lenti-X 293T cells using the Lenti-X"™
HTX packaging system (#631247; Clontech Laboratories) and
used without concentration.

Cell Culture, Transfections, and Lentiviral Infections—
HEK293T and MCF?7 cells were obtained from ATCC (Manas-
sas, VA) and cultured in DMEM supplemented with 10% fetal
bovine serum and Pen/Strep. Transient transfections of
HEK293T cells were carried out in 6-well plates using Lipo-
fectamine® 2000 Transfection Reagent (Invitrogen) and 1.5 ug
of total DNA (0.75 ug BCAR1 constructs and/or 0.75 ug
BCARS3 constructs).

For lentiviral infections, MCF7 and HEK293T cells were
incubated with lentiviruses overnight. After a first round of
amplification, infected cells expressing wild-type or mutant
BCARS3 together with ZsGreen from the bicistronic mRNAs
were sorted by FACS to isolate cells expressing high levels of
ZsGreen (corresponding to 2—12% of the infected cells) and
expanded. To generate double-infected cells, the sorted cells
expressing BCAR3 were subsequently infected with lentivi-
ruses encoding BCAR1 or EGFP-PEA15 together with the neo-
mycin resistance selection marker and selected using 1 mg/ml
G418 (Geneticin, Roche Applied Science).

To measure growth in the presence of ICI182780, stable
transduced MCF?7 cells were counted 3 times using a hemocy-
tometer and plated in triplicate wells in 6-well plates (50,000
cells/well) in medium containing the estrogen receptor antag-
onist ICI182780 (100 nMm; Tocris Bioscience, Bristol, UK). The
culture medium was replaced every 2 days. Over the length of
the assay, the cells reaching about 90% confluency were
trypsinized, counted, and replated at 50,000 cells/well. At the
end of the growth assay, all cells were trypsinized and counted.
The doubling times of the cultures were calculated using the
algorithm available online at Doubling Time.

Immunoprecipitation—Transfected HEK293T cells were
lysed in non-denaturing buffer (50 mm Tris-HCI, pH 7.5, 120
mM NaCl, 1% Triton X-100, 2 mm EDTA, 5% glycerol, 1 mm
sodium orthovanadate, 1 mm sodium fluoride, 1 mg/ml apro-
tinin, 1 mg/ml leupeptin, 1 mg/ml pepstatin, and 1 mm phenyl-
methylsulfonyl fluoride) and centrifuged at 16,000 X g for 15
min at 4 °C to remove insoluble material. Lysates were pre-
cleared using 20 ul of GammaBind beads (GE Healthcare) for
30 min. EGFP-BCAR1 and BCAR3 were immunoprecipitated
from 400 ug of cell lysate by incubation for 2 h at 4 °C with 1 ul
of GFP antibody (#GTX20290, GeneTex, Irvine, CA) or 0.6 ug
of BCAR3 antibody (#sc-47811, Santa Cruz Biotechnology,
Santa Cruz, CA) immobilized on GammaBind beads.

For the immunoprecipitations, tissue or cell lysates were
incubated with antibody for 2 h at 4 °C followed by a 1 h of
incubation with GammaBind beads. Beads were washed 3 times
with 1 ml of lysis buffer, and immunocomplexes were eluted by
boiling for 5 min in SDS-containing sample buffer.

Immunoblotting—Cells were lysed in modified radioimmune
precipitation assay buffer and centrifuged at 16,000 X g for 15
min at 4 °C, and SDS-containing sample buffer was added. Cell
lysates and immunoprecipitates were resolved by SDS-PAGE
and transferred to PVDF membranes (Millipore, Billerica, MA)

APRIL 11,2014 +VOLUME 289-NUMBER 15

and then probed with antibodies to BCAR1 (#sc-860; Santa
Cruz Biotechnology and #610272; BD Biosciences), BCAR1
phospho-Tyr-165 and phospho-Tyr-410 (#4015 and #4011;
Cell Signaling Technology, Danvers, MA), BCAR3 (#sc-47811;
Santa Cruz Biotechnology), SRC (#05-184; Millipore), SRC
phospho-Tyr-416 (#2101; Cell Signaling), AKT (#9272; Cell
Signaling Technology), AKT phospho-Ser-473 (#9271; Cell
Signaling), ERK1/2 (#9102; Cell Signaling), phospho-ERK1/2
(#9101; Cell Signaling), cyclin D1 (#556470; BD Biosciences),
GAPDH (#9484; ABCam, Cambridge, MA), and GFP
(#GTX20290; GeneTex). Incubation with primary antibodies
was followed by incubation with anti-rabbit or anti-mouse sec-
ondary antibodies conjugated to horseradish peroxidase (HRP,
Millipore). Immunoblots were developed with ECL chemilumi-
nescence HRP detection reagent (GE Healthcare). Band quan-
tification was carried out using NIH Image].
Immunofluorescence Microscopy—For immunocytochemis-
try, transduced MCEF?7 cells were plated at low density on glass
coverslips coated with fibronectin (10 ug/ml; Millipore). The
cells were then fixed with 4% formaldehyde for 15 min and
permeabilized with 0.5% Triton X-100 in PBS for 3 min at room
temperature. After a 30-min incubation with 10% normal goat
serum in PBS, the cells were incubated overnight at 4 °C with
rhodamine phalloidin, anti-BCAR1 antibody (2.5 pg/ml;
#610272; BD Biosciences), anti-BCAR3 antibody (4 ug/ml; #sc-
47811; Santa Cruz Biotechnology), or anti-NSP3 antibody (40).

RESULTS

The Ability Of BCAR3 to Increase the Levels of Phosphory-
lated BCARI Depends on Their Physical Association—Hall-
marks of BCAR1 signaling are BCAR1 tyrosine phosphoryla-
tion and the appearance of a BCAR1 upper band with slower
electrophoretic mobility in SDS-PAGE gels, which represents a
form with increased serine/tyrosine phosphorylation (9, 29, 41,
42). BCAR3 overexpression in MCF7 breast cancer cells was
previously shown to increase the proportion of the BCAR1
upper band, which was attributed to increased serine phosphor-
ylation (29). Surprisingly, overexpression of the mouse BCAR3
R743A mutant also caused this effect (39). Because in previous
work the R743A mutant showed reduced association with
BCARI in coimmunoprecipitation experiments using a lysis
buffer containing the strong ionic detergent SDS (Table 1), it
was proposed that BCAR3 can enhance BCAR1 serine phos-
phorylation through a mechanism that does not depend on the
interaction between the two proteins (39). Consistent with
these previous results, we found that even the more drastic
R748E mutation in human BCAR3 (corresponding to R743E in
mouse BCAR3; Table 1) fails to impair the BCAR3-dependent
increase of the BCAR1 upper band in MCF7 cells (Fig. 1a).
However, we also found that in transiently transfected HEK293
cells the BCAR3 R748E mutant still avidly interacts with
BCARI in coimmunoprecipitation experiments using a lysis
buffer lacking SDS (Fig. 1c).

