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Abstract: Triple-Negative Breast Cancers (TNBCs) constitute roughly 10-20% of breast cancers and are associated
with poor clinical outcomes. Previous work from our laboratory and others has determined that the cytoplasmic
adaptor protein Breast Cancer Antiestrogen Resistance 3 (BCAR3) is an important promoter of cell motility and inva-
sion of breast cancer cells. In this study, we use both in vivo and in vitro approaches to extend our understanding
of BCAR3 function in TNBC. We show that BCAR3 is upregulated in ductal carcinoma in situ (DCIS) and invasive
carcinomas compared to normal mammary tissue, and that survival of TNBC patients whose tumors contained
elevated BCAR3 mRNA is reduced relative to individuals whose tumors had less BCAR3 mRNA. Using mouse ortho-
topic tumor models, we further show that BCAR3 is required for efficient TNBC tumor growth. Analysis of publicly
available RNA expression databases revealed that MET receptor signaling is strongly correlated with BCAR3 mRNA
expression. A functional role for BCAR3-MET coupling is supported by data showing that both proteins participate
in a single pathway to control proliferation and migration of TNBC cells. Interestingly, the mechanism through which
this functional interaction operates appears to differ in different genetic backgrounds of TNBC, stemming in one
case from potential differences in the strength of downstream signaling by the MET receptor and in another from
BCAR3-dependent activation of an autocrine loop involving the production of HGF mRNA. Together, these data open
the possibility for new approaches to personalized therapy for individuals with TNBCs.
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Introduction

With the advent of the genomic era, it has
become increasingly clear that breast cancers
comprise a collection of diseases influenced by
distinct molecular and genetic drivers as well
as systemic and microenvironmental factors.
Cell-intrinsic signaling networks play a critical
role in integrating external cues with genetic
programs that contribute to tumor growth and
progression. Previous work from our group has
shown that the adaptor molecule Breast Can-
cer Antiestrogen Resistance 3 (BCAR3) func-
tions within these signaling networks to control

cell adhesion, migration, and invasion of breast
cancer cells [1, 2]. BCAR3 was originally identi-
fied in a screen for genes implicated in resis-
tance to antiestrogens in estrogen receptor-
positive (ER+) breast cancer cell lines [3]. At its
N-terminus, BCAR3 contains a Src-homology 2
(SH2) domain that has been reported to bind
to Protein Tyrosine Phosphatase « (PTP«) and
human epidermal growth factor receptor 3
(HER3). Its C-terminus contains a domain that
mediates binding to the adaptor molecule
p130°%s (Cas) and has homology to the guanine
nucleotide exchange factor (GEF) domain of
Cdc25 [3-7]. This domain adopts a closed cata-
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Table 1. Cell lines used in this study

Cell line Source Media* Supplements?t

Hs578T ATCC® High-glucose DMEM? 0.01 mg/mL bovine insulin® 10% FBS* 1% penicillin-streptomycin
MDA-MB-231 ATCC High-glucose DMEM 10% FBS; 1% penicillin-streptomycin

BT-549 ATCC High-glucose DMEM 10% FBS; 1% penicillin-streptomycin

MDA-MB-157 ATCC Leibovitz's L-15 (CO,free) 10% FBS; 1% penicillin-streptomycin
MDA-MB-468 ATCC Leibovitz's L-15 (CO,-free) 10% FBS; 1% penicillin-streptomycin
MDA-MB-436 ATCC Leibovitz's L-15 (CO,-free) 0.01 mg/mL bovine insulin; 16 ug/mL glutathione; 10% FBS; 1% penicillin-streptomycin

HCC1937 ATCC RPMI?
HCC1143 ATCC RPMI
HCC1187 ATCC RPMI
HCC1395 ATCC RPMI
BT-20 ATCC Eagle’s MEM

10% FBS; 1% penicillin-streptomycin
10% FBS; 1% penicillin-streptomycin
10% FBS; 1% penicillin-streptomycin
10% FBS; 1% penicillin-streptomycin
10% FBS; 1% penicillin-streptomycin

Al media and supplements were purchased from Gibco Life Technologies, Carlsbad, CA, USA unless otherwise noted. 2DMEM: Dulbecco’s Modified Eagle’s Medium;
RPMI: Roswell Park Memorial Institute. *Bovine insulin from Sigma-Aldrich, St. Louis, MO, USA. “FBS: fetal bovine serum. SATCC: American Type Culture Collection, Manas-

sas, VA, USA.

lytically inactive conformation that impedes
GEF activity while facilitating binding to Cas [5].
BCAR3-Cas interactions enhance the activity
of the non-receptor tyrosine kinase c-Src (Src)
and positively regulate cell adhesion, invasion,
proliferation, and activation of the small GTP-
ase Racl [1, 8-12].

Similar to BCAR3, Cas, and Src, the MET recep-
tor tyrosine kinase modulates cell migration,
invasion, and growth through its interactions
with hepatocyte growth factor/scatter factor
(HGF/SF) [13-15]. MET and HGF/SF have also
been reported to create an autocrine signal-
ing loop that is important for the tumorigenic
functions associated with MET in cancers [16].
MET receptor protein expression is elevated in
15-20% of breast cancer cases and is associ-
ated with poor outcomes across several
breast cancer subtypes, including triple-nega-
tive breast cancer (TNBC) [17-20]. Elevated
levels of active (autophosphorylated) and total
MET protein correlate with a poor prognosis in
patients with breast cancer [21]. In addition,
over-expression of MET and HGF/SF has been
reported in patient-derived invasive breast can-
cer tissues [22], and elevated levels of circulat-
ing HGF/SF in patient serum is associated with
recurrence and reduced survival in patients
with breast cancer [23].

In the current study, we extend our understand-
ing of BCAR3 function in TNBC. We show that
BCAR3 is upregulated in ductal carcinoma in
situ (DCIS) and invasive TNBC compared to nor-
mal mammary tissue, and that BCAR3 mRNA
expression is associated with poor survival for
patients with TNBC. In mice, BCAR3 is required
for TNBC tumor growth. Finally, using multiple
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cell models, we show that BCAR3 promotes
TNBC cell proliferation, autocrine growth con-
trol, and migration through signaling pathways
that include the MET receptor. These data un-
derscore the potential utility of BCAR3 as a
gateway into new targetable pathways for the
treatment of TNBC.

