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Abstract

Breast cancer is the second most common cause of cancer-related deaths
in women and constitutes a group of diseases that exhibit heterogeneity. Despite
diagnostic and therapeutic advances, challenges remain to improve the clinical
care of patients. Breast cancer subtypes have been identified based on the
hormone receptor status and molecular profile of tumors. Understanding the
characteristics of each subtype is important to help inform therapeutic strategies
and improve patient outcomes. Triple-negative breast cancer (TNBC) is a subtype
that makes up 10-20% of all breast cancer cases and has the worst 5-year survival
rate. This subtype is characterized as lacking immunohistochemically detectable
expression of the estrogen receptor (ER), progesterone receptor (PR), and human
epidermal growth factor receptor 2 (HER2). TNBC typically presents with
aggressive, high-grade lesions and is more prevalent among black women of
African descent. Previous work from our group and others showed that the adaptor
molecule Breast Cancer Antiestrogen Resistance 3 (BCAR3) together with Cas
and Src, promotes breast cancer cell migration and invasion. The work presented
in this thesis focuses on identifying the role of BCAR3 in TNBC growth and
progression. Using in vivo and in vitro approaches, the data presented in this thesis
demonstrate that BCAR3 promotes TNBC tumor growth, proliferation, and
migration. Our studies show that BCARS3 protein expression is elevated in patient-
derived breast cancer tumor samples and in TNBC cell lines, and elevated BCAR3
MRNA levels are associated with poor outcomes in patients with TNBC. This work

is the first to report that BCAR3 regulates TNBC tumor growth in mouse orthotopic



i
xenograft models. Our data also show that BCAR3 is a regulator of MET signaling
and that BCAR3-MET coupling has a functional role in TNBC.

As a follow up to these findings, studies were undertaken to understand the
role of BCAR3-MET coupling in basal-like TNBC. Using biochemical approaches,
preliminary data are presented showing that basal-like TNBC cells with reduced
BCAR3 expression exhibit elevated levels of MET receptor expression and
phosphorylation. Conversely, when BCAR3 was over-expressed in a basal-like cell
line with low endogenous levels of BCAR3, MET receptor levels and
phosphorylation were reduced. These changes were not observed in claudin-low
TNBC cells, suggesting that BCAR3 may regulate MET signaling differently based
on the genetic background of TNBC. Future studies are needed to determine the
functional significance of these findings.

Finally, preliminary studies are presented using computational approaches
to investigate the transcriptional landscape regulated by BCAR3 in TNBC cells.
Differential gene expression analysis on cells cultured on plastic, matrigel, and in
mouse mammary epithelial cell organoids showed that BCARS3 regulates a broad
set of genes and pathways. While the expression of 33 genes was impacted by
loss of BCARS under all three conditions, a subset of the pathways regulated by
BCARS3 in TNBC cells cultured on plastic was distinct from those in cells cultured
in 3D matrigel. Validation as well as functional studies are needed to make
conclusions about the transcriptional networks regulated by BCARS.

The data presented in this thesis indicate that BCARS is an important

promoter of TNBC growth and may serve as a valuable biomarker and/or



iii
therapeutic target to improve the clinical care of patients with TNBC in this age of
precision medicine. Future studies are required to explore how BCARS serves to
integrate signals that promote aggressive tumor phenotypes to maximize targeting

of functional BCARS3 signaling nodes.
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Chapter 1: Introduction

1.1 Breast cancer overview
1.1.1 Incidence and survival statistics

Breast cancer accounts for 30% of new cancer cases and 15% of cancer-
related deaths in females [1]. The lifetime likelihood of a woman developing
invasive breast cancer is about 13% (1 in 8). The incidence rates of breast cancer
in women continue to rise by 0.5% per year, this rise in cases has been associated
with risk factors such as increased body mass index and decreased fertility rates
seen in recent years [1,2]. Breast cancer is associated with non-modifiable and
modifiable risk factors. Non-modifiable risk factors include age, sex,
BRCA1/BRCA2 gene mutations (involved in DNA damage repair), family history,
age of menarche, age of menopause, high breast density, and history of breast
disease among others [3-5]. Hereditary breast cancers are most frequently
associated with  BRCA1 or BRCAZ2 mutations, which together have been
associated with a cumulative breast cancer risk of about 84% by the age of 70 [6].
Modifiable risk factors include, obesity, physical inactivity, alcohol consumption,
tobacco use recent and long-term, use of menopausal hormone therapy, and
hormonal contraceptive use [5]. Breast cancer survival rates vary by molecular
subtype, with estrogen receptor positive (ER+), progesterone receptor positive
(PR+) and human epidermal growth factor receptor 2 negative (HER2-) breast

cancer having a 5-year survival rate of 92.5%, followed by ER+/PR+/HER2+ breast



2
cancer (90.3%), ER-/PR-/HER2+ breast (82.7%), and triple-negative ER-/PR-

/HERZ2- breast cancer having the worst survival rate at 77% [7]. The stages of
breast cancer include the local stage where a tumor is confined to the site of origin,
the regional stage where a tumor has extended beyond the site of origin and has
infiltrated surrounding tissues and regional lymph nodes, and the distant stage
where tumor cells have spread to distant sites [8]. The stage at which breast cancer
is diagnosed influences patient survival rates, with breast cancer diagnosed at the
local stage having a 5-year survival rate of 99%, regional (86%), and distant (28%).
Racial and ethnic disparities, socioeconomic status, and late-stage breast cancer

at diagnosis are all factors that also influence breast cancer survival rates [9,10].

1.1.2 Breast cancer pathology

Progression of breast cancer is generally thought to occur through a series
of processes beginning with hyperplastic lesions in the breast, subsequent
development of in situ carcinoma, and finally invasive carcinoma [11]. Several
models of breast cancer progression have been proposed. One such model
describes flat epithelial atypia (FEA), atypical ductal hyperplasia (ADH), and ductal
carcinoma in situ (DCIS) as non-obligate precursors to invasive ductal carcinoma
[12]. For invasive lobular carcinoma a proposed model includes atypical lobular
hyperplasia (ALH) and lobular carcinoma in situ (LCIS) as non-obligate precursor
lesions.

Breast cancer encompasses a group of diseases typically assessed by

lymph node status, tumor size, metastasis, and molecular biomarkers [13].
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Histological grade is also used to characterize breast tumors and is divided into 3
grades [14]. Grade 1 tumors are characterized as being well-differentiated with
high resemblance to the normal breast tissue, >75% tubule formation (formation
of small ducts), a mild degree of nuclear irregularity, and low mitotic count. Grade
2 tumors are characterized as moderately differentiated tumors and grade 3
tumors as poorly differentiated with high irregularity of cell shape and size, high
mitotic count, and no tubule formation. The two most common types of invasive
breast cancers are ductal and lobular breast carcinomas, which constitute about
73% and 15% of invasive breast tumors [15]. Less frequent histological types of
breast cancers include mucinous, comedo, tubular, and medullary carcinomas,

each of which accounts for less than 2% of all breast cancer cases.

1.1.3 Hormone receptor and human epidermal growth factor receptor 2
(HER2) status

Identifying the hormone and human epidermal growth receptor status of a
breast cancer tumor is an important way to assess prognosis as well as clinical
management of the patient. Hormone receptor status indicates the
presence/expression of the estrogen receptor (ER) and progesterone receptor
(PR) in breast tumor samples. These receptors are of interest because estrogen
and progesterone, both circulating steroid hormones, have been found to bind to
their respective receptors and elicit activation of signaling networks that influence
a broad range of cellular behaviors including cell proliferation. High levels of

circulating progesterone and estrogen together have been found to increase the
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risk of breast cancer [16]. Estrogen most commonly functions by binding to nuclear
ER, which in turn promotes occupancy of estrogen response elements present in
DNA, causing changes in gene transcription [17]. Estrogen can bind to two forms
of the ER, estrogen receptor-alpha (ERa) and estrogen receptor-beta (ERp) both
of which have a high degree of homology in their ligand binding domains and
interact with identical DNA response elements [18]. Studies have shown that ERa
and ERpP expression differs, with normal areas of breast tissue exhibiting low
expression of ERa and high expression of ERf and areas of DCIS exhibiting
elevated levels of ERa expression and reduced expression of ERp [19]. Elevated
levels of ERa have been found in early invasive ductal carcinoma and in advanced
invasive lobular carcinoma. Mechanistically, ERa and ERp seem to exhibit
antagonizing effects in breast cancer cell lines, with ERoa promoting cell
proliferation by driving transcription of genes involved in cell growth and ERp
inhibiting cell growth [20].

Progesterone is a steroid hormone that can bind to the PR and together this
interaction is important for mammary gland development [21]. Studies have found
that PRa and PRp are differentially localized within the developing mammary
gland, with PRp being essential for normal mammary gland development while
PRa is essential for uterine development [22—24].

About 20-30% of breast cancers are positive for HER2 as measured by
copy number changes (HERZ2 overexpression) or fluorescence in-situ hybridization

(HER2 amplification) [25,26]. HER2 belongs to the epidermal growth factor
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receptor (EGFR) family, does not have any specific ligand, and functions by
dimerizing with other EGFR family members, driving signaling mechanisms
involved in tumor growth and metastasis [27-29]. Together, screening for ER, PR,
and HER2 expression in breast tumors has emerged as a valuable prognostic tool.
Due to their contribution to tumor growth and progression, these receptors have

also become important therapeutic targets.

1.1.4 Molecular profiling of breast cancer

Advancements in gene expression profiling of breast tumors has enabled
the distinction of different subtypes of breast cancer. Studies by Perou et al. aimed
to improve the molecular classification of breast cancer by using gene expression
analysis [30]. Their findings identified subsets classified as ER+/luminal-like,
basal-like, HER2+, and normal breast. Subsequent analysis of these breast cancer
subgroups further classified them into more discrete “intrinsic subtypes” termed,
luminal subtype A, luminal subtype B, luminal subtype C, normal breast-like, basal-
like, and HER2+ (Figure 1-1) [31]. These subgroups were subsequently analyzed
to identify potential differences in overall patient survival and relapse-free survival.
Basal-like and HER2 enriched subtypes of breast cancer were found to have the
shortest survival times and shortest relapse-free survival times. The luminal C
subtype was associated with worst patient outcomes compared to luminal A and
luminal B subtypes and was also identified as having similar gene expression

patterns to ER- basal-like and HER2+ subtypes.
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Figure 1-1. “Intrinsic” breast cancer molecular subtypes. The flow-chart
diagram shows “intrinsic” breast cancer molecular subtypes identified using cDNA

microarrays and hierarchical clustering. Figure created with BioRender.com.
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To further assess the prognostic value of the “intrinsic” subtypes previously
identified (luminal A, luminal B, HERZ2-enriched, basal-like, and normal-like), a 50
gene set was compared for reproducibility in identifying the molecular subtypes
using a form of machine learning that utilizes mean-based clustering called
“Prediction Analysis of Microarray (PAM)” [32]. This 50 gene-set, now referred to
as the “PAM50,” was then used for the molecular classification of patient-derived
tumor samples and prediction of clinical outcomes such as relapse-free survival
and response to neoadjuvant (pre-surgery) chemotherapeutic drug treatment.
Overall, the PAM50 gene set was found to be a valuable tool in the identification
of intrinsic molecular subtypes and modeling risk prediction.

Studies using the PAMS50 gene set further identified an additional subtype
of breast cancer labeled as claudin-low [33]. This subtype of breast cancer was
found to have enrichment of genes involved in the epithelial-to-mesenchymal
transition (EMT; a process that promotes migration and invasion) such as SNAIL
and TWIST, immune system responses, and stem-cell features. Like the basal-like
subgroup, most tumors classified as claudin-low exhibited ER-/PR-/HER2- status
and showed a lower pathological complete response after chemotherapy.