To identify mutations in the BCAR1-BCARS3 binding inter-
face that would most effectively disrupt the interaction allow-
ing elucidation of its mechanistic relevance, we modeled the
human BCAR1-BCAR3 complex by overlaying the BCAR3
crystal structure onto the available structure of the BCARI-
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TABLE 1
BCAR1 and BCAR3 interface mutations

BCAR1-BCAR3

Gene Mutation . N Reference
interaction
BCAR3 none ++
mBCAR3? R743A + (37,39)
hBCAR3 R748E + (36), t.s.
hNSP33 R627E i (36)
hBCAR3 L744E +/— (36), t.s.
hNSP33 L623E +/— (36)
mNSP3[3 Y635E° - (50)
mNSP3a Y787E® — (49,72)
BCAR1 none ++
mBCAR1 L791P + 31
mBCAR1 L791D + (39)
hBCAR1 L787E i (36), t.s.
hBCAR1 F794R + (36), t.s.
hBCAR1 D797R + (36)

“, mouse; h, human.
 ts., this study.
¢, allosteric mutation.

NSP3 complex (36) (Fig. 1b). Examination of the binding inter-
face suggested that a L744E mutation would be more effective
for disrupting the interaction with BCAR1 than the R748E
mutation because Leu-744 is more centrally located within
the binding interface (Fig. 15). This was confirmed in coimmu-
noprecipitation experiments from transiently transfected
HEK293 cells (lysed in a buffer lacking SDS), which revealed
that the L744E mutation disrupts the binding to BCAR1 much
more effectively than the R748E mutation (Fig. 1¢), highlighting
the advantage of a structure-guided mutation strategy. Com-
bining the BCAR3 L744E and R748E mutations yielded a dou-
ble mutant BCAR3 that lost any detectable binding to BCAR1
in coimmunoprecipitation experiments (Fig. 1¢) and that did
not up-regulate the hyperphosphorylated BCAR1 upper band
(Fig. 1a).

BCARI substrate domain tyrosine phosphorylation, which is
critical for BCARI signaling, is also known to be enhanced by
BCARB3/NSP proteins (11, 12, 20). It can be detected with anti-
bodies to the Tyr-165 and Tyr-410 substrate domain phosphor-
ylation sites, which also recognize other similar YXXP phos-
phorylated motifs in the BCAR1 substrate domain (43). Using
our BCAR3 mutants, we found that tyrosine-phosphorylated
BCARLI is increased by the R748E BCAR3 mutant similarly to
wild-type BCAR3 (Fig. 1a). However, this effect was not
observed with the BCAR3 L744E/R748E double mutant, which
has lost the ability to interact with BCAR1 (Fig. 1a). Taken
together, these results suggest that mutation of Arg-748 to
either Ala or Glu is not sufficient to adequately disrupt the
strong BCAR1-BCARS3 interaction under the conditions found
in the cellular environment and that the BCAR3-induced
increase in phosphorylated BCARL is in fact highly dependent
on the association between the two proteins.

The Physical Association of BCARI and BCAR3 Leads to the
Stabilization of Both Proteins—The increase in phosphorylated
BCARL1 is accompanied by protein stabilization resulting in
higher overall BCARI1 levels, which has been reported to be
induced by BCAR3 and the related NSP3 (23, 40). Accordingly,
we found that both BCAR3 wild-type and the R748E mutant
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similarly increase BCAR1 protein levels, whereas the L744E/
R748E double mutant has lost this ability (Fig. 14), demonstrat-
ing the importance of a physical interaction with BCARS3 for the
stabilization of BCARLI. Interestingly, we also found that in a
reciprocal fashion BCAR1 expression stabilizes BCAR3, as
transient transfection of BCAR1 in HEK293 cells enhanced the
levels of cotransfected BCAR3 (Fig. 1d). Thus, association
between the two proteins up-regulates the levels and activity of
the BCAR1-BCARS3 signaling module.

To further validate our results, we sought to investigate the
effects of BCAR1 mutations capable of disrupting the associa-
tion with BCAR3, again using the available structural informa-
tion as a guide (36). To this end we identified the F794R muta-
tion in BCAR1, which is central in the BCAR3 binding interface
(Fig. 1b), and found that this mutation substantially but not
completely disrupts association with BCAR3 in coimmunopre-
cipitation experiments using lysis buffer without SDS (Fig. 1c
and Table 1). Mutation of the more peripheral residue Leu-787
to Glu (L787E) was less effective (Fig. 10 and Table 1), but the
combination of F794R and L787E mutations greatly reduced
binding to BCAR3, with only a weak residual interaction still
detectable (Fig. 1¢). We next examined these BCAR1 mutants
for their ability to stabilize BCAR3. The effects were consistent
with their degree of BCAR3 binding impairment. The L787E
and F794R single mutants stabilized BCAR3 less effectively
than wild-type BCAR1, whereas the L787E/F794R double
mutant exhibited greater functional deficiency (Fig. 1d). Thus,
the observed stabilization of BCAR3 by BCARLI is also inher-
ently linked to their physical association. Furthermore, as in the
case of the BCAR3 mutations, these results suggest that the
interaction module cannot be easily disrupted and that double
mutations in BCAR1 more effectively impair the association
with BCAR3 than single mutations.

In summary, the effects of BCAR1/BCARS3 mutants with dif-
ferent degrees of interaction impairment demonstrate that a
physical interaction is required for a wide spectrum of signaling
events associated with the interplay between BCARI1 and
BCAR3. However, a weakened association is still sufficient to
support many of these effects. These data also imply that the
physiological roles of BCARI-BCAR3 complexes and most
likely other BCARI-NSP complexes can only be reliably
deduced by analyzing the effects of mutations, such as multiple
targeted mutations, that drastically impair the very tight bind-
ing between the two protein families.