Materials and methods
Histological staining and microarray analysis

Formalin-fixed, paraffin-embedded (FFPE)
mammary tumor samples were obtained from
the Biorepository and Tissue Research Facility
at UVA. Serial sections were stained with hema-
toxylin and eosin (H&E) or immunostained with
BCAR3 antibodies. Specificity was established
by parallel staining of control and BCAR3-de-
pleted MDA-MB-231 FFPE cell pellets. Micro-
arrays containing core biopsies were described
in Dill et al. [24].

Patient survival analysis

The Kaplan-Meier Plotter algorithm [25] was
used to compare survival of patients whose
tumors fell in the top quartile of BCAR3 expres-
sion to the remaining patients in the full data-
set of 255 TNBC patients.

Cell culture

Breast cancer cell lines used in this study are
shown in Table 1.

Ectopic expression and knockdown of BCAR3

Stable MDA-MB-231 and Hs578T BCAR3
knockdown and re-expression cell lines were
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Table 2. Antibodies used in this study

Protein Species Catalogue # Company Location

ERK 1/2 Rabbit 9102 Cell Signaling Technology Danvers, MA, USA
BCAR3 Rabbit HPA 014858 Sigma-Aldrich St. Louis, MO, USA
MET Mouse 3127 Cell Signaling Technology Danvers, MA, USA
PMET (pTyr1234/1235) Mouse 3077 Cell Signaling Technology Danvers, MA, USA
GAPDH Mouse Sc-32233 Santa Cruz Dallas, TX, USA

generated via lentiviral transduction using
small hairpin RNAs targeting BCAR3 [1].
shBCAR3-1 and shBCAR3-2 oligonucleotides
targeting BCAR3 were generated and cloned
into the TRC2-pLKO-puro vector (Sigma-Aldrich,
St. Louis, Mo, USA). The following hairpin
sequences were used: shBCAR3-1 shRNA ID:
TRCNO000364816, sequence: 5-CCGGTAAC
TGCCCTCTCGCGTAAATCTCGAGATTTACGCGA
GAGGGCAGTTATTTTTG-3. shBCAR3-2 shRNA
ID: TRCOO00376503, sequence: 5-CCGGTC
GGCATTGCAGTGGACATTCCTCGAGGAATGTCCA
CTGCAATGCCGATTTTTG-3".

shBCAR3-1 knockdown cell lines were used
to generate control and BCAR3 re-expression
cells by viral transduction with empty vector
(pLV-Venus; shBCAR3 + Ctl) or vector encoding
a wobble mutant of wildtype (WT) Venus-
BCAR3 (shBCAR3 + WT BCAR3) [1]. Wildtype
(WT) BCAR3 complementary DNA was cloned
into the Notl and Spel sites of the pLV-Venus
vector. The QuikChange Il XL Site-Directed
Mutagenesis Kit (Agilent Technologies, Santa
Clara, CA, USA; 200521) was used to perform
site directed mutagenesis. The primer se-
quences used are as follows: shB3wobblel
forward: 5-CCAGATTTTAACTGCGCTGTCCCGAA
AATTGGAACCTCCTCCTG-3’, shB3wobblel re-
verse: 5-CAGGAGGAGGTTCCAATTTICGGGAC
AGCGCAGTTAAAATCTGG-3’ (Changed nucleo-
tides are underlined, and all constructs were
confirmed by sequencing). shBCAR3 + Ctl and
shBCAR3 + WT BCAR3 cells were then sorted
by flow cytometry to obtain the population of
cells with the highest expression of Venus. All
engineered cell lines were cultured as stated
above and maintained in 0.5 pg/ml (MDA-
MB-231 cells) and 1 yg/ml (Hs578T cells) puro-
mycin (MP Biomedicals, Santa Ana, CA, USA;
100552). Doxycycline (Dox)-inducible shBCAR3
knockdown constructs were generated using
the Tet-on 3G bidirectional inducible expres-
sion system (Takara, San Jose, CA, USA). BCAR3
knockdown was induced in these cells by the
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addition of 1 pg/ml Dox (MP Biomedicals,
Irvine, CA, USA; ICN19895505) in the medium
(in vitro) or 1 mg/mL Dox plus 0.4% sucrose in
the drinking water of mice (in vivo).

Tumor xenografts

Six-week old homozygous Foxnl1"™/™ female
mice (Jackson Laboratories, Bar Harbor, ME,
USA) were anesthetized by intraperitoneal (IP)
injection of 6 mg/25 g body weight tribromo-
ethanol and injected bilaterally with 2x10°
tumor cells into each 4" inguinal mammary fat
pad. To induce conditional knockdown of
BCAR3 in the Dox-inducible conditional knock-
down cells, drinking water was supplemented
with 1 mg/mL Dox plus 0.4% sucrose when
tumors reached 200 mm3. Tumor growth was
monitored weekly by caliper until tumors be-
came palpable, and then 3 times a week there-
after. Mice were euthanized once humane end-
points were reached. Tumors were then excised
and processed for immunohistochemistry. All
animal work was performed in accordance with
established guidelines, and following approval
by, the University of Virginia Animal Care and
Use Committee.

Immunoblotting

Immunoblots were performed as described
previously [1, 2]. Antibodies are shown on Table
2.

Organoid cultures

Primary mammary organoids were generated
using epithelial cells obtained from mouse
mammary glands isolated from WT and BCAR3
KO (gift from Dr. Adam Lerner) [26] 8-week-old
mice as described by Nguyen-Ngoc, et al. [27].
Epithelial cell suspensions were plated on
growth factor-reduced Matrigel (Corning, Cor-
ning, NY, USA; 354230) and cultured in DMEM/
F12 media supplemented with 2.5 nM FGF2
(PeproTech, Rocky Hill, NJ, USA; 100-18B) or 9
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nM TGFa (Sigma-Aldrich; T7924) for 7 days with
a media change every 3-4 days.

Cell proliferation and colony growth

Cells were plated in 8 separate 96-well plates
at a density of 1,000 cells per well for analysis
using the CyQUANT NF Cell Proliferation Assay
Kit (Invitrogen, Waltham, MA, USA; C35007).
Samples were processed at 6 hours post-
plating and every day thereafter for 7 days with
no media changes. Fold-change was deter-
mined by calculating the average fluorescence
(excitation at ~485 nm and emission detection
at ~530 nm) of 4-6 technical replicates per cell
line at each day relative to 6 hours.