In parallel to efforts aimed at detecting deregulated genes in breast cancer
subsets, other studies aimed at identifying the functional contributions of identified
gene sets. Studies by R. Neve et al. used transcriptional profiles along with
hierarchical clustering to identify molecular signatures present in breast cancer cell
lines [34]. These studies further identified two groups within the basal cluster

labeled basal A and basal B (Figure 1-1). The basal A cluster exhibited
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characteristics more similar to the basal-like group of the “intrinsic subtypes”
originally found in the studies by Perou et al. The cells in this cluster expressed
basal markers and exhibited either luminal-like or basal-like morphologies. On the
other hand, the basal B cluster expressed stem-cell related genes, appeared less
differentiated with mesenchymal morphologies, and had increased invasion.
Together, molecular subtyping of breast tumors together with TNM staging
(tumor size, lymph node status, and metastasis), histology, hormone receptor
status, and HERZ status have improved the prognosis and clinical management of

patients with breast cancer [32].

1.1.5 Mechanisms of breast cancer initiation

As described above, development of breast cancer occurs through multiple
steps involving hyperplasia of breast tissue, carcinoma in situ, and invasive
carcinoma [11,12,35]. Processes that are important for normal mammary gland
development have also been reported to be involved in cancer progression when
de-regulated [36,37]. Postnatal mammary gland development is a dynamic
process that involves mammary branching morphogenesis and formation of
terminal end buds, tubule formation, and differentiation into distinct luminal or
myoepithelial cells [38]. Lineage tracing studies have shown that the mammary
gland develops from embryonic cytokeratin 14 positive (K14+) progenitors that
give rise to long-lived lineage restricted stem cells that differentiate into either

myoepithelial cells or luminal cells [39].
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The presence of long-lived stem cells in mammary glands and the
identification of breast cancer stem cells has led to several theories about how
breast cancer initiates [39,40]. The main theories are 1) the cell of origin theory
and 2) the stochastic theory [35,41]. The cell of origin/cancer stem cell theory
postulates that each tumor subtype is initiated by the same stem cell or progenitor
cell (Figure 1-2A). The stochastic theory postulates that any epithelial cell type
(stem cell, progenitor, or differentiated cell) can be the target of an initiating event
that gives rise to different tumor subtypes (Figure 1-2B). Recent studies have
demonstrated that BRCA1-mutated breast cancer originates from luminal stem cell
progenitors despite having basal-like characteristics [42]. Despite this evidence,
more studies are needed to understand how stem or progenitor cells as well as

tumor initiating events play a role in driving breast cancer development.

1.1.6 Mechanisms of breast cancer progression

As previously stated, various key molecules have been identified as drivers
of oncogenic signaling that promote breast cancer growth, such as ER, PR, and
HER2. The ability of breast cancers to grow and eventually invade/colonize distant
sites (metastasize) is the predominant cause of breast cancer-related mortality.
The 5-year survival of breast cancer patients who present with distant (metastatic)
disease is about 28% [8]. Understanding the mechanisms that drive breast cancer
invasion is important in order to improve patient prognosis. The EMT is an
important process that occurs during development wherein epithelial cells gain

mesenchymal characteristics and exhibit increased migration and invasion [43]. In
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Figure 1-2. Models of breast cancer initiation. (A) The cell of origin/cancer stem
cell theory postulates that each tumor subtype is initiated by the same stem cell or
progenitor cell, which in turn gives rise to breast cancer progenitor cells (breast
cancer stem cells) from which different subtypes of breast cancer arise. (B) The
stochastic theory postulates that any epithelial cell type (stem cell, progenitor, or
differentiated cell) can be the target of an initiating event that gives rise to different

tumor subtypes. Figure created with BioRender.com.
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the context of cancer, EMT enables cancer cells to gain increased migratory and
invasive capabilities as well as chemotherapeutic resistance [43,44]. During
cancer progression, cancer cells integrate signals from the surrounding
microenvironment that enable EMT (Figure 1-3). These signals promote
intracellular signaling in response to growth factors present in the tumor
microenvironment such as hepatocyte growth factor (HGF), epidermal growth
factor (EGF), platelet-derived growth factor (PDGF), and transforming growth
factor B (TGF-B), leading to changes in transcription factors like SNAIL, SLUG,
TWIST, and ZEB1 that promote EMT [43]. Cancer cells undergoing EMT typically
exhibit loss of E-cadherin protein expression and increased expression of markers
such as vimentin. EMT is a process that enhances the metastatic potential of
cancer cells by increasing cell migration and invasion capabilities.

Migration and invasion are processes highly influenced by the extracellular
microenvironment. In order to migrate, cells can form various types of protrusions,
mainly through sequential activation of the Rho family GTPases Cdc42, Rac1, and
Rho [45]. Specialized structures termed invadopodia are involved in breast cancer
cell migration and invasion [46]. Interaction with the extracellular matrix (ECM) is
stabilized by engaging integrins, which engage other regulatory linker molecules
like paxilin to form cell adhesions [47,48]. Following stabilization of adhesions,
actomyosin contractions together with adhesion disassembly enable cells to move
forward. Other mechanisms thought to enable migration and invasion include the
process of collective cell migration and macrophage-tumor cell interactions [49].

Collective cell migration is a means by which groups of cells invade into the
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Figure 1-3. Epithelial-to-mesenchymal transition. Schematic representation of
tumor responses to signals from the extracellular microenvironment. Cellular
responses to factors such as HGF, TGFB, EGF, or PDGF elicit downstream
signaling events that lead to the activation of transcription factors that enable the
downregulation of E-cadherin and upregulation of Vimentin, causing cells to
acquire migratory properties. After undergoing EMT, tumor cells can migrate and

invade distant sites. Figure created with BioRender.com



16

surrounding tissue and can involve fibroblast “leader” cells that serve to remodel
the ECM, generating tracks that enable tumor cells to infiltrate the stroma. This
process can also involve tumor “leader” cells, which are cells with a greater intrinsic
invasion potential that have the ability to create tracks that other tumor cells can
use for invasion. Further, macrophages have been reported to 1) secrete factors
that enable tumor cell invasion and 2) facilitate tumor cell infiltration into blood
vessels. Together, EMT and mechanisms that enable migration and invasion are

essential components of the metastatic process.

1.1.7 Therapeutic strategies

Tumor staging based on size, lymph node infiltration, and metastasis (TNM)
along with hormone receptor/HER2 status are currently the main tools used to
determine therapeutic strategies for patients with breast cancer. Lobular
carcinoma in situ has low risk of progression to invasive disease so no advanced
treatment is typically recommended other than increased routine screening [50].
Ductal carcinoma in situ is usually treated with breast-conserving surgery focused
on removal of the lesion followed by radiation therapy to reduce the risk of
recurrence in the same breast. Depending on the size of the DCIS lesion,
mastectomy may be recommended followed by systemic endocrine therapy if the
lesion is hormone receptor positive [51]. For early-stage breast cancer (Stage I-
[l1), tumor size and hormone receptor status determine patient treatment, which
may include breast-conserving surgery to remove the tumor or full mastectomy

followed by radiation therapy. If there is suspicion that there is lymph node
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infiltration, then neoadjuvant endocrine therapy may be recommended in patients
with early-stage breast cancer depending on hormone receptor and HER2 status.
Post-surgical treatment for patients with early-stage breast cancer includes
endocrine therapy or HER2-targeted therapy. If advanced disease is detected,
then chemotherapy may be recommended. For patients with late-stage (Stage 1V)
metastatic breast cancer, hormone therapy, chemotherapy, targeted drug therapy,
or a combination of these treatments may be used.

Common therapeutic approaches for ER+ breast cancers involve targeting
estrogen or the ER with 1) aromatase inhibitors that prevent production of estrogen
by blocking the enzyme aromatase, 2) tamoxifen, which functions by blocking the
ER, or 3) fulvestrant, which among other activities inhibits ER dimerization [52—
54]. HER2-targeted therapy for HER2+ breast cancers involves the use of
trastuzumab, which is a humanized monoclonal antibody that binds to HER2 and
triggers antibody-dependent cellular cytotoxicity (ADCC) [55]. Studies have shown
that trastuzumab binds to HER2-overexpressing cells, which triggers natural killer
cells to initiate ADCC [56]. Trastuzumab is also thought to trigger internalization of
HER2, leading to its degradation via activation of the ubiquitin ligase c-Cbl [57].
Together, these therapeutic options have increased patient survival rates to 91%
for patients diagnosed with early-stage hormone receptor positive or HER2+

breast cancer [58].
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1.2 Targeted therapy for breast cancer
1.2.1 Targeted therapies for hormone receptor-positive and HER2-positive
breast cancer

In addition to the therapies described above, there are currently various
clinically approved targeted therapies available for patients with hormone receptor
positive (ER+/PR+) and HER2-positive breast cancers. Among the targeted
therapies available for ER+/PR+ breast cancer are CDK4/6 inhibitors like
palbociclib, ribociclib, and abemaciclib. CDK4 and CDKG6 are cyclin-dependent
kinases activated by cyclin D molecules that enable entry into the DNA synthesis
(S) phase of the cell cycle. Inhibition of these molecules triggers apoptosis [59].
CKD4/6 became targets of interest in breast carcinomas when it became clear that
cyclin D1 was overexpressed in breast cancers [60]. Further rationale for targeting
CDK4 and CDK6 comes from preclinical studies showing that CDK4 is
overexpressed in breast cancer and the interaction between cyclin D1 and CDK4
is important for tumor growth and progression [61]. Clinical approval of these
agents was based on clinical trials demonstrating that CKD4/6 inhibitors, in
addition to standard endocrine therapy, improved progression-free survival
compared to endocrine therapy alone [62]. Consistent with targeting molecules
that promote proliferation, MTOR inhibitors have also been recognized as valuable
therapeutic agents. Clinical trials showed that patients with advanced hormone
receptor positive breast cancer treated with the MTOR inhibitor, everolimus, in
combination with the aromatase inhibitor, exemestane, exhibited increased

progression-free survival compared to patients treated with aromatase inhibitor
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alone [63]. PISBKCA, another important molecule that drives cell growth, has been
reported to be mutated in 20-35% of all breast cancers and 40% of hormone
receptor (HR)+/HER2- breast cancer. Mutations of PISKCA are associated with
tumorigenic potential, providing further rationale for targeting this molecule [64—
66]. In clinical trials, patients with PIBKCA-mutated breast cancer treated with the
PI3K inhibitor, alpelisib, in combination with the ER antagonist, fulvestrant,
demonstrated increased progression-free survival compared to those treated with
fulvestrant alone [66]. As stated above, HERZ2 is a receptor tyrosine kinase that
elicits pro-survival signaling and promotes breast cancer growth. Clinical trials
using targeted agents aimed at inhibiting HER2 kinase activity with the small
molecule inhibitor lapatinib demonstrated that patients treated with lapatinib in
combination with chemotherapy had prolonged time-to-progression and increased
overall survival compared to those treated with chemotherapy alone [67]. Other
clinically approved agents that target HER2 kinase activity include tucatinib and
neratinib, both of which have shown clinical success in patients with HER2+ breast
cancer [68,69]. Additionally, trastuzumab, an antibody targeting HERZ2, can be
linked to chemotherapy for targeted drug delivery. Clinically approved antibody
drug conjugates such as ado-trastuzumab emtansine or fam-trastuzumab
deruxtecan demonstrated clinical efficacy in early stage HER2+ breast cancer and
in metastatic breast cancer respectively [70,71]. Ongoing clinical trials are aimed
at targeting additional molecules known to elicit pro-growth signaling such as
histone deacetylases, new generations of PIS3KCA inhibitors, immunotherapy, or

different combinations of the targeted therapies stated above.
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1.2.2 Targeted therapies for BRCA-mutated breast cancer

Hereditary breast cancers are most frequently associated with BRCA1 or
BRCAZ2 mutations, which together have been associated with a cumulative breast
cancer risk of about 84% by the age of 70. BRCA1 is involved in maintaining
genome integrity by functioning in DNA damage repair, where it is recruited to
double stranded DNA breaks, becomes part of a complex that promotes 5’-end
resection of double stranded breaks, and also helps recruit molecules such as the
recombinase RAD51 [72]. BRCAA1 is also involved in non-homologous end joining,
single strand annealing, and in G1/S, S-phase, and G2/M checkpoints. On the
other hand, the main function of BRCAZ2 is in homologous recombination repair of
DNA, where it functions to recruit RAD51. Given that BCRCA1 and BRCAZ2
mutations heavily impact DNA damage repair, breast cancer therapy for tumors
with these mutations has focused on targeting additional DNA damage repair
agents like poly (ADP-ribose) polymerase (PARP) for a combined effect to induce
synthetic lethality [73]. The PARP inhibitor, olaparib, is approved for clinical use
based on trials showing that breast cancer patients harboring germline BRCA
mutations treated with olaparib had longer progression-free survival compared to
patients receiving standard therapy alone [74]. Ongoing clinical trials for patients
with BRCA mutations include early breast cancer detection trials (aimed at
detecting circulating microRNAs), risk reduction trials, and trials targeting other

agents involved in DNA damage repair like ATR and WEE1.
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1.3 Triple-negative breast cancer (TNBC)

1.3.1 Incidence and molecular profile of TNBC

Triple-negative breast cancer (TNBC) constitutes 10-20% of all breast
cancer cases and is characterized as lacking immunohistochemically detectable
expression of ER, PR, and amplified HER2 [75]. TNBC tumors typically affect
younger patients and are more prevalent among black women of African descent
[76,77]. TNBC tumors are identified as having a basal-like molecular subtype [78].
On pathology, these tumors present as high-grade at diagnosis, with features of
basal-like tumors including elevated mitotic rate, geographic tumor necrosis, and
pushing margins of invasion [77,78].