The Mesenchymal Phenotype and Antiestrogen Resistance
Induced by BCAR3 Require Complex Formation with BCARI—
Mesenchymal features are a hallmark of cancer malignancy and
often accompany drug resistance (1, 44—47). Overexpression
of BCAR3 in the epithelial-like, estrogen receptor-expressing
MCE?7 breast cancer cells is known to lead to a more mesenchy-
mal and migratory phenotype characterized by the formation of
peripheral membrane ruffles and lamellipodia that are rich in
filamentous actin and also BCAR1 and BCAR3 (23, 30, 31, 33,
39). To investigate the role of the association of BCAR3 with
BCARLI in the actin cytoskeleton rearrangements induced by
BCAR3 in MCF7 cells, we used the BCAR3 L744E/R748E dou-
ble mutant. By labeling actin filaments, we found that wild-
type BCAR3 and the R748E single mutant both similarly induce
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FIGURE 1. Structure-guided mutation of multiple residues in the binding surfaces of BCAR3 or BCAR1 disrupts their interaction and abrogates crucial
signaling events. g, stable lentiviral transduction of BCAR3 wild-type (WT) or the L748E single mutant in MCF7 breast cancer cells similarly increase BCAR1
levels, BCAR1 substrate domain tyrosine phosphorylation (detected with an antibody to phospho-Tyr-410), and the proportion of the hyperphosphorylated
BCAR1 upper band (top arrow). An enlargement of the BCAR1 blot is also included to more clearly show the upper and lower BCAR1 bands, which are marked
by the two arrows. In contrast, the L744E/R748E double mutant has lost these activities. V, empty lentiviral vector control. Cell lysates were probed by
immunoblotting with the indicated antibodies. A band recognized non-specifically by the BCAR1 antibody demonstrates equal loading of the lanes (loading
control). b, BCAR1-BCAR3 complex modeled by overlaying the crystal structure of the BCAR3 C-terminal domain (PDB:3T6A) onto the complex structure of the
BCAR1 and NSP3 C-terminal domains (PDB ID 3T6G). The two domains are shown in schematic representation, and residues in the binding interfaces that were
mutated are shown in sphere representation (left, BCAR3, orange; right, BCAR1, green). ¢, effects of BCAR1 and BCAR3 mutations on the association between the
two proteins as determined by coimmunoprecipitation (/P) from HEK293 cells transfected with the indicated combinations of empty vector controls, EGFP-
BCAR1, and BCAR3 wild-type or mutant plasmids. To avoid possible interference with the BCAR1-BCAR3 association by the immunoprecipitating antibody,
BCAR1 was immunoprecipitated with an antibody to the EGFP tag (which was also used for detection of EGFP-BCAR1 by immunoblotting), and BCAR3 was
immunoprecipitated with an antibody to an epitope near the N terminus. Cell lysates were also probed, revealing low expression of the BCAR3 L744E and
L744E/R748E mutants, which is likely due to their impaired interaction with both wild-type and transfected BCAR1. GAPDH was probed as a loading control.
Mutations: 744, L744E; 748, R748E; 787, L787E; 794, F794R. d, transient transfection of BCAR1 in HEK293 cells increases the levels of cotransfected wild-type
BCAR3 and different mutations in the BCAR3-interacting domain of BCART impair this effect to different extents. Cells were transiently transfected with empty
vector control (V) or with a BCAR3 WT plasmid together with BCAR1 wild-type, L787E (787) or F794R (794) single mutants, or the BCAR1 L787E/F794R double
mutant. Cell lysates were probed by immunoblotting with the indicated antibodies, with theimmunoblot for GAPDH demonstrating equal loading of the lanes.

the formation of membrane ruffles (Fig. 2, a and b). These ruf-
fles also contain prominent BCAR1 and BCAR3 immunoreac-
tivity (Fig. 2, 4 and ¢), in agreement with previous results
obtained by overexpressing the mouse BCAR3 R743A mutant
(39). In contrast, the BCAR3 L744E/R748E double mutant
(which effectively disrupts BCAR3 binding to BCAR1) lost the
ability to induce membrane ruffles (Fig. 2, a—c), supporting the
importance of the BCAR1-BCAR3 module in promoting a mes-
enchymal morphology in breast cancer cells.
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We next examined the role of the BCAR1-BCAR3 associa-
tion in antiestrogen resistance. We lentivirally transduced wild-
type or mutant BCAR3 and monitored the growth of MCEF7
cells in the presence of the widely used estrogen receptor antag-
onist ICI182780. The results show that BCAR3 promotes cell
growth under these conditions (Fig. 3a) and restores a more
healthy cellular appearance (Fig. 3b) compared with control
vector-transduced cells, as expected (24, 39). We obtained sim-
ilar results with the R748E single mutant, which retains sub-
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FIGURE 2. BCAR3 and the related NSP3 induce formation of membrane ruffles, which requires complex formation with BCAR1. a, MCF7 cell populations
stably transduced with lentiviral vectors encoding ZsGreen alone (V) or together with wild-type BCAR3 (WT), the BCAR3 R748E single mutant (748), or the
BCAR3 L744E/R748E double mutant (744/748) were stained with phalloidin to label filamentous actin (top row) or with an anti-BCAR3 antibody (bottom row).
The phalloidin-stained cells were also imaged for ZsGreen fluorescence to identify the cells expressing BCAR3 and ZsGreen from the bicistronic transcript
(middle row). BCAR3 wild-type and the R748E single mutant both promote the formation of membrane ruffles compared with the vector control cells (arrows
point to examples of ruffles), whereas the BCAR3 L744E/R748E double mutant does not. Furthermore, BCAR3 immunoreactivity is evident in the ruffles. Scale
bars = 25 um. b, the histogram shows the percentage of ZsGreen-expressing cells that contain ruffles. **, p < 0.01, and ***, p < 0.001 for the comparison with
vector control-infected cells by one-way ANOVA and Dunnett’s post hoc test. ¢, overexpression of BCAR3 and NSP3 in MCF7 cells promotes the formation of
membrane ruffles containing BCAR1. Levels and subcellular localization of endogenous BCAR1 are shown by immunolabeling (arrows point to examples of

ruffles). ZsGreen fluorescence identifies the cells expressing BCAR3 or NSP3 from the bicistronic transcripts. Scale bar = 40 um.

stantial interaction with BCARI, in agreement with previous
findings with BCAR3 carrying the less disruptive R743A muta-
tion (39). In contrast, the BCAR3 L744E/R748E double mutant
has lost the ability to rescue the cells from the deleterious
effects of the antiestrogen (Fig. 3, a2 and b), demonstrating the
importance of the association with BCAR1 for BCAR3-depen-
dent breast cancer antiestrogen resistance.