To measure colony growth, 1,000 cells were
plated in triplicate wells of a 6-well plate and
grown for 10 (MDA-MB-231 cells) or 15 (Hs578T
cells) days with no media changes. Cells were
fixed with 3% paraformaldehyde, stained with a
0.05% crystal violet solution in methanol over-
night, washed with 1X PBS, and left to dry.
Plates were scanned using the ChemiDoc im-
aging system (Bio-Rad, Hercules, CA, USA) and
signal intensity per unit area was quantified by
ImagelJ (NIH, Bethesda, MD, USA; version 1.51).

To measure the effect of HGF on colony growth,
cells were plated, allowed to adhere for 24
hours and treated with either 0.05% BSA (vehi-
cle) or 50 ng/mL HGF and supplemented every
3 days (MDA-MB-231) or one time 3 days after
plating (Hs578T). Images were processed in
Imagel by applying a median filter of 2 pixels
and a color threshold. The area of all detected
colonies was measured in mm? using the
Imagel) particle analysis tool. Colony areas for
each condition were compiled and the distribu-
tion of colony size for each condition was
analyzed. Using quartile data obtained from
the distribution present in vehicle-treated
Vector-control cells, colony sizes for each
condition were separated into large, average,
and small for statistical analysis.

To assess MET activation, cells were plated at
a density of 2.5x10°%, 1.25x10%, and 2.5x10*
cells per 60 mm dish and cultured for 2, 5, and
10 days, respectively, with no media changes.

Survival assay

Cells were plated at a density of 1.5x10° or
2.5x10° cells per 6-well plate in the presence
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of DMSO (vehicle) or 50 nM Foretinib, and cul-
tured for 72 hours and 24 hours, respectively.
Cells were trypsinized and cell viability mea-
sured using Trypan Blue exclusion (Thermo
Scientific; Waltham, MA, USA; SV30084.01).

Gene set variation analysis (GSVA)

RNA expression data from the Cancer Cell
Line Encyclopedia (CCLE) for 32 TNBC cell lines
were downloaded from the Cancer Dependency
Map (DepMap, release 21Q2; https://depmap.
org/portal/download/). GSVA [28] was then
used to calculate enrichment scores for the
Reactome gene sets [29] related to receptor
tyrosine kinase signaling. Spearman rank cor-
relation coefficients were calculated for each
set of GSVA scores against BCAR3 transcript
expression from the 32 TNBC cell lines. Rank
correlations and P-values were calculated us-
ing the Hmisc R package. R version 4.1.0 was
used in these analyses. The codes for these
analyses are available on GitHub under the
username “pauljmyers”.

Transwell migration assay

Transwell migration assays were performed as
previously described [2]. Cells were suspended
in FBS-free DMEM and seeded at 2.5x10% cells
per well in the upper chamber of the Transwell
chamber (Costar 3422, 8 um pore size) in the
presence of DMSO (vehicle) or 50 nM Foretinib.
The lower chamber was filled with DMEM sup-
plemented with 10% FBS and 50 ng/mL HGF
(PeproTech, 100-39H). Boyden chambers were
incubated for 6 hours after which cells on the
bottom surface were stained using Protocol
HEMA 3 stain set (Fisher Scientific, Waltham,
MA, USA; 122-911) and quantified under the
microscope. Data were normalized relative to
DMSO-treated Vector-control.

Drug inhibitor assays

Cells were plated at half volume in 12-well
plates at a density of 500 cells per well, allow-
ed to adhere for 24 hours, and supplemented
with media containing either DMSO (vehicle)
or Foretinib (ChemCruz, Dallas, TX, USA;
sc364492) to a final concentration of 50 nM.
Cells were cultured in the presence or absence
of Foretinib for 10 days (MDA-MB-231 cells)
or 15 days (Hs578T cells) and processed as
described above.

Am J Cancer Res 2021;11(10):4768-4787
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Table 3. Primer sequences for qRT-PCR

Gene ;ZCZZS ((;)) Primer Sequences (5’-3’)
BCAR3 F CCACATCTTCTGGACCCAAC
BCAR3 R CTCCTCCTCCAGCTCCTTCT
HGF F CGAGGCCATGGTGCTATACT
HGF R ATTGACAGTGCCCCTGTAGC
MET F CAGTCGGAGGTTCACTGCAT
MET R AATCTGGCTTGCTTTGTGCG
GAPDH F AACGTGTCAGTGGTGGACCT
GAPDH R TCGCTGTTGAAGTCAGAGGA

Quantitative real-time PCR

Quantitative real-time PCR was performed
with the Applied Biosystems StepOnePlusReal-
Time PCR System (StepOne Software v2.2.2)
(Waltham, MA, USA) and the Power SYBR
Green PCR Master Mix (Applied Biosystems,
Waltham, MA, USA; 4367659). Cells were
plated at a density of 2.5x10° cells per 60 mm
dish and cultured for 48 hours. mRNA was
extracted according to the manufacturer’s
protocol using the Zymo Research Quick RNA
microprep kit (Zymo Research, Irvine, CA, USA;
R1050). For each sample, 1 pug of mRNA was
reverse-transcribed into cDNA in a 20 pl reac-
tion according to the manufacturer’s protocol
using the iScript cDNA Synthesis Kit (Bio-Rad,
1708890). The final cDNA product was diluted
5X and subjected to quantitative real-time
PCR performed with the Applied Biosystems
StepOnePlusReal-Time PCR System (StepOne
Software v2.2.2) (Waltham, MA, USA) and the
Power SYBR Green PCR Master Mix (Applied
Biosystems, Waltham, MA, USA; 4367659)
using the following thermal cycling conditions:
one initial cycle at 95°C for 10 min; 40 cycles
of 15 sec at 95°C and 1 min at 60°C; followed
by a melt-curve stage of 95°C for 15 sec, 60°C
for 1 min, and 95°C for 15 sec. Relative mRNA
expression was calculated using the 2(-AACt)
method where transcript expression was nor-
malized to GAPDH mRNA levels. The sequences
of the primers used to amplify the genes are
shown in Table 3.

Statistical analysis

For the non-inducible mouse tumor xenograft
experiment (Figure 2A), the average volume of
the left and right tumors was used as a unit of
analysis. Comparisons between groups for the
average tumor volume were made with the two-
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part models discussed in Albert and Shih [30].
Quadratic mixed models were used for tumor
volume after the first detectable tumor. The
P-values were computed from permutation
tests based on 2,000 permutations. For the
Dox-inducible mouse tumor xenograft experi-
ments (Figure 2B), quadratic mixed models
were fit to the post-treatment average tumor
volumes. The models included random effects
for the intercept, linear, and quadratic terms.
F-tests based on contrasts were used to com-
pare groups. The analyses treated the left and
right tumors as independent.