Gene expression and ontology analysis of TNBC patient tumor samples by
Lehman et al. revealed six subtypes of TNBC, including two types of basal-like
TNBC (BL1 and BL2), an immunomodulatory (IM), a mesenchymal (M), a
mesenchymal stem-like (MSL), and a luminal androgen receptor (LAR) subtype
(Figure 1-4) [75]. Gene expression analysis of TNBC tumor samples found that the
majority of the previously identified basal A cell lines (described above) belonged
to the BL1 and BL2 subtypes, whereas most basal B cell lines belonged to the M
and MSL subtypes. These analyses also showed that BL1 and BL2 subtypes were
enriched in pathways involved in cell cycle progression as seen by expression of
genes such as AURKA, MYC, and NRAS as well as genes involved in the DNA
damage response such as ATR/BRCA, CHEK1, and RAD51 among others. Drug
sensitivity assays revealed that these subtypes of TNBC were more sensitive to

DNA damaging agents like cisplatin. Furthermore, enrichment analysis showed
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Figure 1-4. Triple-negative breast cancer molecular subtypes. The flow-chart
diagram shows triple-negative breast cancer molecular subtypes identified using
gene enrichment and pathway enrichment analyses. Figure created with

BioRender.com.
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that, while the BL1 subtype had enrichment of cell cycle and cell division
components and pathways, the BL2 subtype had elevated enrichment in growth
factor receptor gene expression such as EGFR, MET receptor, and ephrin type-A
receptor 2 (EPHAZ2). The findings in this study further support previous histological
observations that most triple negative breast cancers classify to the basal-like
molecular subtype.

The immunomodulatory (IM) subtype of TNBC displayed enrichment of
pathways involved in immune processes such as the TH1/TH2 pathway, NK cell
pathway, and B cell receptor signaling among others. Mesenchymal (M) and
mesenchymal stem-like (MSL) subtypes exhibited enrichment of EMT and growth
factor gene expression and demonstrated increased sensitivity to a PISK/mTOR
inhibitor and to the Src inhibitor, dasatinib. Mesenchymal stem-like (MSL) subtypes
were also found to have reduced expression of claudins 3, 4 consistent with the
claudin-low subtype of breast cancer. Lastly, the LAR subtype exhibited gene
enrichment of androgen receptor (AR) signaling and had increased sensitivity to
the AR antagonist, bicalutamide. Together, this evidence shows that TNBC tumors
have heterogeneity of mechanisms that enable growth, many of which could be

targeted therapeutically.

1.3.2 TNBC mechanisms of growth and progression
TNBCs are highly associated with the BRCA1 germline as well as somatic
mutations. In addition, 81% of TNBCs have a mutation in TP53, 21% have a

MUC16 mutation, and 20% having a PIBKCA mutation [75,79]. The BL1 subtype
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of TNBC has been identified as having the highest rate of TP53 mutations. As

stated above, TNBC tumors exhibit heterogeneity in the mechanisms that drive
growth and progression. Further analysis by Bareche et al. of the TNBC subtypes
stated above revealed that BL1 tumors had high levels of genomic instability as
seen by high copy number losses of TP53, RB1, and BRCA1/2 and high copy
numbers of PPAR1. Elevated mRNA levels of KRAS, NRAS, BRAF, PI3KCA,
AKT2, and AKT3 genes were also observed in BL1 tumors. LAR subtype tumors
had elevated mRNA expression of AKT1 and mesenchymal stem-like (MSL)
subtype tumors had elevated levels of angiogenesis markers like PDGFR and
VEGFR. Mesenchymal (M) subtype tumors were found to have elevated mRNA
levels of EGFR, NOTCH1, and NOTCH3. Tumors identified as immunomodulatory
(IM) subtype had elevated levels of immune checkpoint inhibitor genes such as
PD1, PD-L1, and CTLA4 [79]. Together, these analyses demonstrate the wide
array of signaling mechanisms involved in driving TNBC cell growth and
progression and highlight the importance of identifying the molecular

characteristics of each subtype for a targeted therapy approach.

1.3.3 Therapeutic strategies and challenges for TNBC

The lack of immunochemically detectable levels of ER, PR and HER2, make
TNBC a challenging disease to treat. The current standard-of-care for patients with
TNBC is chemotherapy; however, novel therapeutic strategies have recently been
approved for clinical use. Recent advances in immunotherapy have shown that

patients with advanced stage TNBC achieve a significantly higher pathologic



26

complete response when they receive neoadjuvant treatment with the PD-1
receptor blocker, pembrolizumab, in combination with chemotherapy compared to
chemotherapy alone [80]. Additionally, advances in antibody-drug conjugates
(ADCs) have generated the ADC sacituzumab govitecan, which utilizes the
glycoprotein trophoblast cell surface antigen 2 (Trop-2) that is frequently
overexpressed in TNBC for targeted delivery of the topoisomerase | inhibitor,
irinotecan [81,82]. The clinical approval of sacituzumab govitecan stems from
clinical trials showing that patients with advanced TNBC who had previously
received chemotherapy achieved a partial response or complete response to
sacituzumab govitecan, with a high percentage of patients reporting reduced tumor
burden [83]. Currently, there are ongoing clinical trials involving the use of
inhibitors targeting PARP alone or in combination with chemotherapy [84]. Other
ongoing trials target cyclin-dependent kinases (CDKs), DNA repair molecules
(CHK1 and WEE1), growth factors and promoters of angiogenesis (EGFR, HER2,
VEGF, VEGFR2, VEGFR/FGFR), AR, the PI3K/AKT/MTOR pathway, Src, and

WNT signaling pathways.

1.4 Role of growth factor receptor signaling in TNBC
1.4.1 EGFR family members

EGFR family members are receptor tyrosine kinases implicated in driving
many different types of cancer and consist of EGFR (ErbB1, HER1), HER2 (ErbB2,
neu in rodents), HER3 (ErbB3), and HER4 (ErbB4) [85]. The structure of these

receptors consists of a ligand-binding extracellular domain, a hydrophobic
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transmembrane region, a catalytic intracellular kinase domain, and a carboxy-
terminal region with tyrosine autophosphorylation sites [86,87]. The reported
ligands for EGFR consist of epidermal growth factor (EGF), transforming growth
factor alpha (TGFa), and amphiregulin [85]. Unlike the other receptors, HER2 does
not have a reported ligand capable of binding with high affinity [86]. Reported
ligands for HER3 include neuregulin 1 and 2, and ligands for HER4 include
betacellulin, epigen, epiregulin, and HER3-activating ligands [85]. Upon ligand
binding, these receptors activate downstream signaling by forming homodimers or
heterodimers between other EGFR family members. EGFR activation creates
docking sites for adaptor molecules like Grb2, SHC adaptor molecule 2 (Shc2),
and Grb2 associated binding protein 1 (Gab1), which then elicit activation of
Ras/Raf/MET, PISK/AKT, PLCy/PKC, and STAT signaling. EGFR activation has
been reported to activate molecules such as c-Src (Src) which then in turn enhance
EGFR signal activity [88,89]. Following activation, signal attenuation can be
achieved through phosphatase-mediated dephosphorylation such as that of
protein tyrosine phosphatase 1B (PTP1B), or through receptor internalization
followed by ubiquitination and degradation mediated by the E3-ubiquitin ligase Cbl
[85].

This EGFR family of receptors has been implicated in driving breast cancer
growth and progression, with HER2 being expressed in about 20-30% of all breast
cancers and EGFR being detected in about 56% of TNBC tumors [25,26,75].
Despite the high expression of EGFR in TNBC tumors, EGFR-targeted therapy

has not been successful [90]. This underscores the need to further understand the
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molecular mechanisms that drive different subsets of TNBC to identify susceptible

tumors as well as potential therapeutic combinations.

1.4.2 Fibroblast growth factor receptors (FGFRs)

The fibroblast growth factor receptor (FGFR) family are receptor tyrosine
kinases that include FGFR1, FGFR2, FGFR3, and FGFR4. They are important in
a wide range of functions, including development, metabolism, tissue
homeostasis, and cancer progression. The general structure of this receptor family
consists of an extracellular domain, a transmembrane domain, and an intracellular
domain. The extracellular domain contains a signal peptide, three immunoglobulin
(Ig)-like domains (Igl, Il, and Ill), an acidic box, a heparin binding motif, heparin
cofactors, and any additional partner proteins [91]. The intracellular domain
contains a juxtamembrane region that is involved in receptor dimerization and a
split kinase domain that is involved in activation of downstream signaling. The
reported ligands for FGFR are members of the large family of fibroblast growth
factors (FGFs). Like EGFR, ligand binding induces homodimers or heterodimers
of FGFR family members, recruiting Grb2 and activating similar downstream
signaling cascades as stated above. FGFR has been reported to interact with cell
adhesion molecules and integrins, as well as with other receptor tyrosine kinases
[91,92]. Together these interactions play significant roles in cell growth and
migration. In breast cancer, genes encoding FGF receptors have been implicated
in approximately 12% of breast cancers, particularly FGFR1 amplification, which

has been detected in 16%-27% of luminal B-type breast cancers [93,94].
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Additionally, studies have shown that TNBC patients with tumors that have
elevated FGFR1 expression have reduced overall survival and that TNBC cell lines
with reduced FGFR1 expression have reduced migration capabilities [95]. Further,
TNBC cell lines with reduced FGFR3 expression exhibit reduced viability [96].
These studies suggest that targeting members of the FGFR family may be a
valuable approach with the caveat that different FGFR family members may serve
distinct roles in cell proliferation, migration, and invasion that have not been

explored.

1.4.3 MET receptor signaling

The MET receptor is a receptor tyrosine kinase that is expressed in
epithelial cells of many organs including liver, pancreas, prostate, kidney, muscle,
and bone marrow. It is responsible for the cell scattering phenotype [97,98]. The
MET proto-oncogene is located on chromosome 7921-31 and encodes a protein
that must undergo proteolytic processing to become a single-pass heterodimer,
linked by disulphide bonds between the extracellular a chain and the
transmembrane B chain [97,99]. The extracellular component of MET consists of
a SEMA (sema homology region) domain, a PSI (plexin-semaphorin-integrin)
domain, and four IPTs (immunoglobulin-like regions in plexins and transcription
factors) [99]. The intracellular component of MET consists of a juxtamembrane
domain, a tyrosine kinase domain, and a C-terminal multifunctional docking site.
The most studied ligand of MET is hepatocyte growth factor (HGF), also known as

scatter factor (SF), which was first identified as a powerful mitogen in rat
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hepatocytes and later identified as a secretory product of fibroblasts that increases
migration and invasiveness of epithelial cells [100-102]. HGF binds to the SEMA
domain of MET and elicits autophosphorylation of the phospho-tyrosine sites
Tyr1234 and Ty1235 in the C-terminal domain. This then induces conformational
changes that expose the multifunctional docking site [99]. Exposure of the docking
site facilitates recruitment of adaptors like Grb2, Gab1, and Shc2, which then
activate pro-growth and motility signaling like Ras/Raf/MAPK, STAT3, FAK, JNK,
and AKT [97]. Studies show that recruitment of the adaptor molecule Gab1 to the
docking site of MET creates binding sites for more downstream adaptor molecules
and is important for the induction of cellular responses seen after MET activation
[103]. In fact, overexpression of Gab1 in kidney cells alone was sufficient to induce
ligand-independent cell scattering and branching morphogenesis. These data
indicate that adaptor molecules like Gab1 may have, as of yet, undefined roles in
receptor tyrosine kinase signaling.