The BCAR3-related NSP3 Can Promote Morphological
Changes and Antiestrogen Resistance—Besides BCAR3, we also
examined the effects of the NSP family member NSP3, which is
also expressed in breast cancer cells albeit at lower levels than
BCARS3 (23). Several NSP3 isoforms have been described that
differ in the N-terminal region preceding the SH2 domain due
to alternative splicing (11, 48). In particular, the NSP3« isoform
contains a distinctive ~200-amino acid N-terminal region that
mediates constitutive association with the plasma membrane
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(11, 49). In contrast, the NSP38 isoform contains a shorter
N-terminal region of ~60 amino acids and, like BCAR3, is not
constitutively localized at the plasma membrane. However,
both NSP38 and BCAR3 can localize at the membrane through
binding of their SH2 domains to tyrosine-phosphorylated
motifs of membrane-associated proteins, which in turn leads to
increased SRC activity and BCAR1 phosphorylation (11, 25, 31,
32, 35, 37, 40, 50).

By using lentiviruses to introduce the NSP3a or NSP3f iso-
form in MCF?7 cells, we found that both caused morphological
changes that were similar but less pronounced than those
induced by BCAR3 (Fig. 2c), consistent with previous data in
COS and NTH3T3 cells (35, 50). Thus, NSP3 can also promote a
more mesenchymal/migratory phenotype in MCEF7 cells. In
addition, overexpression of NSP3 in these cells revealed that
both the a and the B isoforms can significantly promote MCF7
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FIGURE 3. BCAR3 and the related NSP3 promote antiestrogen resistance,
which requires complex formation with BCAR1. a, MCF7 cell populations
stably transduced with lentiviral vectors encoding ZsGreen alone (V) or
together with wild-type or mutant BCAR3 were grown for 33 days in the
presence of the estrogen receptor antagonist IC1182780. The histogram
shows the means = S.E. from triplicate measurements. The doubling time of
the cultures (in days) is also shown above the bars. ***, p < 0.001 for the
comparison with vector control-infected cells by one way ANOVA and Dun-
nett’s post hoc test. The BCAR3 double mutant, but not the single mutant, has
lost the ability to promote antiestrogen resistance. The somewhat higher
growth observed in the presence of the BCAR3 R748E single mutant may be
duetoits slightly higher expression compared with wild-type BCAR3 (see Fig.
1a). b, phase contrast images illustrate the detrimental effects of ICI182780
treatment for 5 days on the morphology of cells transduced with control
vector or the BCAR3 double mutant, whereas expression of BCAR3 wild-type
and the R748E mutant have a more healthy appearance consistent with their
faster proliferation. Scale bar = 100 um. ¢, MCF7 breast cancer cell popula-
tions stably expressing BCAR3, NSP3«, NSP33, or vector control were grown
for 35 days in the presence of IC1182780. The histogram shows averages from
triplicate measurements = S.E. The doubling time of each cell population, in
days, is indicated above each bar. *, p < 0.05, ***, p < 0.001 for the compari-
sons with control vector-infected cells by one-way ANOVA and Tukey's post
hoc test. Other comparisons, indicated by bars, are also shown; ns, not signif-
icant. d, lysates of MCF7 breast cancer cell populations stably expressing
BCAR3, NSP3a, NSP3, or vector control were probed by immunoblotting
with the indicated antibodies. Although the NSP3 antibody used may recog-
nize better NSP33 than NSP3«a (see “Experimental Procedures”), immuno-
blotting with an NSP3 antibody recognizing the C terminus also indicated
that NSP33 was more highly expressed than NSP3a. An enlargement of the
BCART1 blot is also included to more clearly show the upper and lower BCAR1
bands, which are marked by the two arrows. GAPDH was probed as the load-
ing control.

cell growth in the presence of ICI182780, with NSP3« appear-
ing to be more effective than NSP3 3 (Fig. 3¢) as it was expressed
at much lower levels (Fig. 3d). The different efficiency of NSP«
and NSP33 suggests that the plasma membrane localization of
NSP proteins is important for conferring antiestrogen resis-
tance. The membrane localization of NSP3« seems to also be
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critical for increasing the hyperphosphorylated BCAR1 upper
band (Fig. 3d). In contrast, lentivirally transduced or endoge-
nous NSP38 predominantly stabilizes the lower BCAR1 band
in MCF?7 cells (Fig. 3d) as previously reported (29).

Signaling Pathways That Depend on BCARI-BCAR3 Associ-
ation as Candidates for Mediating Antiestrogen Resistance—
We next examined signaling pathways associated with overex-
pression and interaction of BCAR1 and BCAR3 in MCF7 cells
grown in the presence of antiestrogen. Concomitant with over-
coming the growth inhibition of ICI182780, overexpression of
BCARS3 alone enhanced phosphorylation of Tyr-416 in the acti-
vation loop of SRC and tyrosine phosphorylation in the sub-
strate domain of endogenously expressed BCAR1 (Fig. 4, first
and second lanes). These effects are consistent with BCAR3-de-
pendent increase in SRC activity leading to increased BCAR1
downstream signaling as previously reported in cells not
treated with antiestrogens (9, 30, 32, 51). Similar to antiestro-
gen resistance, SRC and BCAR1 phosphorylation were not
induced by the BCAR3 L744E/R748E interaction-deficient
mutant (Fig. 4, third lane), highlighting the essential role of
BCAR3 complex formation with endogenous BCARI for these
signaling effects. We also examined AKT, ERK1/2, and cyclin
D1, which are major BCARI signaling effectors involved in the
development of resistance to antiestrogens and other chemo-
therapeutic drugs through their effects on survival (mainly
AKT) and proliferation (all three proteins) (2, 7, 10, 15, 52).
Overexpression of BCAR3 wild-type, but not the L744E/R748E
interaction-deficient mutant, markedly enhanced ERK1/2 acti-
vation (based on Thr-202/Tyr-204 phosphorylation) and cyclin
D1 levels but not AKT activation (based on Ser-473 phosphor-
ylation) (Fig. 4, first through third lanes).