For all other experiments, normal distribution
of residuals was tested before performing one-
way ANOVA followed by either Tukey or Sidak
post hoc tests to determine P-values. Chi-
squared tests were used in experiments that
tested distributions. In experiments where pro-
portions were compared, the test of 2-propor-
tions was used followed by the Holm method to
correct for multiple testing.

Results

BCARS3 is upregulated in breast cancer tumor
samples and TNBC cell lines

While BCAR3 protein has been readily detected
in breast cancer cell lines, its expression in
clinical breast tumor samples has not been ri-
gorously evaluated. Patient-derived tumor sec-
tions and microarrays obtained from the UVA
Biorepository were evaluated by immunohisto-
chemistry (IHC) for BCAR3 protein expression.
The intensity of BCAR3 staining was scored by
2-3 individuals using a scale from O (no stain-
ing) to 3+ (high staining) (Figure 1A and 1B).
Average BCAR3 expression was elevated in
DCIS as well as invasive ductal carcinoma (IDC)
(Figure 1A), and in both ER+/progesterone re-
ceptor (PR)+ and TNBC tumors relative to nor-
mal mammary tissue (Figure 1B). Focusing
specifically on TNBCs, BCAR3 was readily de-
tected by Western blot analysis in both claudin-
low and basal-like TNBC cells [31-33] (Figure
1C). Kaplan-Meier survival curves generated
using the top quartile of BCAR3 mRNA expres-
sion in 255 TNBC patients show that elevated
BCAR3 expression correlates with worse pa-
tient outcomes (Figure 1D). These results pro-
vide the rationale for exploring a potential role
for BCAR3 in TNBC tumor growth and pro-
gression.
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Figure 1. BCAR3 is upregulated in breast cancer samples and TNBC tumor cell lines. (A) Human tissue samples
were obtained from the University of Virginia Biorepository and Tissue Research Facility (BTRF) and stained for
H&E and BCAR3. Scale bars represent 200 ym. Staining intensity was evaluated by 2-3 investigators on a scale
of O (no staining) to 3+ (high intensity) (see Panel B below). Data shown are the average of 10 fields per sample
for 56 normal breast tissues samples, 28 DCIS samples, and 82 IDC samples. The Kruskal-Wallis test was used
to determine differences between groups. ““indicates P<0.0001. (B) Examples of BCAR3 staining intensities from
breast tissue microarray samples obtained from the BTRF. Scale bars represent 200 ym. The maximum intensity
for BCAR3 staining was assessed by 2-3 investigators in 41 normal samples, 40 TNBC samples and 91 ER+/PR+
samples. Data shown are the percentage of samples exhibiting the indicated maximum staining intensities +/- SEM.
(C) Representative immunoblot from 11 TNBC cell lines. Lysates from 40,000 cells were separated by SDS-PAGE
and immunoblotted for BCAR3, MET, and ERK 1/2. Samples were derived from the same experiment and processed
in parallel on multiple blots. (D) Kaplan-Meier plot showing survival data for 255 TNBC patients separated by the top
(red) or remaining (black) quartiles of BCAR3 expression in the primary tumor (https://kmplot.com/analysis/index.
php?p=service&start=1) [25].

BCAR3 promotes TNBC tumor growth in vivo
The correlation between BCAR3 expression

and poor outcomes in patients with TNBC led
us to hypothesize that BCAR3 might influence
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TNBC tumor growth in vivo. This was tested
using orthotopic tumor models in which MDA-
MB-231 TNBC cells that express endogenous
BCAR3 (Vector), reduced levels of BCAR3
(shBCAR3-1), or ectopic Venus-BCAR3 in the
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Figure 2. BCAR3 promotes tumor growth in ortho-
topic MDA-MB-231 mouse xenograft models. (A)
2x10% MDA-MB-231 cells were injected into both
the left and right 4" inguinal mammary fat pad. Cor-
responding cells were lysed and immunoblotted for
BCAR3 and ERK 1/2 to verify BCAR3 knockdown
(shBCAR3-1) and re-expression of WT Venus-BCAR3
(shBCAR3 + WT) (inset). Tumors were measured by
caliper 3 times a week. Data shown are the average
+/- SEM of 15 control tumors, 13 shBCAR3-1 tumors
and 13 shBCAR3 + WT tumors. A permutation test
using 2000 permutations was used to determine P-
values. (B) 2x10° Dox-inducible MDA-MB-231 control
and BCAR3 knockdown cells were injected into the
left and right 4™ inguinal mammary fat pad. Corre-
sponding cells were lysed and immunoblotted for
BCAR3 and ERK 1/2 to verify regulated expression of
BCAR3 under the shBCAR3 + Dox conditions (inset).
Doxycyline was added to the animals’ drinking water
once the tumors reached 200 mm?3. The data repre-
sent an average of 10 (Vector) and 8 (shBCAR3-1)
tumors. An F-test based on contrasts was used to
compare groups and determine P-values. *“indicates
P<0.001, "indicates P<0.0001. (C) Tumors were
excised at the endpoint of the experiment, formalin
fixed, embedded in paraffin, and stained for BCAR3.
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background of the BCAR3 knockdown
(shBCAR3 + WT) (Figure 2A, inset) were
injected into the 4" inguinal fat pads of
Foxn1"/™ mice. While the control cells readily
formed tumor masses, the shBCAR3-1 knock-
down cells uniformly failed to produce measur-
able tumors (Figure 2A). This deficiency was
reversed when ectopic Venus-BCAR3 was ex-
pressed in the shBCAR3-1 cells. In fact, tumor
growth in cells with ectopic BCAR3 expression
was significantly greater than in the presence
of endogenous BCAR3, possibly due to the
over-expression of Venus-BCAR3 relative to
endogenous BCAR3 (see inset, Figure 2A; note
that ectopic expression of Venus-BCAR3 may
also stabilize endogenous BCAR3 as seen by
the lower-migrating BCAR3 band).