MET regulates cell migration of breast epithelial cells through interactions
with focal adhesion kinase (FAK), a process that is regulated by Src kinase [104].
MET has also been reported to crosstalk with other receptors like semaphorin
receptors, EGFR, HER2, and HERS3 [97]. Additionally, reports show that the
semaphorin 4D (Sema 4D) can bind to plexin B1 and induce plexin B1 coupling
with the MET receptor to promote invasive growth [105].

Like EGFR, MET activation is regulated by receptor internalization followed
by Cbl-mediated ubiquitination and degradation or by protein phosphatases such

as PTP1B [106,107]. In addition, MET activation is antagonized by binding of the
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ligand Decorin, which has been reported to induce ectodomain shedding, receptor
internalization, and degradation [108].

MET receptor protein expression has been reported to be elevated in 15-
20% of breast cancer cases and is associated with poor outcomes among different
subtypes of breast cancer, including TNBC [109-112]. Studies in mouse models
have shown that genetically engineered mice with MET overexpression develop
diverse mammary tumors with basal-like characteristics [113]. Together, this
evidence suggests that the MET receptor may be a valuable therapeutic target.
Clinical trials have focused on MET inhibitors such as the tyrosine kinase inhibitors
tivantinib, cabozantinib, and foretinib, and the anti-MET antibody onartuzumab

[114].

1.5 BCAR3/Cas/Src signaling in TNBC
1.5.1 Breast Cancer Antiestrogen Resistance 3 (BCAR3)

Breast cancer antiestrogen resistance 3 (BCAR3) is a cytoplasmic adaptor
molecule that was first identified during a screen of genes implicated in driving
resistance to antiestrogen therapy in ER+ breast cancers [115]. BCARS3 is a
member of the novel SH2-containing protein (NSP) family of adaptor molecules
that includes NSP-1 and NSP-3 (SHEP1) [116]. The structure of BCAR3 contains
a Src homology 2 (SH2) protein domain that is involved in binding tyrosine-
phosphorylated proteins and a C-terminal domain that shows homology to the
guanine nucleotide exchange factor (GEF) domain of the Cdc25 protein family

(Figure 1-5) [115,117]. Despite the C-terminal domain of BCARS having sequence
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Figure 1-5. Schematic diagram of BCAR3. The schematic diagram of the

structure of BCAR3 shows the SH2 domain, the proline/serine domain, and the C-
terminal domain adopting a closed conformation. The reported SH2 domain and
C-terminal domain binding partners are stated. Figure created with

BioRender.com.
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homology to the GEF domain, a structural study revealed that the C-terminus
employs a closed conformation when bound to p130©2s (Cas), rendering BCAR3
incapable of any enzymatic activity [118]. Although BCAR3 does not have any
enzymatic activity, various studies have described roles of BCAR3 in mouse
development and as a driver of breast cancer cell growth, migration, and invasion.
Studies in mice found that BCAR3 gene mutations resulted in truncated proteins
and mice developed cataracts due to lens extrusion [119]. Lens defects have also
been observed in other studies using mice with BCARS3 global knockout, where
lens rupture was detected one month after birth [120]. BCARS3 has been reported
to bind tyrosine phosphorylated residues in EGFR and PTPa (protein tyrosine
phosphatase a) through its SH2 binding domain (Figure 1-5) [121,122]. Other
molecules that have been reported to bind to the SH2 domain include HER3 and
LLGL2 (LLGL Scribble Cell Polarity Complex Component 2) [123]. Binding of
BCAR3 to EGFR was found to mediate EGF-induced DNA synthesis in breast
cancer cell lines [121]. Overexpression of BCAR3 has been reported to lead to
activation of the Rho family GTPases Cdc42 and Rac, both of which are important
regulators of cell migration [124]. In addition, BCAR3 overexpression was found to
induce PAK1 activation and activation of cyclin D1. Numerous studies have
implicated BCAR3 as an important driver of migration and invasion. Binding of
BCAR3 to PTPa was found to recruit BCAR3 and Cas to cell adhesions, where
together they promoted integrin-induced migration [122]. Studies have
demonstrated that BCAR3 and Cas form a complex that regulates cell adhesion

dynamics, promoting TNBC cell migration and invasion [125,126]. The BCAR3-
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Cas complex has also been shown to enhance Src kinase activity resulting in
enhanced cell migration (Figure 1-6) [127]. Recent studies have uncovered a new
phospho-tyrosine site (phospho-Tyr117) in BCARS that was found to be involved
in the regulation of BCAR3 protein stability by the E3 ubiquitin ligase Cullin5/RBX2
(CRL5S), impacting cell migration and invasion [128]. This phospho-site together
with the SH2 domain of BCAR3 were found to be important contributors to Cas
and Src activation. While BCAR3 has been shown to be involved in regulating
aggressive phenotypes, the signaling mechanism by which it does so are not well
understood. Further studies are needed to uncover the signaling networks

regulated by BCARS.

1.5.2 Cas

Crk-associated substrate (Cas) also known as p130°©2s, belongs to the Cas
family of adaptor molecules that includes neural precursor cell expressed
developmentally down-regulated 9 (NEDD9), embryonal Fyn-associated substrate
(EFS), and Cas scaffolding protein family member 4 (CASS4) [129]. Cas was first
isolated from v-Src and v-Crk transformed rat fibroblasts, and like BCAR3, was
found in a molecular screen of genes driving antiestrogen resistance in ER+ breast
cancers [115,130]. Cas is an adaptor molecule that contains a Src homology 3
(SH3) domain, as well as clusters of SH2-binding motifs [130]. Knockout of Cas in
mice has been demonstrated to be synthetically lethal, with Cas-deficient embryos
appearing smaller in size and exhibiting cardiovascular defects [131]. Numerous

studies have shown that Cas can be found in complex with Src, and this interaction
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Figure 1-6. Schematic diagram of a potential BCAR3-Cas-Src complex. The

schematic representation of a potential BCAR3-Cas-Src complex shows that
BCAR3-Cas binding stabilizes the interaction between Cas and Src. This
interaction prevents formation of the Src autoinhibitory conformation, subsequently
increasing Src activity. After binding to Cas, Src proceeds to phosphorylate Cas at
multiple sites within the central domain in a processive manner, increasing the
affinity of Src to Cas and generating additional SH2 binding sites for other SH2

domain-containing proteins. Figure created with BioRender.com.
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promotes proliferation/survival in breast cancer cells cultured under conditions of
antiestrogen therapy [130,132]. As stated above, BCAR3 and Cas together form a
complex that regulates Src kinase activity and promotes cell migration [127].
Several studies have identified Cas as an important component of cellular
responses to the environment. Extracellular mechanical stress has been reported
to induce conformational changes in Cas that facilitate its association with Src
[133]. Mechanical stress promotes focal adhesion assembly through clustering of
integrins and regulates adhesion signaling [134]. Cas localizes with BCAR3 in focal
adhesions where they regulate adhesion dynamics and promote cell migration and
invasion of TNBC cells [125,126]. Given that Cas has been identified as a factor
involved in mechanotransduction and is often complexed with BCAR3, a potential

role for BCAR3 in mechanosensing cannot be ruled out.

1.5.3 Src

c-Src (Src) is a non-receptor tyrosine kinase and one of the first proto-
oncogenes discovered due to its homology to the v-Src gene product of the avian
Rous sarcoma virus [135]. The structure of Src consists of an N-terminal Src
Homology 4 domain (SH4), a Src Homology 3 domain (SH3), a Src homology 2
domain (SH2), a linker sequence, a tyrosine kinase domain, and a C-terminal
inhibitory tail [136]. Src belongs to a large family of non-receptor kinases that
exhibits structural similarities and amino acid sequence homology. Members of the
Src family of protein tyrosine kinases include Fyn, Yes, Yrk, Blk, Fgr, Hck, Lck,

Lyn, and the Frk subfamily of proteins (Frk/Rak and lyk/Bsk) [137]. Src kinase
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activity has been reported to be an important driver of cell proliferation, cell
differentiation, migration, angiogenesis, and cell survival [136].

Src is generally found in a closed (autoinhibitory) conformation that is
stabilized by intramolecular interactions that engage its SH3 and SH2
domains[138]. The adaptor molecule Cas binds to both the SH2 and SH3 domains
of Src, preventing formation of the autoinhibitory conformation and thus increasing
Src activity [139]. Following binding to Cas, Src promotes processive multisite
phosphorylation of Cas, increasing the affinity of Src to Cas and ultimately
enhancing Src kinase activity through displacement of its SH3 domain [140]. As
previously stated, BCAR3 stabilizes Cas-Src binding, further enhancing Src
activity and driving cell migration (Figure 1-6) [127].

In TNBC, Src protein levels have been reported to be elevated compared
to non-triple negative breast cancer [141]. Multiple studies show that inhibition of
Src activity by dasatinib and other small molecule inhibitors of Src reduces TNBC
cell growth as well as migration and invasion [141,142]. Together, this suggests
that Src could be a reasonable therapeutic target for patients with TNBC. Clinical
data thus far have failed to show efficacy of the Src inhibitor, dasatinib, in
unselected breast cancer patients [143]. However, some patients with TNBC
exhibited complete responses when treated with the Src inhibitor dasatinib
combined with chemotherapy [143,144]. Based on these data, it is clear that more
studies are needed to identify biomarkers that can be used to select breast cancer

patients that may benefit from Src inhibition.
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1.6 Autocrine/paracrine signaling in TNBC
1.6.1 HGF/MET signaling

HGF is reported to be aberrantly expressed in about 51% of breast tumors
derived from African American females compared to 15% of breast tumors from
women of mixed European descent [145]. HGF has been reported to be primarily
produced by mesenchymal cells like fibroblasts, whereas MET is reported to be
primarily expressed in epithelial cells in vitro. This underscores the importance of
the tumor microenvironment in enabling an environment that promotes tumor
growth [100,146]. MET and HGF are frequently co-expressed, with the strongest
expression detected at the advancing edge of tumors, suggesting that their co-
expression is important for tumor progression [147]. Further, high levels of HGF in
breast cancer tissue extracts is associated with reduced relapse-free and overall
survival [148].

Together, MET and HGF have been shown to form an autocrine/paracrine
signaling loop that drives tumor growth and metastasis of various cancers
[149,150]. To recapitulate the tumor microenvironment present in TNBC, studies
have utilized a 3D model system called MAME (Mammary Architecture and
Microenvironment Engineering) where TNBC cell lines are co-cultured with
cancer-associated fibroblasts (CAFs) in a 3-D setting [151]. In these studies, CAFs
with HGF overexpression induced TNBC cell growth and invasion, and this effect
was inhibited with the MET kinase inhibitor cabozantinib. In vivo, inhibition of MET
with cabozantinib abrogated TNBC tumor growth and metastasis. Together, these

data show that 1) the tumor microenvironment influences TNBC cell growth and
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invasion in an HGF-dependent manner and that 2) targeting MET reduces tumor
growth in vitro and in vivo. Interestingly, MET activation may have different roles
in different compartments of the mammary gland, as studies have shown that MET
exhibits differential expression between luminal cells and myoepithelial cells [152].
Additionally, HGF has been found to elicit differential effects in these cells, inducing
proliferation in luminal cells and branching morphogenesis in myoepithelial cells.
Furthermore, co-cultures using CAFs have shown that HGF signaling is induced
in basal-like but not luminal-like breast cancer cells [151]. These observations
together underscore the potential value of MET as a therapeutic target for patients
with TNBC as well as the importance of future studies to understand how the
contribution of MET/HGF signaling to tumor progression may vary based on TNBC

molecular subtype.