BCAR1 overexpression alone also induced antiestrogen
resistance, concomitant with an increase in SRC activation,
phosphorylated BCAR1, ERK1/2 activation, cyclin D1 levels,
and AKT activation (Fig. 4, first and fourth lanes). However,
except for AKT activation, these effects were not as pro-
nounced as with BCAR3 overexpression (Fig. 4, second and
fourth lanes). Thus, although BCAR1 is capable of conferring
some antiestrogen resistance in MCF7 cells (where BCAR3
expression is very low), BCAR3 is needed for efficient activation
of a number of the signaling events linked to BCARI1. Indeed,
coexpression of BCAR3 with BCARI strongly potentiated cell
growth in the presence of antiestrogen as well as all the signal-
ing events monitored, except for AKT activation (Fig. 4, fourth
and fifth lanes). In contrast, the BCAR3 L744E/R748E interac-
tion-deficient mutant did not potentiate the effects of BCAR1
overexpression (Fig. 4, fourth and sixth lanes), indicating that
the underlying mechanism depends on the physical association
between the two proteins.

We also used an interaction-deficient BCAR1 mutant to fur-
ther examine the importance of the association with BCAR3 in
BCARI1 signaling. To ensure a virtually complete disruption of
the binding with BCAR3, we generated a BCAR1 mutant
encompassing the L787E and F794E mutations as well as a third
mutation in the binding interface, D797R (Fig. 1b). We found
that the BCAR1 L787E/F794E/D797R triple mutant promotes
MCE?7 cell growth in the presence of ICI182780 to the same
extent as wild-type BCARI alone, both when overexpressed
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FIGURE 4. Effects of BCAR1-BCAR3 interaction on antiestrogen resistance
and signaling networks. Lentivirally transduced MCF7 breast cancer cell
populations expressing BCAR1/BCAR3 WT, the BCAR3 L744E/R748E mutant
(M), the BCAR1 L787E/F794E/D797R mutant (M), or the appropriate control
lentiviral vectors (V) were grown for 35 days in the presence of IC1182780. The
histogram shows averages * S.E. from triplicate measurements. The dou-
bling time of each cell population, in days, is indicated above each bar. The
doubling time of the parental cells in the absence of ICI182780 was 2 days. ***,
p < 0.001 for the comparisons with control vector-infected cells by one-way
ANOVA and Tukey's post hoc test. Other comparisons, indicated by bars, are
also shown; ns, not significant. In the immunoblots, lysates from cells treated
with IC1182780 for 8 days were probed with the indicated antibodies.

alone (Fig. 4, fourth and seventh lanes) or when co-expressed
with the BCAR3 L744E/R748E mutant (Fig. 4, sixth and ninth
lanes). As in the case of wild-type BCARI, the increased growth
induced by the BCAR1 triple mutant correlated with increased
levels of activated SRC, tyrosine-phosphorylated BCAR1, acti-
vated AKT and ERK1/2, and cyclin D1 (Fig. 4, first and seventh
lanes). Of note, wild-type but not mutant BCAR3 increased the
growth in ICI182780 of MCEF?7 cells overexpressing the interac-
tion-deficient mutant of BCAR1 (Fig. 4, seventh through ninth
lanes), which is likely due to increased signaling of its complex
with endogenous BCAR1.

Opverall, these results suggest that the antiestrogen resistance
conferred by BCAR3 depends on its ability to stabilize BCAR1
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as well as activate SRC and promote BCARI tyrosine phosphor-
ylation, leading to downstream signaling (9, 11, 37). Accord-
ingly, SRC activation was most elevated in the three cell popu-
lations expressing wild-type BCAR3, the same ones that grew
best in the presence of ICI182780.

Among the various signaling events analyzed, the extent of
ERK1/2 activation most closely correlated with the degree of
antiestrogen resistance and with BCARI1 tyrosine phosphory-
lation. Cyclin D1 levels were also generally correlated with anti-
estrogen resistance, as expected given the ability of the cells to
grow in the presence of the antiestrogen (2, 23). Only AKT
activation correlated most closely with BCAR1 wild-type or
mutant overexpression but not with BCAR1-BCAR3 complex
formation, suggesting that AKT activation is mediated by
BCAR1 independently of BCAR3. To our knowledge, these
results are the first to suggest the involvement of ERK1/2 acti-
vation in breast cancer antiestrogen resistance induced by
BCAR1/BCARS3.

ERK1/2 Activity Is Required For BCARI/BCAR3-mediated
Antiestrogen Resistance—We next investigated if the ERK1/2
activity connected to the BCAR1-BCAR3 signaling assembly is
critical for antiestrogen resistance. Thus, we used the ERK1/2
regulator, phosphoprotein, enriched in astrocytes of 15 kDa
(PEA15). PEA15 is a cytoplasmic protein that binds to both
phosphorylated and non-phosphorylated ERK, sequestering
them in the cytoplasm (53). Through this mechanism, PEA15
potently inhibits ERK1/2 nuclear functions (54, 55). Because
PEA15 is expressed at low levels in MCF7 cells (54), we deliv-
ered wild-type PEA15 as well as an inactive mutant (PEA-15
R71E) through lentiviral infection.

Because overexpression of BCAR3 alone is sufficient to
strongly increase antiestrogen-resistant growth by interacting
with endogenous BCAR1 (Fig. 4), we examined whether wild-
type PEA15 inhibits the effects of BCAR3 on MCF7 cell growth
in the presence of ICI182780. We found that PEA15 potently
suppresses the growth of BCAR3-overexpressing cells as well as
the already minimal growth of cells transduced with control
lentivirus (Fig. 5). In contrast, the PEA15 R71E mutant, which
does not sequester ERK1/2 in the cytoplasm, did not inhibit
growth (Fig. 5). A peculiar hallmark of ERK1/2 sequestration by
PEA15 is a concomitant enrichment in phospho-ERK1/2 (53—
55). Indeed, expression of wild-type but not mutant PEA15 in
MCEF?7 cells led to the characteristic increase in phospho-
ERK1/2 (Fig. 5), confirming ERK1/2 sequestration by wild-type
but not mutant PEA15. Taken together, these results demon-
strate a key role of ERK1/2 activity in antiestrogen resistance
conferred by BCAR1/BCAR3.