We reasoned that the absence of tumor growth
exhibited by shBCAR3-1 cells could be due to
an inability of the cells to establish tumors
and/or a decrease in tumor cell proliferation/
survival in the mouse. To address these possi-
bilities, tumor studies were repeated using a
doxycycline (Dox)-inducible system to regulate
expression of the shBCAR3 construct. Dox-
inducible control and shBCAR3 MDA-MB-231
cells were inoculated as described above and
Dox was introduced into the drinking water to
knock down BCAR3 once tumors reached 200
mm3. While the control tumors continued to
grow in the presence of Dox, tumors generated
from the conditional knockdown cells failed to
progress once BCAR3 knockdown was initiated
(Figure 2B). Immunohistochemistry performed
on tumor samples isolated 24 days post-Dox
treatment confirmed the knockdown of BCAR3
(Figure 2C). Together, these data strongly sup-
porta role for BCAR3 in promoting tumor growth
in vivo.

BCAR3 promotes TNBC cell proliferation

To investigate a potential role for BCAR3 in
TNBC cell proliferation, MDA-MB-231 cells
containing either empty vector or one of two
shBCAR3-encoding lentiviral constructs were
plated at low density and growth was assessed
every day for a period of 7 days using the
CyQUANT assay. Western blot analysis con-
firmed knockdown of BCAR3 (Figure 3A, in-
set). Cell numbers were reduced under condi-
tions of BCAR3 knockdown compared to control
cells (Figure 3A). This effect appeared to be
dependent on the expression level of BCARS3,
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as the shBCAR3-1 cells that featured a more
robust BCAR3 knockdown exhibited a greater
deficiency in cell number than did the
shBCAR3-2 cells that exhibited a more modest
BCAR3 knockdown. To further assess the con-
tribution of BCAR3 to cell proliferation, long-
term growth assays were performed. Cells were
plated at low density, allowed to grow for 10
days with no media changes, and stained with
crystal violet. Colony growth as determined by
the intensity of the crystal violet signal was sig-
nificantly reduced in shBCAR3 cultures grown
under these conditions and, similar to the pre-
vious experiment, inhibition of colony growth
appeared slightly greater in the shBCAR3-1
cells than in the shBCAR3-2 cells (Figure 3B).
This difference was unlikely to be due to cell
death, as the number of viable cells at early
times after plating (24 and 72 hours) was si-
milar for Vector-control and shBCAR3-1 cells
(Figure 4A).

To verify that the reduced colony size exhibited
by BCAR3 knockdown cells was a consequence
of BCAR3 depletion, constructs encoding
shRNA-resistant ectopic Venus-BCAR3 (shBCAR3
+ WT) or the empty vector (shBCAR3 + Ctl) were
expressed in shBCAR3-1 cells (Figure 3C;
again, note that ectopic expression of Venus-
BCAR3 may stabilize endogenous BCAR3 as
seen by the lower-migrating BCAR3 band).
As before, colony growth was reduced in
cells expressing lower amounts of BCAR3
(shBCAR3-1 and shBCAR3 + Ctl) (Figure 3D).
However, this deficiency was largely alleviated
when ectopic Venus-BCAR3 was expressed in
the knockdown cells. A similar result was
observed in a second TNBC cell line, Hs578T
(Figures 3E, 3F, and 4B). Together, these data
show that, under long-term growth conditions,
BCAR3 promotes TNBC colony expansion.

BCARS3 is required for budding of mouse
mammary epithelial organoids in response to
growth factors

Mammary branching morphogenesis is a dy-
namic process involving cell proliferation, re-
modeling, and response to external cues [34,
35], all of which also contribute to TNBC tumor
growth and progression. To further explore pro-
liferation as a function of BCAR3 expression,
we used a mouse mammary epithelial organoid
system as a tool to measure mammary epithe-

4775

lial cell proliferation. Primary organoids were
generated using epithelial cells isolated from
mammary glands obtained from wildtype (WT)
and BCAR3 knock-out (B3KO) mice (Figure 5A).
Epithelial cells were suspended in Matrigel to
establish primary mammary organoids and
treated for 7 days with two growth factors that
have historically been used to stimulate bran-
ching morphogenesis, fibroblast growth factor
2 (FGF2) and transforming growth factor «
(TGFo) [27, 36] (Figure 5B). Organoid budding
was then quantified as a measure of prolifera-
tion. Organoids generated from BCAR3 KO mice
exhibited less budding when treated with FGF2
or TGFa compared to organoids generated from
WT mice (Figure 5C and 5D). BCAR3 KO organ-
oids treated with FGF2, but not TGF«, were also
smaller in size compared to those generated
from WT mice (Figure 5E), suggesting that
BCAR3 may modulate differential growth
responses depending on the nature of external
growth factors.

BCAR3-MET coupling regulates TNBC cell pro-
liferation and migration

To gain a more complete understanding of
the signaling pathways that might partner with
BCAR3 to drive TNBC phenotypes, we per-
formed gene set variation analysis (GSVA).
Publicly available mRNA expression data from a
panel of 32 TNBC cell lines in the Cancer Cell
Line Encyclopedia (CCLE) were used to identify
receptor tyrosine kinase gene sets whose
enrichment correlated positively with BCAR3
transcript abundance. Fibroblast Growth Factor
Receptor (FGFR) and Epidermal Growth Factor
Receptor (EGFR) signaling pathways, which
were shown to be impaired in the absence of
BCAR3 for FGF2- and TGFa-induced organoid
budding, respectively, were positively correlat-
ed with BCAR3 mRNA abundance (Figure 6A).
In addition, gene sets associated with the MET
receptor signaling showed a strong correlation
with BCAR3 mRNA expression. MET was readily
detected by Western blot analysis in both clau-
din-low and basal-like TNBC cells (see Figure
1C). This prompted us to investigate the poten-
tial role of MET in BCAR3-dependent cell prolif-
eration. MDA-MB-231 and Hs578T cells were
treated with 50 nM of the MET inhibitor, Fore-
tinib; this concentration produces a signifi-
cant reduction in MET autophosphorylation
(pTyr1234/1235) following HGF stimulation