1.6.2 TGFp signaling

TGFB is a cytokine that has an important role in cell proliferation,
differentiation, apoptosis, and embryogenesis [153]. TGFp elicits downstream
effects by binding to type Il TGFB receptors. Upon binding, type | and type I
receptors form large complexes consisting of a ligand dimer and four receptor
molecules. Both type | and type Il receptors consist of an N-terminal extracellular
ligand binding domain, a transmembrane domain, and a C-terminal
serine/threonine kinase domain. These complexes enable type Il receptors to

phosphorylate the kinase domain of type | receptors, initiating downstream
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signaling by phosphorylating SMAD proteins. The SMAD proteins are part of large

family that include receptor SMADs (SMADs 1, 2, 3, 5, and 8), a co-mediator
SMAD (SMAD 4), and inhibitory SMADs (SMADs 6 and 7). Briefly, upon activation,
type | TGFp receptors activate the receptor SMADs, which can form complexes
with SMAD 4. Together, this complex then translocates to the nucleus to act on
transcriptional targets. Signaling is negatively regulated by the inhibitory SMADs,
which compete for SMAD 4 binding. This signaling cascade has been implicated
in regulating a variety of biological processes. The TGF family of ligands (TGFp
1, TGFB 2, TGFB 3) have been identified as having roles in the regulation of
mesenchymal cell growth and differentiation, cell cycle arrest in epithelial cells,
wound healing, extracellular matrix production, and immunosuppression [154].

Importantly, in breast cancer, tumor growth is associated with reduced
TGFp signaling [155]. However, TGFp is known to be a strong promoter of the
EMT transition, which as previously stated, is a process that enables epithelial cells
to acquire migratory properties. TGFp signaling regulates EMT transcriptional
networks that include gene targets such as SNAIL1, SNAIL2 (SLUG), ZEB1, TCF3,
and TWIST [156]. Studies using human mammary epithelial cells have shown that
TGFB induces EMT, which in turn generates cells with properties of stem cells,
suggesting that these signaling dynamics may have a role in breast cancer
initiation [157].

TGFp ligands are produced in the tumor microenvironment by tumor cells,

tumor associated stromal cells, and immune cells, which together modulate tumor-
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suppressing or tumor-promoting mechanisms [158]. Studies have found that TGFf3
plays a role in chemotherapeutic drug resistance by promoting the expansion of
cancer stem-like cells (CSCs) in TNBC cell lines and mouse xenografts treated
with paclitaxel [159]. Inhibition of TGFp signaling in TNBC cells was found to
reduce the presence of CSCs and tumor-initiating potential in vivo. While the
tumor-suppressing and tumor-promoting roles of TGFB remain complex and
somewhat intertwined, further studies can help identify the context under which

TGFp receptor inhibitors may be beneficial.

1.7 Significance and overview

The main goal of this dissertation is to determine the function of the adaptor
molecule BCARS3 in TNBC. While our group has previously identified BCAR3 as
an important promoter of breast tumor cell adhesion, migration, and invasion [125—
127], the mechanisms by which BCARS3 regulates aggressive cell behaviors are
not fully understood. Our group and others have shown that BCAR3 enhances
Src kinase activity through the formation of a BCAR3-Cas-Src complex and this
regulation contributes to enhanced migration and adhesion signaling
[127,160,161]. BCARS has also been reported to bind to EGFR and regulate EGF-
mediated DNA synthesis in breast cancer cells [121]. Like EGFR, the MET
receptor is a receptor tyrosine kinase involved in regulating cell growth, migration,
and invasion through interaction with HGF [162—164]. The focus of Chapter 2 is

to explore BCAR3-mediated regulation of the MET receptor and implications in
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TNBC cell growth. The data presented in this chapter show that BCAR3 protein

expression is elevated in DCIS and invasive carcinomas compared to normal
mammary tissue and is associated with poor survival of TNBC patients with tumors
that contain elevated BCAR3 mRNA. This chapter also shows for the first time that
BCAR3 and the MET receptor participate in a single pathway to control
proliferation and migration of TNBC cells, and that this functional coupling appears
to take on unique features depending on the genetic background of the TNBC.
Chapter 3 expands on the differential regulation of MET by exploring BCAR3-MET
coupling in basal-like TNBC. These data show for the first time that BCAR3
negatively regulates MET expression in basal-like TNBC and that this regulation is
likely to occur post-transcriptionally.

The signaling networks regulated by BCAR3 that may be involved in
regulating aggressive phenotypes are further explored in Chapter 4.
Computational approaches are used to analyze gene and pathway enrichment as
a function of BCARS3 expression. The effects of the extracellular microenvironment
on these BCAR3-dependent networks are also investigated. This study shows that
TNBC cells and mouse mammary organoids with reduced BCAR3 expression
exhibit altered gene expression and pathway enrichment, with an overlap of 33
genes among all three conditions. In addition, this analysis shows that these broad
network changes are influenced by the extracellular microenvironment in TNBC.
Finally, the implications of this work to the field are discussed, with proposed
follow-up studies that will help shed light on the value of BCARS as a prognostic

tool, therapeutic biomarker, or as a therapeutic target in TNBC (Chapter 5).



45

Overall, the data and analysis presented in this dissertation offer a view of
the mechanistic and transcriptional landscape regulated by BCARS. It reveals for
the first time a novel functional relationship between BCAR3 and MET and
explores the establishment of distinctive transcriptional networks by BCAR3 in the
setting of TNBC. Most importantly, it sets the stage for future work focused on
molecular pathways and targets that inform new therapeutic approaches for

patients with TNBC.
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Chapter 2: Breast Cancer Antiestrogen Resistance 3 (BCAR3) promotes

tumor growth and progression in triple-negative breast cancer

(Adapted from Arras, et al., AJCR, 2021)

2.1 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 invasion 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 BCARS3 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 orthotopic tumor
models, we further show that BCARS3 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
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MET receptor and in another from BCARS3-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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2.2 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 Cancer Antiestrogen
Resistance 3 (BCARS3) functions within these signaling networks to control cell
adhesion, migration, and invasion of breast cancer cells [125,165]. BCAR3 was
originally identified in a screen for genes implicated in resistance to antiestrogens
in estrogen receptor-positive (ER+) breast cancer cell lines [115]. At its N-terminus,
BCARS3 contains a Src-homology 2 (SH2) domain that has been reported to bind
to protein tyrosine phosphatase a (PTPa) and human epidermal growth factor
receptor 3 (HER3). Its C-terminus contains a domain that mediates binding to the
adaptor molecule p130©@ (Cas) and has homology to the guanine nucleotide
exchange factor (GEF) domain of Cdc25 [115,117,118,122,123]. This domain
adopts a closed catalytically inactive conformation that impedes GEF activity while
facilitating binding to Cas [118]. BCARS3-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 GTPase Rac1 [125-
127,160,161,166].

Similar to BCAR3, Cas, and Src, the MET receptor tyrosine kinase

modulates cell migration, invasion, and growth through its interactions with
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hepatocyte growth factor/scatter factor (HGF/SF) [162—-164]. MET and HGF/SF

have also been reported to create an autocrine signaling loop that is important for
the tumorigenic functions associated with MET in cancers [167]. MET receptor
protein expression is elevated in 15-20% of breast cancer cases and is associated
with poor outcomes across several breast cancer subtypes, including triple-
negative breast cancer (TNBC) [109-112] Elevated Ilevels of active
(autophosphorylated) and total MET protein correlate with a poor prognosis in
patients with breast cancer [168]. In addition, over-expression of MET and HGF/SF
has been reported in patient-derived invasive breast cancer tissues [169], and
elevated levels of circulating HGF/SF in patient serum is associated with
recurrence and reduced survival in patients with breast cancer [148].

In the current study, we extend our understanding of BCARS3 function in
TNBC. We show that BCARS is upregulated in ductal carcinoma in situ (DCIS) and
invasive TNBC compared to normal mammary tissue, and that BCAR3 mRNA
expression is associated with poor survival for patients with TNBC. In mice,
BCARS is required for TNBC tumor growth. Finally, using multiple cell models, we
show that BCAR3 promotes TNBC cell proliferation, autocrine growth control, and
migration through signaling pathways that include the MET receptor. These data
underscore the potential utility of BCAR3 as a gateway into new targetable

pathways for the treatment of TNBC.
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2.3 Materials and methods
2.3.1 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 hematoxylin and eosin (H&E) or immunostained with
BCARS3 antibodies. Specificity was established by parallel staining of control and
BCARS3-depleted MDA-MB-231 FFPE cell pellets. Microarrays containing core

biopsies were described in Dill et al. [170]

2.3.2 Patient survival analysis
The Kaplan-Meier Plotter algorithm [171] was used to compare survival of
patients whose tumors fell in the top quartile of BCAR3 expression to the remaining

patients in the full dataset of 255 TNBC patients.

2.3.3 Cell culture

Breast cancer cell lines used in this study are shown in Table 2-1.

2.3.4 Ectopic expression and knockdown of BCAR3
Stable MDA-MB-231 and Hs578T BCARS3 knockdown and re-expression
cell lines were generated via lentiviral transduction using small hairpin RNAs

targeting BCARS3 [125]. shBCAR3-1 and shBCARS-2 oligonucleotides targeting
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Table 2-1. Cell lines used in this study

Cell line Source Media’ Supplements'’
High-glucose 0.01mg/mL bovine insulin®; 10% FBS*;
5

Hs578T ATCC DMEM? 1% penicillin-streptomycin
MDA-MB-231 ATCC H'ggﬁ:;’fﬂose 10% FBS; 1% penicillin-streptomycin
BT-549 ATCC High-glucose 10% FBS; 1% penicillin-streptomycin
MDA-MB-157 ATCC Le'(bé’g';_zfrz 'é) 15 10% FBS: 1% penicillin-streptomycin
MDA-MB-468  ATCC Le'(bé’g';_zfrz 'é) 15 10% FBS; 1% penicillin-streptomycin
SN 0.01mg/mL bovine insulin; 16ug/mL
MDA-MB-436 ATCC "e'(bé’g't_zfrsé'é)w glutathione; 10% FBS; 1% penicillin-

2 streptomycin

HCC1937 ATCC RPMI? 10% FBS; 1% penicillin-streptomycin
HCC1143 ATCC RPMI 10% FBS; 1% penicillin-streptomycin
HCC1187 ATCC RPMI 10% FBS; 1% penicillin-streptomycin
HCC1395 ATCC RPMI 10% FBS; 1% penicillin-streptomycin
BT-20 ATCC Eagle’s MEM 10% FBS; 1% penicillin-streptomycin

'All 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
3Bovine insulin from Sigma-Aldrich, St. Louis, MO, USA

‘FBS: fetal bovine serum
SATCC: American Type Culture Collection, Manassas, VA, USA
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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: TRCN0000364816, sequence:
5'-
CCGGTAACTGCCCTCTCGCGTAAATCTCGAGATTTACGCGAGAGGGCAGTT
ATTTTTG-3'
shBCARS3-2 shRNA ID: TRC0000376503, sequence:
5'-
CCGGTCGGCATTGCAGTGGACATTCCTCGAGGAATGTCCACTGCAATGCCG
ATTTTTG-3".

shBCAR3-1 knockdown cell lines were used to generate control and
BCARS3 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 BCARS3) [125]. 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 sequence used are as follows:
shB3wobble1 forward:
5-CCAGATTTTAACTGCGCTGTCCCGAAAATTGGAACCTCCTCCTG-3/,
shB3wobble1 reverse:

5-CAGGAGGAGGTTCCAATTTICGGGACAGCGCAGTTAAAATCTGG-3'
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(Changed nucleotides are underlined, and all constructs were confirmed by
sequencing). shBCARS3 + Ctl and shBCAR3 + WT BCARS 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
0.5ug/ml (MDA-MB-231 cells) and 1pg/ml (Hs578T cells) puromycin (MP
Biomedicals, Santa Ana, CA, USA; 100552). Doxycycline (Dox)-inducible
shBCARS3 knockdown constructs were generated using the Tet-on 3G bidirectional
inducible expression system (Takara, San Jose, CA, USA). BCAR3 knockdown
was induced in cells with these constructs by the addition of 1ug/ml Dox (MP
Biomedicals, Irvine, CA, USA; ICN19895505) in the medium (in vitro) or 1mg/mL

Dox plus 0.4% sucrose in the drinking water of mice (in vivo).