The inhibitory effects of PEA15 on the growth of breast can-
cer cells and its ability to counteract the antiestrogen resistance
of MCF7 cells overexpressing BCAR3 together with previous
data showing a correlation of high PEA15 expression with
benign markers and low invasiveness in clinical breast cancer
specimens (54, 56) suggest that tumors with high PEA15 levels
are less malignant than tumors with low PEA15. Thus, PEA15
protein expression should be considered when evaluating the
prognostic significance of BCAR1 and BCAR3 in breast cancer
specimens (4, 5, 14, 18, 19). In particular, high BCAR1/BCAR3
protein/phosphorylation levels would be expected to correlate
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FIGURE 5. BCAR1/BCAR3-induced antiestrogen resistance requires
ERK1/2 activity. MCF7 cell populations with or without stable BCAR3 lentivi-
ral expression were infected with lentiviruses encoding EGFP alone or fused
to PEA15 wild-type or the PEA15 R71E mutant. The cells were then grown for
39 days in the presence of ICI182780. The histogram shows average cell num-
bers from triplicate measurements = S.E. The doubling time of each cell pop-
ulation, in days, is indicated above each bar. *, p < 0.05; ***, p < 0.001; ns, not
significant for the comparison with the EGFP-expressing control cells (first
lane) by one-way ANOVA and Tukey's post hoc test. Other comparisons, indi-
cated by bars, are also shown. The immunoblots show lysates from cells
treated with 1C1182780 for 4 days and probed with the indicated antibodies.
PEA15 counteracts estrogen-independent growth induced by BCAR3 overex-
pression in MCF7 cells.

with high ERK1/2 activity and short patient survival only when
PEA15 expression is low but should correlate with low ERK1/2
activity and prolonged survival when PEA15 expression is high.
Indeed, our analysis of 408 tumors from a breast invasive car-
cinoma study (TCGA, provisional) using the cBio Cancer
Genomics Portal (57, 58) revealed that patients with high
PEA15 protein levels in their tumors survived significantly lon-
ger than the remaining patients (Fig. 6, left). Conversely,
patients with low PEA15 protein levels in their tumors survived
a significantly shorter time (Fig. 6, right). We also found that
high PEA15 expression significantly correlates with high
ERK1/2 phosphorylation and low PEA15 expression with low
ERK1/2 phosphorylation (Fig. 6), consistent with PEA15-de-
pendent protection of phospho-ERK1/2 from dephosphory-
lation but PEA15-mediated inhibition of ERK1/2 nuclear activ-
ity (55). This suggests that ERK1/2 phosphorylation is not a
reliable prognostic marker for malignancy in breast cancer due
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FIGURE 6. PEA15 expression levels in invasive breast cancers correlate
with ERK1/2 phosphorylation and patient overall survival. A cohort of
408 tumors with large scale reverse phase protein array data from a TCGA
provisional invasive breast cancer study was analyzed. Top left, Boxplot rep-
resentation of the group including the 28% of the tumors with highest PEA15
expression (abundance z-score >0.4, average abundance z-score = 1.21) and
the group including the remaining 72% of the tumors (abundance z-score
< 0.4, average z-score = —0.48). Middle left, Boxplot representation of ERK1/2
phospho-Thr-202 levels in the tumors with highest PEA15 expression (aver-
age phospho-ERK1/2 abundance z-score = 0.18) versus the remaining tumors
(average phospho-ERK1/2 abundance z-score = —0.07, p = 0.03 for the dif-
ference in phospho-ERK1/2 levels by two-sided, two-sample Student’s t test).
Bottom left, patients with tumors expressing the highest levels of PEA15 sur-
vived significantly longer than the remaining patients (Kaplan-Meier plot, p =
0.010 by log-rank test) despite their higher phospho-ERK1/2 levels. Top right,
Boxplot representation of the group including the 34% of the tumors with
lowest PEA15 expression (abundance z-score <-0.5, average z-score =
—0.98) and the group including the remaining 66% of the tumors (abun-
dance z-score >-0.5, average z-score = 0.51). Middle right, Boxplot represen-
tation of phospho-ERK1/2 levels in the tumors with the lowest PEA15 expres-
sion (average ERK1/2 phospho-Thr-202 abundance z-score = —0.17) versus
the remaining tumors (average phospho-ERK1/2 abundance z-score = 0.09,
p = 0.014 for the difference in phospho-ERK1/2 levels by two-sided, two-
sample Student’s t test). Bottom right, patients with tumors expressing the
lowest levels of PEA15 survived significantly less than the remaining patients
(Kaplan-Meier plot, p = 0.003 by log-rank test) despite their lower phospho-
ERK1/2 levels. Arrows in the boxplots mark the median values.

to the discrepancy between ERK1/2 activity and ERK1/2 phos-
phorylation caused by PEA15. However, these data show that
PEA15 expression in invasive breast cancer correlates with
overall survival and thus could represent a useful new prognos-
tic indicator. The potential usefulness of PEA15 as a critical
biomarker is consistent with its ability to override the effects of

JOURNAL OF BIOLOGICAL CHEMISTRY 10439



BCAR1-BCAR3 Association in Anti-estrogen Resistance

ERK1/2 activation induced for example by BCAR1/BCAR3 but
also other ERK1/2 upstream regulators.

DISCUSSION

NSP family proteins have emerged as critical regulators of
BCAR1 and other members of the CAS family under physiolog-
ical as well as pathological conditions (11, 12). Our results show
that direct association of the CAS family member BCAR1 and
the NSP family member BCARS3 is required to increase BCAR1
abundance, phosphorylation, and downstream signaling, ulti-
mately promoting a motile mesenchymal morphology and anti-
estrogen resistance in breast cancer cells. The physiological
importance of integrating the signaling networks associated
with BCAR1 and BCARS3 is consistent with the remarkable
adaptation of the highly conserved GEF-like domain of NSP
proteins into an efficient module for tight interaction with CAS
family proteins (36). We show that the BCAR1-BCAR3 com-
plex can retain many of its cellular functions even when binding
is weakened by single amino acid mutations, which is consistent
with the very high affinity achieved through two cooperating
binding interfaces in the C-terminal domains of CAS and NSP
family proteins. Hence, to investigate the role of the BCAR1-
BCAR3 complex, we used a structure-guided mutation strategy
(55), resulting in a BCAR3 mutant in which both Leu-744 and
Arg-748 were replaced by glutamic acid to strongly disrupt
BCARI1 binding. In addition, we have complemented the find-
ings obtained with this BCAR3 double mutant by using the
BCAR1 L787E/F794E/D797R triple mutant. The consistent
and substantial effects of our interaction-deficient mutations
in either BCAR1 or BCAR3 suggest that they are due to dis-
ruption of the association between the two proteins and not
of other possible activities of the BCAR1 or BCAR3 C-termi-
nal domains.