Am J Cancer Res 2021;11(10):4768-4787
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Figure 3. BCAR3 promotes TNBC cell proliferation. (A) CyQUANT NF cell proliferation assays were performed using
control (Vector), shBCAR3-1 and shBCAR3-2 MDA-MB-231 cells. BCAR3 expression levels are shown in the inset.
Each point on the graph represents the average fold change +/- SEM relative to a 6 hour baseline. Data were col-
lected from 3 independent biological replicates. ANOVA analysis comparing the 3 cell lines for each day followed by
a Tukey’s post hoc test was used to determine P-values. (B) Long-term colony growth assays. 1000 cells/well were
plated in triplicate in 6-well plates, allowed to grow for 10 days, and staining intensity was quantified. Data from the
3 technical replicates were averaged for each experiment and normalized to control cells. The average of 3 indepen-
dent experiments +/- SEM was plotted on the graph. (C) Representative immunoblot showing endogenous BCAR3
and ectopic Venus-BCAR3 expression in the indicated MDA-MB-231 cell lines. (D) Cells were cultured in triplicate
for 10 days and analyzed as described in (B). Data shown are the average +/- SEM of 5 independent experiments.
(E) Representative immunoblot showing endogenous BCAR3 and ectopic Venus-BCAR3 expression in the indicated
Hs578T cell lines. (F) Cells were cultured in triplicate for 15 days and analyzed as described for (B). Data shown
are the average +/- SEM of 3 independent experiments. For all long-term colony growth assays, ANOVA analysis fol-
lowed by Tukey’s post hoc tests was used to determine P-values. “indicates P<0.05, *"indicates P<0.01, ""“indicates
P<0.001.

(Figure 7A) and is 50-100-fold below the re- nor BCAR3-depleted cells demonstrated a loss
ported IC50 (dose at which there is a 50% in viability in the presence of 50 nM Foretinib
reduction in cell survival) for MDA-MB-231 during the early stages of this assay (Figure
cells [37]. Importantly, neither Vector-control 7B). While MDA-MB-231 cells expressing the
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were cultured for a period of 24 or 72 hours. Viability was measured using Trypan Blue exclusion. Data shown are
the average of 3-4 independent experiments. ANOVA followed by Sidak post hoc tests were used to determine dif-
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Figure 5. BCAR3 promotes budding of mammary organoids under conditions of FGF2 and TGFa treatment. (A)
Representative immunoblot from organoids generated from 8-week old wildtype (WT) and BCAR3 knockout (B3KO)
mice cultured in vitro for 7 days. (B) Representative images of organoids cultured in the absence (no tx) or presence
of FGF2 (2.5 nm) or TGFa (9 nM) for 7 days. Scale bar represents 50 um. (C and D) Quantification of organoids that
exhibited robust budding (budded; >10), few buds (<10 buds), or no buds. Data were generated from 1255 WT and
1015 B3KO organoids gathered from 7 independent experiments (FGF2), and 790 WT and 822 B3KO organoids
gathered from 3 independent experiments (TGFa). Chi-squared tests were used to determine differences between
groups (P<0.001). (E) The average diameter of organoids +/- SEM is shown for WT and B3KO organoids (37-46
organoids over multiple independent experiments) cultured under the indicated conditions. ANOVA followed by a
Sidak post hoc test was used to determine differences. ***indicates P<0.001.

vector failed to exhibit a significant decrease colony growth of the analogous Hs578T cells
in colony growth in the presence of Foretinib, was reduced under these conditions (Figure
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6B; black bars). The greater sensitivity of
Hs578T cells to Foretinib may be explained in
part by the higher expression of MET receptor
in these cells (see Figure 1C). However,
although depletion of BCAR3 again resulted in
a decrease in colony growth for both MDA-
MB-231 and Hs578T cells (gray bars, no inhibi-
tor), treatment of shBCAR3 cells with Foretinib
did not cause any additional growth-inhibitory
effect beyond what was observed in vehicle-
treated cells. These data suggest that MET and
BCAR3 may function in the same pathway to
control cell growth, at least in the case of
Hs578T cells where inhibition of MET alone
caused a reduction in cell growth.

Considering that both the MET receptor and
BCAR3 have been implicated in migration of
cancer cells [13, 14], we next sought to ex-
plore whether these proteins functioned togeth-
er to regulate cell migration. Vector-control and
BCAR3-depleted MDA-MB-231 and Hsb578T
cells were plated in Boyden chambers and
allowed to migrate toward HGF in the presence
or absence of 50 nM Foretinib. Inhibition of
MET in control cells reduced migration by
approximately 40-50% (Figure 6C; black bars),
similar to the reduced migration observed in
BCAR3 knockdown cells in the absence of
Foretinib (gray bar). However, as was the case
for proliferation, Foretinib had no added effect
beyond BCAR3 depletion alone, again support-
ing a model in which BCAR3 and MET function
in the same regulatory pathway.

To further explore the functional relationship
between BCAR3 and MET, we next examined
MET receptor activation in cells plated for 2 to
10 days with no media changes. Phosphoryla-
tion of MET at Tyr1234/1235 was observed
after 10 days in culture in MDA-MB-231 cells
expressing endogenous BCAR3 (Vector) and in
knockdown cells expressing high levels of ecto-
pic Venus-BCAR3 (Figure 8A; lanes 9 and 12).
While Hs578T cells containing the vector did
not show a similar elevation of MET phosphory-
lation, BCAR3-depleted cells that re-expressed
Venus-BCAR3 exhibited robust MET activation
after 5 and 10 days in culture (Figure 8B, lanes
8 and 12). Note that the level of Venus-BCAR3
present in these cells is significantly elevated
compared to endogenous BCARS3.

Based on these data, we hypothesized that
BCAR3 may contribute to autocrine signaling
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through the MET receptor. To test this hypo-
thesis, HGF mRNA levels were measured by
quantitative real-time PCR (RT-PCR) in the full
panel of MDA-MB-231 and Hs578T cells. As
expected, BCAR3 transcripts were decreased
in shBCAR3-1 cells and elevated in cells over-
expressing Venus-BCAR3 (Figure 8C). MET
transcript levels were not significantly impacted
by BCAR3 depletion or overexpression in either
cell line. HGF mRNA levels were below the level
of detection in MDA-MB-231 cells. However,
HGF mRNA was detectable in Hs578T cells,
and shBCAR3-1 + WT cells expressing robust
levels of Venus-BCAR3 harbored significantly
elevated HGF mRNA. Thus, in the presence of
elevated BCAR3, HGF mRNA is upregulated in
Hs578T cells.

HGF promotes colony growth in Hs578T cells

In light of the evidence for BCAR3-MET func-
tional coupling in both MDA-MB-231 and
Hs578T cells and the possibility that the
increase in HGF mRNA seen in Hs578T cells
overexpressing BCAR3 may contribute to the
enhanced proliferation seen under these condi-
tions, we sought to determine whether exoge-
nous HGF could rescue the defect in colony
growth observed under conditions of BCAR3
depletion. We reasoned that, if MET activation
was due to autocrine signaling in a BCAR3-
dependent fashion, then exogenous HGF would
at least partially rescue the phenotype caused
by BCAR3 depletion. Vector-control and BCAR3-
depleted MDA-MB-231 and Hs578T cells were
cultured long-term in the presence or absence
of 50 ng/ml HGF. Irrespective of BCAR3 status,
the average colony growth of MDA-MB-231
cells was not impacted by exogenous HGF
(Figure 9A and 9B). HGF induced a slight
increase in the average colony density of
Hs578T Vector-control but not shBCAR3 cells.