2.3.5 Tumor xenografts

Six-week-old homozygous Foxn1"/" female mice (Jackson Laboratories,
Bar Harbor, ME, USA) were anesthetized by intraperitoneal (IP) injection of
6mg/25g body weight tribromoethanol and injected bilaterally with 2x108 tumor
cells into each 4" inguinal mammary fat pad. To induce conditional knockdown of
BCARS3, drinking water was supplemented with Tmg/mL Dox plus 0.4% sucrose
when tumors reached 200mm3. Tumor growth was monitored weekly by caliper
until tumors became palpable, and then three times a week thereafter. Mice were
euthanized once humane endpoints were reached. Tumors were then excised and

processed for immunohistochemistry. All animal work was performed in
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accordance with established guidelines, and following approval by, the University

of Virginia Animal Care and Use Committee

2.3.6 Immunoblotting
Immunoblots were performed as described previously [125,165]. Antibodies

are shown on Table 2-2.

2.3.7 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) [120] 8-week-old mice as described by Nguyen-Ngoc, et al. [172].
Epithelial cell suspensions were plated on growth factor-reduced matrigel
(Corning, Corning, NY, USA; 354230) and cultured in DMEM/F12 media
supplemented with 2.5nM FGF2 (PeproTech, Rocky Hill, NJ, USA; 100-18B) or

9nM TGFa (Sigma, T7924) for seven days with a media change every 3-4 days.

2.3.8 Cell proliferation and colony growth

Cells were plated in eight separate 96-well plates at a density of 1000 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 seven days with no media changes. Fold-

change was determined by calculating the average fluorescence (excitation at
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Table 2-2. Antibodies used in this study

Protein Species Catalog # Company Location
ERK1/2 Rabbit 9102 Cell Signaling Technology = Danvers, MA, USA
. HPA . . .
BCAR3 Rabbit 014858 Sigma-Aldrich St. Louis, MO, USA
MET Mouse 3127 Cell Signaling Technology = Danvers, MA, USA
(pT)F/)IMZE“-/Em) Mouse 3077 Cell Signaling Technology = Danvers, MA, USA

GAPDH Mouse Sc-32233 Santa Cruz Dallas, TX, USA
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~485nm and emission detection at ~530nm) of 4-6 technical replicates per cell line
at each day relative to 6 hours.

To measure colony growth, 1000 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 overnight, washed with 1X PBS, and left to dry.
Plates were scanned using the ChemiDoc imaging system (Bio-Rad, Hercules,
CA, USA) and signal intensity per unit area was quantified by ImagedJ (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 (vehicle) or 50ng/mL
HGF and supplemented every three days (MDA-MB-231) or one time three days
after plating (Hs578T). Images were processed in ImagedJ by applying a median
filter of 2 pixels and a color threshold. The area of all detected colonies was
measured in mm? using the ImagedJ particle analysis tool. Colony areas for each
condition were compiled and the distribution 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 60mm dish and cultured for 2, 5, and 10 days,

respectively, with no media changes.
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2.3.9 Survival assay

Cells were plated at a density of 1.5x10° or 2.5x10° cells per 6-well plate in
the presence of DMSO (vehicle) or 50nM foretinib, and cultured for 72 hours and
24 hours, respectively. Cells were trypsinized and cell viability measured using

Trypan Blue exclusion (Thermo Scientific; Waltham, MA, USA; SV30084.01).

2.3.10 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 [173] was then used

to calculate enrichment scores for the Reactome gene sets [174] related to
receptor tyrosine kinase signaling. Spearman rank correlation coefficients were
calculated for each set of GSVA scores against BCARS3 transcript expression from
the 32 TNBC cell lines. Rank correlations and p-values were calculated using 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.”

2.3.11 Transwell migration assay

Transwell migration assays were performed as previously described [165].
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, 8um pore size) in the
presence of DMSO (vehicle) or 50nM foretinib. The lower chamber was filled with

DMEM supplemented with 10% FBS and 50ng/mL HGF (PeproTech, 100-39H).
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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.

2.3.12 Drug inhibitor assays

Cells were plated at half volume in 12-well plates at a density of 500 cells
per well, allowed to adhere for 24 hours, and supplemented with media containing
either DMSO (vehicle) or foretinib (ChemCruz, Dallas, TX, USA; sc-364492) to a
final concentration of 50nM. 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.

2.3.13 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
60mm 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, 1ug of mRNA was reverse-
transcribed into cDNA in a 20ul reaction according to the manufacturer’s protocol

using the iScript cDNA Synthesis Kit (Bio-Rad, 1708890). The final cDNA product
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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 normalized to GAPDH mRNA
levels. The sequences of the primers used to amplify the genes are shown in Table

2-3.

2.3.14 Statistical analysis

For the non-inducible mouse tumor xenograft experiment (Figure 2-2A), 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-part models discussed in Albert and Shih [175]. Quadratic mixed models were
used for tumor volume after the first detectable tumor. The p-values were
computed from permutation tests based on 2000 permutations. For the Dox-
inducible mouse tumor xenograft experiments (Figure 2-2B), 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 compare groups. The analyses treated the left and right

tumors as independent.



Table 2-3. Primer sequences for gRT-PCR

Gene ngfgg EE)) 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

60
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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 proportions were compared, the test of 2-

proportions was used followed by the Holm method to correct for multiple testing.

2.4 Results
2.4.1 BCARS is upregulated in breast cancer tumor samples and TNBC cell
lines

While BCARS3 protein has been readily detected in breast cancer cell lines,
its expression in clinical breast tumor samples has not been rigorously evaluated.
Patient-derived tumor sections and microarrays obtained from the UVA
Biorepository and Tissue Research Facilty were evaluated by
immunohistochemistry (IHC) for BCAR3 protein expression. The intensity of
BCARS staining was scored by 2-3 individuals using a scale from 0 (no staining)
to 3+ (high staining) (Figures 2-1A and 1B). Average BCAR3 expression was
elevated in DCIS as well as invasive ductal carcinoma (IDC) (Figures 2-1A), and
in both ER+/progesterone receptor (PR)+ and TNBC tumors relative to normal
mammary tissue (Figure 2-1B). Focusing specifically on TNBCs, BCAR3 was
readily detected by Western blot analysis in both claudin-low and basal-like TNBC
cells [34,176,177] (Figure 2-1C). Kaplan-Meier survival curves generated using the
top quartile of BCAR3 mRNA expression in 255 TNBC patients show that elevated

BCARS3 expression correlates with worse patient outcomes (Figure 2-1D). These
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Figure 2-1. 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
BCARS3. Scale bars represent 200um. Staining intensity was evaluated by 2-3
investigators on a scale of 0 (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 BCARS3 staining intensities from breast tissue microarray samples
obtained from the BTRF. Scale bars represent 200um. The maximum intensity for
BCARS 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)

[171]. Panels A-D provided by Kristen Atkins, Amy Bouton, and Keena Thomas.
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results provide the rationale for exploring a potential role for BCAR3 in TNBC tumor

growth and progression.

2.4.2 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 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
(shBCARS3-1), or ectopic Venus-BCAR3 in the background of the BCARS3
knockdown (shBCAR3 + WT) (Figure 2-2A, inset) were injected into the 4™ inguinal
fat pads of Foxn1™/" mice. While the control cells readily formed tumor masses,
the shBCAR3-1 knockdown cells uniformly failed to produce measurable tumors
(Figure 2-2A). This deficiency was reversed when ectopic Venus-BCAR3 was
expressed in the shBCAR3-1 cells. In fact, tumor growth in cells with ectopic
BCARS3 expression was significantly greater than in the presence of endogenous
BCARS3, possibly due to the over-expression of Venus-BCARS3 relative to
endogenous BCARS3 (see inset, Figure 2-2A; note that ectopic expression of
Venus-BCAR3 may also stabilize endogenous BCAR3 as seen by the lower-
migrating BCARS3 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 possibilities,

tumor studies were repeated using a doxycycline (Dox)-inducible system to
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Figure 2-2. BCAR3 promotes tumor growth in orthotopic MDA-MB-231

mouse xenograft models. (A) 2 X 106 MDA-MB-231 cells were injected into both
the left and right 4" inguinal mammary fat pad. Corresponding cells were lysed
and immunoblotted for BCAR3 and ERK 1/2 to verify BCAR3 knockdown
(shBCARS3-1) and re-expression of WT Venus-BCAR3 (shBCAR3+WT) (inset).
Tumors were measured by caliper three 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.
Corresponding 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 represent 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 BCARS3. Panels A-C provided by Keena Thomas.
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regulate expression of the shBCARS3 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
mm?3. 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 2-2B). Immunohistochemistry performed on
tumor samples isolated 24 days post-Dox treatment confirmed the knockdown of
BCARS3 (Figure 2-2C). Together, these data strongly support a role for BCARS in

promoting tumor growth in vivo.

2.4.3 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 seven days using the CyQUANT assay. Western blot analysis
confirmed knockdown of BCARS (Figure 2-3A, inset). Cell numbers were reduced
under conditions of BCAR3 knockdown compared to control cells (Figure 2-3A).
This effect appeared to be dependent on the expression level of BCARS, 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 contribution of BCARS 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
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Figure 2-3. 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 collected from three independent biological replicates.
ANOVA analysis comparing the three 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 three technical
replicates were averaged for each experiment and normalized to control cells. The
average of three independent 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 Panel B. Data shown
are the average +/- SEM of five 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 Panel B. Data shown are the average +/- SEM of
three independent experiments. For all long-term colony growth assays, ANOVA
analysis followed by Tukey’s post hoc tests were used to determine p-values. *
indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001. Panels C and E

provided by Keena Thomas. Panel F was provided by Amare Osei.
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crystal violet. Colony growth as determined by the intensity of the crystal violet
signal was significantly reduced in shBCAR3 cultures grown under these
conditions and, similar to the previous experiment, inhibition of colony growth
appeared slightly greater in the shBCAR3-1 cells than in the shBCARS3-2 cells
(Figure 2-3B). 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 similar for Vector-
control and shBCAR3-1 cells (Figure 2-4A).

To verify that the reduced colony size exhibited by BCAR3 knockdown cells
was a consequence of BCAR3 depletion, constructs encoding shRNA-resistant
ectopic Venus-BCARS3 (shBCAR3+WT), or the empty vector (ShBCAR3+Ctl) were
expressed in shBCAR3-1 cells (Figure 2-3C; again, note that ectopic expression
of Venus-BCAR3 may stabilize endogenous BCAR3 as seen by the lower-
migrating BCARS band). As before, colony growth was reduced in cells expressing
lower amounts of BCAR3 (shBCAR3-1 and shBCAR3+Citl) (Figure 2-3D).
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 2-3E, 2-3F, and 2-4B). Together, these data show that,

under long-term growth conditions, BCAR3 promotes TNBC colony expansion.