We have shown that previously used single BCAR1/BCAR3
mutants can retain substantial complex formation ability and
signaling activities that approximate those of the wild-type pro-
teins, which led to the inaccurate conclusion that linking the
BCARI1 and BCARS3 signaling networks are not crucial for their
cellular functions. Accordingly, we found that mutation of Arg-
748 to glutamic acid in human BCAR3 does not detectably
impair the ability of BCAR3 to increase BCAR1 abundance and
phosphorylation as well as induce cell morphological changes
and antiestrogen resistance, similar to previous data obtained
with the less drastic corresponding R743A mutation in mouse
BCAR3 (39). Nevertheless, some signaling events do seem to be
influenced by the decreased binding affinity of the weaker
mutants. Thus, the R743A mutation has been reported to affect
some BCAR3 functions. For example, it can inhibit BCAR3
association with the SRC kinase and BCAR3-dependent SRC
activation as well as impair BCAR3-dependent fibroblast
migration (37, 39, 51).

We show that the L744E mutation in BCAR3 weakens the
interaction with BCAR1 much more effectively than the R748E
mutation. We previously observed a similar difference for the
corresponding mutations in human NSP3(3, with the L623E
mutation (corresponding to BCAR3 L744E) having a stronger
effect on BCAR1 binding than the R627E mutation (corre-
sponding to BCAR3 R748E; Table 1) (36). These similarities
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highlight the high conservation of the BCAR1 binding interface
in different NSP family members.

Mutation of Leu-791 in mouse BCAR1 (corresponding to
Leu-787 in human BCARI; Table 1) also did not result in com-
plete loss of function, consistent with the fact that this residue is
peripherally located in the binding interface. In previous stud-
ies, the L791P mutation did not affect the ability of BCARI to
promote SRC activation and COS cell migration (30), whereas
the L791D mutation partially reduced the BCAR3-dependent
increase in the hyperphosphorylated BCAR1 upper band (39)
and BCAR3-dependent SRC activation (51). Furthermore, we
have shown that the similar L787E mutation did not drastically
impair association with BCAR3 in our coimmunoprecipitation
experiments. Thus, mutation of BCAR1 Leu-787-like mutation
of Arg-743 in mouse BCAR3 or Arg-748 in human BCAR3
weakens but does not abrogate BCAR1-BCAR3 binding. These
examples highlight the importance of carefully evaluating the
extent to which amino acid replacements disrupt protein-pro-
tein interactions to accurately evaluate the physiological activ-
ities of protein complexes.

The critical role of the interaction between CAS and NSP
family members is also supported by the impaired activities of
BCARBAC, a truncated form of BCAR3 lacking the entire GEF-
like domain and thus completely unable to interact with
BCARI. According to a number of studies, BCAR3AC cannot
promote SRC or RAC1 activation, cell motility, and antiestro-
gen resistance (28, 31, 39, 59, 60). On the other hand, a few
studies using truncated forms of BCAR1 or BCAR3 lacking
their interaction domains have suggested that association
between the two proteins is dispensable for SRC activation by
BCAR3 and for increasing the hyperphosphorylated BCAR1
upper band (29, 59). It will be important to resolve these
discrepancies.

A consequence of BCARI-NSP family complex formation is
an increase in the expression levels of both interacting partners,
possibly due to reciprocal protection from proteolytic degrada-
tion, thus leading to reciprocal enhancement of the activities of
both proteins. We also found that increasing expression of the
BCAR3-related NSP3 decreases the levels of coexpressed
BCARS3 and vice versa,* consistent with a mechanism involving
competition of the two NSP family members for binding to
BCARI and the importance of a physical association for stabi-
lization. However, precisely how the reciprocal protection from
proteolytic degradation may occur remains to be determined.

Interaction with BCAR3 increases not only the abundance of
BCARI but also its serine/tyrosine phosphorylation, suggesting
potentiation of BCAR1 signaling activity. However, the precise
role of BCAR1 serine phosphorylation (which does not seem to
be important for antiestrogen resistance) and the kinase(s)
responsible remain to be identified (39). On the other hand,
SRC activation by BCAR3 (30, 32) has been recently shown to
promote phosphorylation of the Tyr-789 motif of PTPq, a
receptor-type phosphatase that can potentiate SRC activation
by dephosphorylating its inhibitory Tyr-527 phosphorylation
site (37). Binding of the BCAR3 SH2 domain to phosphorylated

4Y. Wallez and E. B. Pasquale, unpublished data.
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PTPa leads to recruitment of the associated BCARI1, position-
ing it for SRC-mediated phosphorylation (32, 37). Tyrosine-
phosphorylated motifs in the BCARI substrate domain are well
known to mediate downstream signaling by generating binding
sites for the SH2 domains of adaptors such as CRK (9, 11, 12,
22).

We observed a close correlation between the levels of tyro-
sine phosphorylation in the BCAR1 substrate domain and the
growth of MCEF?7 cells overexpressing BCAR1/BCAR3 in cul-
ture medium supplemented with the antiestrogen ICI1182780.
This is consistent with previous studies demonstrating the
importance of BCARI tyrosine phosphorylation for antiestro-
gen resistance in estrogen receptor-positive breast cancer cells
(10, 52, 61) and for survival and migration/invasion in estrogen
receptor-negative breast cancer cells (9). Interestingly, BCAR1
substrate domain phosphorylation and also BCAR3 tyrosine
phosphorylation have been reported to be elevated in breast
cancer cell lines of the basal-like subtype (that includes a major-
ity of the aggressive triple-negative cells) (9, 14, 62). In these
cells BCAR1 and BCAR3 expression levels were found to be
similar to those in non-basal-like cell lines, supporting the
importance of elevated signaling (rather than mere expression)
as part of the oncogenic SRC signature.