Interestingly, the distinctive variability in colony
size exhibited by Hs578T cells appeared to be
augmented upon treatment with HGF (Figure
9A). This prompted us to enumerate the pro-
portion of Hs578T colonies falling into small,
average, and large sizes as defined by the top
(large) and bottom (small) quartiles of colony
size for untreated Vector-control cells. HGF
treatment of the Vector-control cells resulted in
a shift from average to smaller colonies (Figure
9C). One possible explanation for this increase

Am J Cancer Res 2021;11(10):4768-4787
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Figure 6. BCAR3 and MET function in the same proliferation and migration pathways. (A) Gene set variation analysis
(GSVA) was used to calculate enrichment scores for the Reactome gene sets related to receptor tyrosine kinase
signaling using mMRNA transcript abundance data from 32 TNBC cell lines from the Cancer Cell Line Encyclopedia
(CCLE). Spearman rank correlations and associated P-values (-log, (p)) were then calculated between the GSVA
scores and BCARS3 transcript abundance from the same TNBC cell lines. (B) Long-term colony growth assays. 500
cells/well were plated in triplicate in 12-well plates and allowed to grow in the presence or absence of 50 nM
Foretinib. MDA-MB-231 cells were treated with the inhibitor 24 hours post-plating, re-treated on days 3 and 6 after
initial treatment, and stained at day 10. Hs578T cells were treated with inhibitor 24 hours post-plating, re-treated
on day 3 after initial treatment, and stained at day 15. Staining intensity was quantified and data from 3 technical
replicates were averaged for each experiment. Data were normalized relative to the DMSO-treated Vector-control
sample and the average +/- SEM of 3 to 4 independent experiments was plotted on the graph. (C) Transwell migra-
tion assays. Percent migration of MDA-MB-231 and Hs578T cells toward 50 ng/ml HGF is shown. 25,000 cells were
plated in the top well of Boyden chambers in the presence of DMSO or 50 nM Foretinib and incubated for 6 hours.
Data shown are the average +/- SEM of 3 independent experiments. ANOVA followed by Sidak post hoc tests were
used to determine differences. Asterisks indicate a significant difference from the Vector-control, no drug condition.
“indicates P<0.05, "indicates P<0.01, "“indicates P<0.001.
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Figure 7. Foretinib inhibits MET receptor activation but does not impact viability at 50 nM. (A) Representative
immunoblot from MDA-MB-231 cells treated as indicated. Phospho-MET antibodies recognize pTyr1234/1235. (B)
Viability in the presence or absence of Foretinib was measured at 24 and 72 hours using Trypan Blue exclusion.
Data shown are the average of 3-4 experiments +/- SEM. ANOVA followed by Sidak post hoc tests were used to
determine differences.

in smaller colonies could be the “scatter” effect nies at the expense of the average cohort. This
of HGF [38-40], leading to a more dispersed suggests that HGF may induce both scatter/
colony phenotype. In the shBCAR3 cells, HGF migration of the shBCAR3 cells (leading to the
induced a bimodal change in colony size mar- colonies appearing smaller in size) as well as
ked by an increase in both small and large colo- proliferation (leading to a larger colony size).
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Figure 8. BCAR3 regulates MET receptor activation in cells cultured long-term. (A and B) Representative immuno-
blot analysis and quantification of MET activation in MDA-MB-231 (A) or Hs578T (B) cells with endogenous,
depleted, or re-expressed BCAR3 expression. Cells were cultured for 2, 5, and 10 days with no media changes. Cells
were lysed and protein expression/phosphorylation was evaluated with the indicated antibodies. Phospho-MET
(Tyr1234/1235) was normalized to total MET and fold-change was quantified relative to Vector-control cells cultured
for 2 days. (C) Quantitative real-time PCR analysis of BCAR3, MET and HGF transcript levels in the MDA-MB-231
and Hs578T cell panels cultured for 48 hours. RT-PCR was conducted with technical duplicates for 3 independent
experiments. Data shown are the average +/- SEM of 3 biological replicates. ANOVA followed by Sidak post hoc tests
were used to determine differences. “indicates P<0.05, ““indicates P<0.01, "“indicates P<0.001.

While autocrine signaling through upregulation
of HGF mRNA may contribute to BCAR3-de-
pendent regulation of proliferation and migra-
tion in Hs578T cells, our data suggest that this
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is not the case for MDA-MB-231 cells. Instead,
we hypothesized that MET receptor activation
may be differentially regulated in Vector-control
compared to shBCAR3 MDA-MB-231 cells. To
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Figure 9. HGF treatment differentially impacts colony size distribution of Hs578T cells as a function of BCAR3. (A)
Long-term colony growth assays under conditions of HGF stimulation. MDA-MB-231 and Hs578T cells were plated
at a density of 1,000 cells/well in triplicate in a 6-well plate and treated with either vehicle (0.05% BSA) or 50 ng/
mL HGF the day after plating. MDA-MB-231 cells were re-treated with HGF on days 3 and 6 after initial treatment
and stained at day 10. Hs578T cells were re-treated with HGF on day 3 after initial treatment and stained at day
15. (B) Staining intensity was quantified and data from the 3 technical replicates were averaged for each experi-
ment. Data were normalized relative to the vehicle-treated Vector-control sample and the average +/- SEM of 3to 5
independent experiments was plotted on the graph. ANOVA followed by Sidak post hoc tests were used to determine
P-values. (C) Quartile data obtained from the colony size distribution of untreated Vector-control cells were used
to bin colonies into large (>2.975 mm?), average (<2.975 mm? >0.172 mm?), or small (<0.172 mm?) groupings.
Data were generated from 904 Vector-control no treatment colonies, 856 Vector-control + HGF colonies, 1115
shBCAR3-1 no treatment colonies, and 705 shBCAR3-1 + HGF colonies obtained from 5 independent experiments.
The chi-squared test was used to determine differences between groups (P<0.001). A test of 2-proportions was per-
formed to compare small, average, and large colonies in cells of the same background treated with vehicle or HGF.
The Holm method was used to correct for any errors that might have arisen from performing multiple tests across
the comparisons analyzed. P=3.26x10*° and 4.82x10*° comparing vehicle to HGF-treated Vector-control cells for
average and small colonies, respectively. P=7.13x108, 3.39x10%, 6.36x103* comparing vehicle to HGF treatment

of shBCAR3 cells for small, large and average colonies, respectively.

test this hypothesis, MET phosphorylation at
Tyr1234/1235 was measured following acute
stimulation with HGF. Both the magnitude and
duration of MET phosphorylation was attenu-
ated under conditions of BCAR3 knockdown
(Figure 10A), supporting a role for BCAR3 in
regulating MET receptor activation in MDA-
MB-231 cells.