2.4.4 BCARS3 is required for budding of mouse mammary epithelial organoids
in response to growth factors
Mammary branching morphogenesis is a dynamic process involving cell

proliferation, remodeling, and response to external cues [178,179], all of which also
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Figure 2-4. BCAR3 knockdown does not impact cell viability at 24 or 72

hours. MDA-MB-231 (Panel A) or Hs578T (Panel B) cells 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 differences. Panels A and B provided

by Keena Thomas.
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contribute to TNBC tumor growth and progression. To further explore proliferation
as a function of BCAR3 expression, we used a mouse mammary epithelial
organoid system as a tool to measure mammary epithelial cell proliferation.
Primary organoids were generated using epithelial cells isolated from mammary
glands obtained from wildtype (WT) and BCARS knock-out (B3KO) mice (Figure
2-5A). Epithelial cells were suspended in matrigel to establish primary mammary
organoids and treated for seven days with two growth factors that have historically
been used to stimulate branching morphogenesis, fibroblast growth factor 2
(FGF2) and transforming growth factor a (TGFa) [172,180] (Figure 2-5B).
Organoid budding was then quantified as a measure of proliferation. Organoids
generated from BCAR3 KO mice exhibited less budding when treated with FGF2
or TGFa compared to organoids generated from WT mice (Figures 2-5C and 2-
5D). BCAR3 KO organoids treated with FGF2, but not TGFa, were also smaller in
size compared to those generated from WT mice (Figure 2-5E), suggesting that
BCAR3 may modulate differential growth responses depending on the nature of

external growth factors.

2.4.5 BCAR3-MET coupling regulates TNBC cell proliferation and migration
To gain a more complete understanding of the signaling pathways that
might partner with BCARS to drive TNBC phenotypes, we performed 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
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Figure 2-5. 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 BCARS knockout (B3KO)
mice cultured in vitro for seven days. (B) Representative images of organoids
cultured in the absence (no tx) or presence of FGF2 (2.5 nm) or TGFa (9nM) for
seven days. Scale bar represents 50um. (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
seven independent experiments (FGF2), and 790 WT and 822 B3KO organoids
gathered from three 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. Panels A-E provided by Keena Thomas.
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with BCARS 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 correlated with BCAR3 mRNA abundance
(Figure 2-6A). 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 claudin-low and basal-like TNBC cells
(see Figure 2-1C). This prompted us to investigate the potential role of MET in
BCARS3-dependent cell proliferation. MDA-MB-231 and Hs578T cells were treated
with 50nM of the MET inhibitor, foretinib; this concentration produces a significant
reduction in MET autophosphorylation (pTyr1234/1235) following HGF stimulation
(Figure 2-7A) and is 50-100-fold below the reported IC50 (dose at which there is a
50% reduction in cell survival) for MDA-MB-231 cells [181]. Importantly, neither
Vector-control nor BCAR3-depleted cells demonstrated a loss in viability in the
presence of 50nM foretinib during the early stages of this assay (Figure 2-7B).
While MDA-MB-231 cells expressing the vector failed to exhibit a significant
decrease in colony growth in the presence of foretinib, colony growth of the
analogous Hs578T cells was reduced under these conditions (Figure 2-6B; 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 2-1C).
However, although depletion of BCAR3 again resulted in a decrease in colony
growth for both MDA-MB-231 and Hs578T cells (gray bars, no inhibitor), treatment

of shBCARS cells with foretinib did not cause any additional growth-inhibitory effect
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Figure 2-6. 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 mRNA transcript abundance data from 32 TNBC cell lines from the
Cancer Cell Line Encyclopedia (CCLE). Spearman rank correlations and
associated p-values (-logio(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 50nM foretinib. MDA-MB-231 cells
were treated with the inhibitor 24 hours post-plating, re-treated on days three and
six after initial treatment, and stained at day 10. Hs578T cells were treated with
inhibitor 24 hours post-plating, re-treated on day three after initial treatment, and
stained at day 15. Staining intensity was quantified and data from three technical
replicates were averaged for each experiment. Data were normalized relative to
the DMSO-treated Vector-control sample and the average +/- SEM of 3-4
independent experiments was plotted on the graph. (C) Transwell migration
assays. Percent migration of MDA-MB-231 and Hs578T cells toward 50ng/ml
HGF. 25,000 cells were plated in the top well of Boyden chambers in the presence
of DMSO or 50nM foretinib and incubated for 6 hours. Data shown are the average
+/- SEM of three 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,
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*** indicates p<0.001. Panel A provided by Paul Myers and Panel C provided by

Keena Thomas.
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Figure 2-7. Foretinib inhibits MET receptor activation but does not impact
viability at 50nM. (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.

Panel B provided by Keena Thomas.
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beyond what was observed in vehicle-treated cells. These data suggest that MET
and BCARS3 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 [163,164], we next sought to explore whether these
proteins functioned together to regulate cell migration. Vector-control and BCAR3-
depleted MDA-MB-231 and Hs578T cells were plated in Boyden chambers and
allowed to migrate toward HGF in the presence or absence of 50nM foretinib.
Inhibition of MET in control cells reduced migration by approximately 40-50%
(Figure 2-6C; 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 supporting 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. Phosphorylation of MET at Tyr1234/1235 was observed after 10
days in culture in MDA-MB-231 cells expressing endogenous BCARS (Vector) and
in knockdown cells expressing high levels of ectopic Venus-BCARS3 (Figure 2-8A;
lanes 9 and 12). While Hs578T cells containing the vector did not show a similar
elevation of MET phosphorylation, BCAR3-depleted cells that re-expressed

Venus-BCAR3 exhibited robust MET activation after 5 and 10 days in culture
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Figure 2-8. BCAR3 regulates MET receptor activation in cells cultured long-
term. (A and B) Representative immunoblot analysis and quantification of MET
activation in MDA-MB-231 (Panel A) or Hs578T (Panel 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 Ilysed 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 two 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 three independent experiments. Data shown are the
average +/- SEM of three 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.
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(Figure 2-8B, lanes 8 and 12). Note that the level of Venus-BCARS3 present in these

cells is significantly elevated compared to endogenous BCARS.

Based on these data, we hypothesized that BCAR3 may contribute to
autocrine signaling through the MET receptor. To test this hypothesis, 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 shBCARS3-1 cells and elevated in cells overexpressing Venus-BCAR3 (Figure 2-
8C). MET transcript levels were not significantly impacted by BCARS3 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.

2.4.6 HGF promotes colony growth in Hs578T cells

In light of the evidence for BCAR3-MET functional 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 conditions, we sought to determine whether
exogenous 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
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and BCAR3-depleted MDA-MB-231 and Hs578T cells were cultured long-term in

the presence or absence of 50ng/ml HGF. Irrespective of BCAR3 status, the
average colony growth of MDA-MB-231 cells was not impacted by exogenous HGF
(Figures 2-9A and 2-9B). 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 2-9A). This
prompted us to enumerate the proportion 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 2-9C). One
possible explanation for this increase in smaller colonies could be the “scatter”
effect of HGF [98,182,183], leading to a more dispersed colony phenotype. In the
shBCARS3 cells, HGF induced a bimodal change in colony size marked by an
increase in both small and large colonies at the expense of the average cohort.
This suggests that HGF may induce both scatter/migration of the shBCAR3 cells
(leading to the colonies appearing smaller in size) as well as proliferation (leading
to a larger colony size).

While autocrine signaling through upregulation of HGF mRNA may
contribute to BCAR3-dependent regulation of proliferation and migration in
Hs578T cells, our data suggest that this 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 test this
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Figure 2-9. 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 50ng/mL HGF the day after plating. MDA-MB-231 cells
were re-treated with HGF on days three and six after initial treatment and stained
at day 10. Hs578T cells were re-treated with HGF on day three after initial
treatment and stained at day 15. (B) Staining intensity was quantified and data
from the three technical replicates were averaged for each experiment. Data were
normalized relative to the vehicle-treated Vector-control sample and the average
+/- SEM of 3-5 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 (= 2.975mm?), average (< 2.975mm? 2
0.172mm?), or small (< 0.172mm?) groupings. Data were generated from 904
Vector-control no treatment colonies, 856 Vector-control +HGF colonies, 1115
shBCARS3-1 no treatment colonies, and 705 shBCARS3-1 +HGF colonies obtained
from five independent experiments. The chi-squared test was used to determine
differences between groups (p<0.001). A test of 2-proportions was performed 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 = 3.26 x 10"® and 4.82 x 10"® comparing vehicle to HGF-treated
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Vector-control cells for average and small colonies, respectively. p = 7.13x1078,
3.39 x 108, 6.36 x 1034 comparing vehicle to HGF treatment of sShBCAR3 cells for

small, large, and average colonies, respectively.
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hypothesis, MET phosphorylation at Tyr1234/1235 was measured following acute

stimulation with HGF. Both the magnitude and duration of MET phosphorylation
was attenuated under conditions of BCAR3 knockdown (Figure 2-10A), supporting

a role for BCARS in regulating MET receptor activation in MDA-MB-231 cells.

2.5 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 migration. Our study
is the first to show that BCARS3 regulates growth of TNBC xenografts in mouse
models and that this correlates with its upregulation 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 migration of TNBC
cells, and that the mechanisms through which this functional interaction operates
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.

2.5.1 BCARS is a regulator of MET signaling

Like BCAR3, MET has been shown to drive cell proliferation, migration and
invasion [163,164]. It has also been shown to induce branching morphogenesis
through its interaction with the adaptor molecule Gab1 [103]. Despite having
similar functions in breast cancer, however, a connection between MET and

BCARS3 has not been explored prior to this study. Using publicly available data,
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Figure 2-10. BCAR3-MET coupling in TNBC cells. (A) Representative

immunoblot analysis of MDA-MB-231 cells with control or stable BCARS3
knockdown that were serum-starved and stimulated with 50ng/mL HGF over a
time-course ranging from 0-120 min. Cells were Ilysed and protein
expression/phosphorylation was evaluated with the indicated antibodies. Data
shown are the average + SEM of four 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.
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we showed that, among receptor tyrosine kinases, expression of the MET receptor
signaling gene set correlated most strongly with BCAR3 mRNA expression in a
panel of 32 TNBCs (Figure 2-6A). Our biological studies support a functional
interaction between BCAR3 and MET that contributes to cell proliferation and
migration (Figures 2-6B and 2-6C). 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 2-8C and 2-9, an autocrine loop
generated through BCAR3-dependent expression of the MET receptor ligand HGF
may help drive proliferation and migration of Hs578T cells (Figure 2-10B). Of note,
studies have reported that exposure of luminal breast cancer cells to HGF induces
increased growth with no morphological changes, while exposure of myoepithelial
cells to HGF does not impact cell growth but rather induces morphological changes
[152]. Considering that HGF elicits contrasting effects on luminal epithelial cells
compared to myoepithelial 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 activation (Figure 2-10A), the inability of HGF to rescue the
proliferation defect observed in BCAR3-depleted cells (Figure 2-9B) suggests that
impairment of the BCAR3-MET axis under conditions of BCAR3 depletion may
arise independently of ligand binding to the receptor (Figure 2-10B). Instead,
BCARS3 could regulate the availability or activity of phosphatases, intracellular

kinases, or adaptor molecules that control downstream signaling. While the
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mechanism through which this enhanced signaling is mediated through BCARS3
remains to be determined, the resultant increase in signal flux could account for
the differences in cell migration and proliferation observed in MDA-MB-231 cells

as a function of BCARS3.

2.5.2 Targeting BCARS signaling pathways for the treatment of TNBC

We have shown that BCAR3 expression is elevated in both ductal
carcinoma in situ (DCIS) and invasive ductal carcinoma (IDC) compared to normal
mammary tissue. Interestingly, the average BCAR3 expression was higherin DCIS
than in IDC. Since BCAR3 is an important regulator of cell motility and invasion
[125,126,165], its increased expression in a subset of DCIS lesions may reflect an
early step in the transition to invasive disease. This possibility is further supported
by the heterogeneity in BCAR3 expression that was observed in tumor tissue,
suggestive of functional microdomains with high BCAR3 expression. Using
publicly available 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
BCARS3 expression is a predictor of better outcomes [184,185]. Our finding that
BCARS protein expression was elevated in a subset of both TNBCs and ER+/PR+
tumors suggests that hormone status may help determine the impact of BCAR3
expression on the tumor. Beyond hormone status alone, the fact that BCAR3 may
function in different regulatory pathways even within individual TNBCs

underscores the importance of also considering the receptor tyrosine kinases that
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coordinate with BCAR3 when developing personalized treatment strategies to
control tumor progression for breast cancer patients.