Several signaling pathways have been implicated in anties-
trogen resistance downstream of BCAR1/BCAR3, although
they were investigated in cells grown without antiestrogens,
whereas we have examined signaling in cells grown in
ICI182780. Increased activity of PI3K, RACI, and PAK1 was
reported to be required but not sufficient for BCAR3-induced
antiestrogen resistance in MCF7 and other estrogen-depen-
dent breast cancer cell lines (23, 27, 28). Furthermore, increased
cyclin D1-dependent transcription downstream of PAK1 was
previously shown to correlate with antiestrogen resistance
induced by BCAR3 (23, 28). Here we show that ERK1/2 activity
is elevated in cells overexpressing BCAR1/BCAR3 and corre-
lates with their ability to grow in the presence of ICI1182780.
ERK1/2 signaling was previously found to play a particularly
important role in breast cancer malignancy and resistance to
hormonal therapy (63, 64). Interestingly, BCAR1 has been
reported to promote ERK1/2 activation and cyclin D1 expres-
sion by forming a complex with activated SRC and the ER«
estrogen receptor, thus mediating the early effects of estrogen
(65). However, BCAR1/BCARS3 likely achieve similar effects
through a different mechanism in cells grown in medium con-
taining ICI182780 because this pure antiestrogen is known to
down-regulate the ERa receptor (2, 27). Notably, ERK1/2 activ-
ity can also up-regulate BCAR1 expression, which may result in
a positive feedback loop increasing the malignancy of antiestro-
gen resistant breast cancer cells (66).

Confirming the importance of the ERK1/2 pathway, we show
that the wild-type form of the ERK1/2 inhibitor PEA15 inhibits
BCAR1-BCAR3-induced growth of MCF7 cells in the presence
of antiestrogens, whereas mutant PEA15 deficient in ERK1/2
binding was ineffective. Previous studies reported that PEA15
inhibits breast cancer cell growth and invasiveness concomi-
tant with sequestration of cytoplasmic ERK1/2 but did not
demonstrate the importance of ERK1/2 binding in the growth
effects of PEA15, a protein capable of multiple activities (54, 56,
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67). Interestingly, high PEA15 protein expression in breast can-
cer clinical samples has been significantly correlated with pos-
itive estrogen/progesterone receptor status and a low level of
the proliferation marker, proliferating cell nuclear antigen (54).
Furthermore, consistent with a tumor suppressor role, PEA15
is poorly expressed in the highly malignant triple negative
breast cancers, which lack estrogen and progesterone receptors
as well as the receptor-tyrosine kinase HER2 (54).

Here we show that PEA15 can counteract BCAR1-BCAR3-
dependent antiestrogen resistance in MCF7 cells and that this
activity depends on its ability to bind ERK1/2. These data sug-
gest that promoting PEA15 expression or its ability to sequester
ERK1/2 could help overcome the loss of sensitivity to antiestro-
gens that often occurs in response to hormonal treatment.
Unfortunately, the TCGA breast cancer reverse phase protein
array dataset analyzed does not include information on
BCAR1/BCAR3 protein expression and phosphorylation.
Thus, we could not extract additional information on the cor-
relation of BCAR1/BCAR3, PEA15, and ERK1/2 protein and
phosphorylation levels from the available TCGA data. Never-
theless, the data show that PEA15 protein levels in invasive
breast cancers significantly correlate with overall patient sur-
vival despite the fact that tumors with high PEA15 also have
significantly increased phospho-ERK1/2 levels. This suggests
an overriding effect of the tumor suppressing effects of PEA15,
highlighting the potential prognostic usefulness of monitor-
ing PEA15 protein levels in conjunction with BCAR1/BCAR3
and ERK1/2 signaling. It should also be noted that PEA15 phos-
phorylation on Ser-104 and Ser-116, which results in loss of
ERK1/2 inhibition, was shown to promote resistance to pro-
apoptotic cytokines and chemotherapeutic drugs such as pacli-
taxel in MCEF7 cells (68). This suggests a context-dependent
regulation of PEA15 tumor suppressive activity (67, 69) that
should be further investigated and also underlines the need to
examine both PEA15 protein and phosphorylation levels.

Although NSP3 was previously not found to significantly
promote antiestrogen resistance (39), our data show that NSP3
can also enable significant MCF?7 cell growth in the presence of
1CI182780. These results support the potential value of screen-
ing breast cancers not only for BCAR1 and BCAR3 but also for
NSP3 in order to predict resistance to antiestrogens. The fact
that the NSP3a isoform more effectively promotes antiestrogen
resistance than the B isoform supports the importance of NSP
plasma membrane localization for BCAR1 regulation, consis-
tent with previous data (31, 50). Indeed, we have shown that the
NSP3« isoform, but not the B isoform, increases the abundance
of the hyperphosphorylated BCAR1 upper band in MCF7 cells.
The different effects of BCAR3 and NSP3 also suggest that the
SH2 domain of NSP3 interacts with a different partner that may
not be highly expressed/phosphorylated in MCF7 cells. Such a
partner instead appears to be phosphorylated in the mouse neo-
natal brain, where loss of endogenous NSP38 reduces BCAR1
tyrosine phosphorylation and the abundance of the hyperphos-
phorylated BCAR1 upper band (40).

Morphologically, antiestrogen resistance has been associated
with a less epithelial and more mesenchymal appearance and
thus with migratory/invasive properties (1, 23, 45—-47, 52, 70).
BCARLI tyrosine phosphorylation has a well known role in cell
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migration/invasiveness (6, 9, 11, 71), and we show that BCAR3
and NSP3 can both promote the formation of actin-rich mem-
brane ruffles containing BCAR1 in MCF7 cells, consistent with
previous data (30, 31, 33). In agreement with this, besides pro-
moting antiestrogen resistance, BCAR3 overexpression in
MCEF7 cells was previously shown to promote mesenchymal
features such as a decrease in cell-cell junctions containing
E-cadherin and increased fibronectin expression (23, 29).
These morphological changes have been proposed to underlie
the increased migratory/invasive properties of MCF7 cells
overexpressing BCAR3 (23, 31, 33, 39).

In conclusion, our results show that linking BCAR1 and NSP
signaling networks promotes antiestrogen resistance and a
mesenchymal phenotype by enhancing SRC and BCAR1 signal-
ing through a mechanism that requires a direct association
between BCAR1 and NSP proteins and leads to increased
ERK1/2 activity. Therefore, our findings support the notion
that inhibiting the association of BCAR1 with BCAR3 (and pos-
sibly NSP3) could help counteract breast cancer resistance to
antiestrogens. The fact that the interaction is remarkably tight
and modifications that substantially weaken it are not sufficient
to impair many of the functional effects of the BCAR1-BCAR3
complex suggests that inhibiting downstream signaling path-
ways may be a more viable therapeutic approach (10). Finally,
our data also suggest that inhibiting ERK1/2 activity (for exam-
ple through PEA15) may be a useful strategy to counteract
BCAR1/BCAR3-dependent breast cancer malignancy and
resistance to chemotherapeutic agents.
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