Discussion

In this report, we used both in vivo and in vitro
approaches to probe the function of BCAR3 in
TNBC tumor growth, proliferation and migra-
tion. Our study is the first to show that BCAR3
regulates growth of TNBC xenografts in mouse
models and that this correlates with its upregu-
lation and association with poorer outcomes in
patients with TNBC. In addition, we show that
BCAR3-MET receptor coupling plays a key role
in BCAR3-dependent proliferation and migra-
tion of TNBC cells, and that the mechanisms
through which this functional interaction oper-
ates may differ in different genetic backgrounds
of TNBC. Most importantly, these data open the
possibility for new approaches to personalized
therapy for individuals with TNBCs.

BCAR3 is a regulator of MET signaling

Like BCAR3, MET has been shown to drive cell
proliferation, migration and invasion [13, 14]. It
has also been shown to induce branching mor-
phogenesis through its interaction with the
adaptor molecule Gabl1 [41]. Despite having
similar functions in breast cancer, however, a
connection between MET and BCAR3 has not
been explored prior to this study. Using publicly
available data, we showed that, among recep-
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tor tyrosine kinases, expression of the MET
receptor signaling gene set correlated most
strongly with BCAR3 mRNA expression in a
panel of 32 TNBCs (Figure 6A). Our biological
studies support a functional interaction
between BCAR3 and MET that contributes to
cell proliferation and migration (Figure 6B and
6C). However, our data suggest that BCAR3-
MET coupling may be mediated through distinct
mechanisms in TNBCs depending on their
genetic profiles. As suggested by Figures 8C
and 9, an autocrine loop generated through
BCAR3-dependent expression of the MET
receptor ligand HGF may help drive prolifera-
tion and migration of Hs578T cells (Figure
10B). Of note, studies have reported that
exposure of luminal breast cancer cells to HGF
induces increased growth with no morphologi-
cal changes, while exposure of myoepithelial
cells to HGF does not impact cell growth but
rather induces morphological changes [42].
Considering that HGF elicits contrasting effects
on luminal epithelial cells compared to myoepi-
thelial cells, it will be interesting to compare the
regulatory functions of BCAR3 on MET signaling
between basal-like and claudin-low TNBC.

There is no evidence of autocrine signaling
through BCAR3-MET receptor for MDA-MB-231
cells. While BCAR3 appears to be necessary in
these cells for maximal MET receptor activa-
tion (Figure 10A), the inability of HGF to rescue
the proliferation defect observed in BCAR3-
depleted cells (Figure 9B) suggests that im-
pairment of the BCAR3-MET axis under condi-
tions of BCAR3 depletion may arise indepen-
dently of ligand binding to the receptor (Figure
10B). Instead, BCAR3 could regulate the avail-
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Figure 10. BCAR3-MET coupling in TNBC cells. (A) Representative immunoblot analysis of MDA-MB-231 cells with
control or stable BCAR3 knockdown that were serum-starved and stimulated with 50 ng/mL HGF over a time-course
ranging from 0-120 min. Cells were lysed and protein expression/phosphorylation was evaluated with the indicated
antibodies. Data shown are the average + SEM of 4 independent experiments. ANOVA followed by Sidak post hoc
test was used to determine differences. Samples were derived from the same experiment and processed in parallel
on multiple blots. “indicates P<0.05. (B) Model for functional BCAR3-MET coupling in MDA-MB-231 and Hs578T

cells. Figure created with BioRender.com.

ability or activity of phosphatases, intracellu-
lar kinases, or adaptor molecules that control
downstream signaling. While the mechanism
through which this enhanced signaling is medi-
ated through BCAR3 remains to be deter-
mined, the resultant increase in signal flux
could account for the differences in cell migra-
tion and proliferation observed in MDA-MB-231
cells as a function of BCAR3.

Targeting BCAR3 signaling pathways for the
treatment of TNBC

We have shown that BCAR3 expression is ele-
vated in both ductal carcinoma in situ (DCIS)
and invasive ductal carcinoma (IDC) compared
to normal mammary tissue. Interestingly, the
average BCAR3 expression was higher in DCIS
than in IDC. Since BCAR3 is an important regu-
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lator of cell motility and invasion [1, 2, 12], its
increased expression in a subset of DCIS
lesions may reflect an early step in the transi-
tion to invasive disease. This possibility is fur-
ther supported by the heterogeneity in BCAR3
expression that was observed in tumor tissue,
suggestive of functional microdomains with
high BCAR3 expression. Using publicly avail-
able patient data, we also found that high
BCAR3 mRNA expression specifically in TNBC
correlates with poorer outcomes. This is in
contrast to several reports evaluating patients
with hormone receptor-positive cancers that
show that BCAR3 expression is a predictor of
better outcomes [43, 44]. Our finding that
BCAR3 protein expression was elevated in a
subset of both TNBCs and ER+/PR+ tumors
suggests that hormone status may help deter-
mine the impact of BCAR3 expression on the
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tumor. Beyond hormone status alone, the fact
that BCAR3 may function in different regula-
tory pathways even within individual TNBCs
underscores the importance of also consider-
ing the receptor tyrosine kinases that coordi-
nate with BCAR3 when developing personaliz-
ed treatment strategies to control tumor pro-
gression for breast cancer patients. Our data
provide the beginnings of a roadmap for this
type of analysis by considering BCAR3-MET
coupling as one axis to target therapeutically.
Even more broadly, BCAR3 could serve as a
potential biomarker for additional therapeutic
avenues that exploit the distinct functional
interactions through which BCAR3 contributes
to tumor phenotypes. Further analysis of these
interactions could help identify new molecular
targets and drug combinations to enhance the
clinical management of patients with TNBC.
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