While the data presented in this work are the first to describe the functional
role of BCAR3-MET coupling in TNBC, there are some limitations to the study.
These include 1) experimental use of only two claudin-low TNBC cell lines, 2) the
lack of a quantitative approach to measure growth following HGF stimulation, and
3) the lack of additional functional assays to test the effects of HGF on migration
and invasion, which are phenotypes known to be altered with HGF stimulation.
Since the only claudin-low TNBC cell lines tested in this study were MDA-MB-231
and Hs578T cells, it would be interesting to test if other claudin-low cell lines show
similar results as a function of BCAR3 knockdown or overexpression. In this study,
only colony growth assays were used to measure the effects of HGF on cell growth;
it would be interesting to utilize a more quantitative approach to measure daily cell
accumulation or proliferation following HGF treatment. These approaches could
perhaps show greater BCAR3-dependent effects of HGF on MDA-MB-231 and
Hs578T cells. It would also be interesting to test the effects of HGF stimulation
using additional functional assays, such as transwell migration and 3D matrigel
invasion assays in response to HGF.

Despite the limitations, overall, 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, BCARS3 could serve as a potential
biomarker for additional therapeutic avenues that exploit the distinct functional

interactions through which BCARS3 contributes to tumor phenotypes. Further
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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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Chapter 3: BCAR3-MET coupling in triple-negative breast cancer

3.1 Abstract

Chapter 2 showed that BCARS3 is elevated in breast cancer samples and
regulates MET receptor signaling dynamics that promote aggressive cell behaviors
in TNBC. Using publicly available RNA expression databases, we found that when
MET-curated gene sets are analyzed, most TNBC cell lines separate based on
their molecular subtype. In this study, we use biochemical techniques to extend
our understanding of BCAR3 regulatory functions specifically in basal-like TNBC.
Immunoblot and quantitative real-time polymerase chain reaction (RT-PCR)
analyses were performed in breast tumor cells representative of the basal-like
molecular subtype of TNBC under conditions of endogenous, depleted, or
overexpressed BCAR3 protein. These data revealed that, under conditions of
BCARS3 depletion, MET receptor protein expression and phosphorylation are
elevated, but MET receptor mRNA levels were not altered. Conversely, when
BCARS3 was over-expressed in a basal-like cell line with low endogenous levels of
BCARS3 expression, MET receptor protein expression and phosphorylation are
reduced again without any change in mRNA levels. Interestingly, similar changes
in MET receptor phosphorylation were not observed in the claudin-low molecular
subtype of TNBC. Together, our data show that BCAR3 may differentially regulate

MET signaling depending on the genetic profile of the TNBC cell studied.
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3.2 Introduction

Using gene expression analysis and molecular profiling, numerous
subtypes of breast cancer have been identified including luminal subtype A,
luminal subtype B, luminal subtype C, normal breast-like, basal-like, HER2+, and
claudin-low [31,33]. Basal-like breast cancer encompasses a group of tumors that
exhibit broad heterogeneity. Microarray analysis of these breast tumors
demonstrate high expression of genes characteristic of breast epithelial cells [30].
On histology, basal-like breast cancers show aggressive features such as elevated
mitotic index, tumor necrosis, and an invading tumor border [78]. Most basal-like
breast cancers demonstrate immunoreactivity to vimentin, EGFR, cytokeratin 8/18,
and cytokeratin 5/6, and are negative for the estrogen receptor (ER), progesterone
receptor (PR), and human epidermal growth factor receptor 2 (HER2)
[78,186,187]. Further, gene expression analysis shows that most ER-/PR-/HER2-
(triple-negative) breast cancers align with the basal-like molecular subtype [75].
Like the basal-like group, most breast cancer tumors characterized as claudin-low
also exhibit triple-negative status and both subtypes show a lower pathological
complete response after chemotherapy [33]. Claudin-low breast cancers have
been identified as having stem-cell features and enrichment of genes involved in
the epithelial-to-mesenchymal transition (EMT).

Molecular profiling of breast cancer cell lines identified two subtypes within
the basal group termed basal A and basal B. The basal A subtype was found to be
more consistent with the expression profile of the originally identified “basal-like”

group and these cells were found to display epithelial characteristics. On the other
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hand, studies have found that cells with the basal B subtype display a less
differentiated phenotype with a more mesenchymal-like appearance and have
similar expression profiles to “claudin-low” tumors [34,75].

In Chapter 2, we found that BCARS3 protein is expressed in patient-derived
TNBC tumor samples and TNBC cell lines of different gene profiles and is
associated with poor outcomes in patients with TNBC. We also found that BCAR3
couples with MET to promote aggressive phenotypes in MDA-MB-231 and Hs578T
cells, a subset of claudin-low TNBC cell lines that are grouped as basal B. As
stated in Chapter 2, MET is a receptor tyrosine kinase that has been implicated in
driving migration and invasion in cancers through autocrine/paracrine signaling
involving hepatocyte-growth factor (HGF), a known ligand of the MET receptor
[188]. Elevated phosphorylated (active) MET and total MET protein levels have
been reported to correlate with a poor prognosis in patients with breast cancer
[168]. Of note, breast cancer cell lines of the “intrinsic” basal-like subtype have
elevated MET mRNA and protein levels compared to breast cancer cell lines of the
“intrinsic” luminal-like subtype [189].

Studies have shown that human luminal and myoepithelial cells express
MET differentially and exhibit differential responses to HGF [152,190]. When
treated with exogenous HGF, luminal breast cells exhibit increased growth with no
morphological changes, while exposure of myoepithelial cells to HGF does not
impact cell growth but rather induces morphological changes [152]. Mouse models
show that myoepithelial cells and stromal cells produce HGF whereas luminal

progenitor cells express MET [190]. Further, HGF stimulation has been shown to



100

induce basal cell features in luminal progenitor cells, including upregulation of
basal-specific genes such as CDH3 (encoding P-cadherin), TRP63 (encoding
transformation-related protein 63), and SNAI2 (encoding snail family
transcriptional repressor 2), and downregulation of luminal-specific genes such as
ELF5 (encoding E74-like factor 5), HEY1 (encoding hairy/enhancer-of-split related
with YRPW motif protein 1), and GATA3 (encoding GATA binding protein 3).
Together, these data suggest that MET signaling may be differentially regulated
depending on the genetic profile of the breast cancer cell.

In this chapter, we set out to investigate the role of BCAR3-MET coupling
in regulating cellular behaviors that promote tumor progression in basal-like triple

negative breast cancers.

3.3 Materials and methods
3.3.1 Cell culture

All breast cancer cells were purchased from American Type Culture
Collection (Manassas, VA, USA) except for HCC1937 and Hs578T, which were
kindly provided by Dr. Kevin Janes (UVA). All media and supplements unless
otherwise noted were purchased from Gibco, Life Technologies, Carlsbad, CA,
USA. MDA-MB-231 and BT-549 cells were cultured in high-glucose Dulbecco’s
modified Eagle’s medium (DMEM). MDA-MB-468, and MDA-MB-436 cells were
cultured in a CO2-free environment in Leibovitz's L-15 medium; media for MDA-
MB-436 cells was supplemented with 10ug/ml of insulin and 16ug/ml of

glutathione. HCC1937 and HCC1187 cells were cultured in Roswell Park Memorial
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Institute (RPMI) medium. Hs578T cells were cultured in high glucose DMEM

supplemented with 0.01mg/mL bovine insulin (Sigma-Aldrich, St. Louis, MO,
USA). All media was supplemented with 10% fetal bovine serum (FBS) and 1%

penicillin-streptomycin.

3.3.2 Principal component analysis (PCA)
RNA expression data from the Cancer Cell Line Encyclopedia (CCLE) for
all available TNBC cell lines were downloaded from the Cancer Dependency Map

(DepMap, release 21Q2; https://depmap.org/portal/download/). Genes contained

within the Pathway Interaction Database (PID) MET Pathway curated gene set
were then obtained [191]. Principal component analysis (PCA) was performed with
genes as “loadings” and cell lines as “scores” using the pcaMethods R package.

R version 4.1.0 was used in these analyses.

3.3.3 Small-interfering RNA transfection

Cells were plated at a density of 1x108 — 2x108 cells per 100mm dish and
reverse transfection was performed using Lipofectamine RNAIMAX Reagent
(Invitrogen, Waltham, MA; 13778150). Cells were transfected with either negative
control siRNA (siCtrl) (Ambion, Austin, Tx; AM4635) or BCARS siRNA ID: s15973
(Ambion; 4392420) at a concentration of 10pmol/ul and 20pmol/ul. Cells were

cultured 24 hrs before plating for experiments.
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3.3.4 Immunoblotting

Immunoblots were performed as described previously [125,165]. Antibodies
used for immunoblotting were as follows: Phospho-AKT (Ser473) (Cell Signaling
Technology, Danvers, MA, USA; 9018), AKT (Cell Signaling Technology, Danvers,
MA, USA; 2920), BCAR3 (Sigma-Aldrich, HPA014858), MET (Cell Signaling
Technology, 3127), Phospho-MET (Tyr1234/1235) (Cell Signaling Technology,

3077), and GAPDH (Santa Cruz, Dallas, TX, USA; sc-32233).

3.3.5 Growth factor and inhibitor assays

For all experiments measuring the effects of HGF (PeproTech, Rocky Hill,
NJ; 100-39H) on protein or gene expression, cells were treated with either vehicle
control (0.05% BSA) or 50ng/mL of HGF for 1-120 min, 24 hrs, or 72 hrs. For
experiments testing protein expression following HGF treatment or Src inhibition
with dasatinib (ChemCruz, sc-358114), cells were treated with either vehicle
control (0.05% BSA + DMSO) or 50ng/mL of HGF, 5nM dasatinib, or combination

of HGF + dasatinib.

3.3.6 Quantitative real-time PCR analysis

mMRNA 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, 1ug of mRNA was reverse-transcribed into cDNA in a
20yl reaction according to the manufacturer’s protocol using the iScript cDNA

Synthesis Kit (Bio-Rad, 1708890). The final cDNA product was diluted 5X and
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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 mMRNA expression was calculated using the 2(-AACt) method where
transcript expression was normalized to GAPDH mRNA levels. Data were
combined from 3 biological replicates. The sequences of the primers used to

amplify the genes are shown in Table 2-3 (Chapter 2).

3.3.7 Ectopic expression of BCAR3

Stable HCC1187 and MDA-MB-436 BCARS3 overexpression cell lines were
generated by viral transduction using the pLV-Venus vector (HCC1187) or via
plasmid transduction using the pEGFP-C1 vector (MDA-MB-436) as described in

Cross et al. [125].

3.3.8 Statistical analysis
Normal distribution of residuals was tested before performing one-way

ANOVA followed by Sidak post hoc tests to determine p-values.
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3.4 Results

3.4.1 MET signaling gene sets differentially align with the Basal A and Basal
B TNBC subtypes.

Given that previous reports have shown differential expression and
functions of MET in mammary glands [190], we sought to further investigate MET
gene expression in breast cancer. A principal component analysis was performed
using a panel of 32 breast cancer cell lines and gene sets from the Pathway
Interaction Database (PID) MET signaling pathway (Figure 3-1). Based on this
analysis, we found that TNBC cells cluster based on their molecular profile when
looking at genes from the MET signaling pathway, with basal A “basal-like” breast
cancer cell lines clustering together and basal B “claudin-low” cells clustering
together. Together, these data support previous reports showing that MET is

differentially expressed based on molecular subtype of breast cancer [189].

3.4.2 BCARS regulates MET protein levels and phosphorylation in basal-like
TNBC cells

Previously, our lab performed gene set variation analysis using publicly
available mRNA expression data from a panel of 32 TNBC cell lines in the Cancer
Cell Line Encyclopedia (CCLE) and found that gene sets associated with the MET
receptor signaling showed a strong correlation with BCAR3 mRNA expression
(Chapter 2). Based on these results and the data presented above, we wanted to
further investigate the role of BCAR3-MET signaling in basal-like TNBC. To

address this, immunoblot analysis was performed using the basal-like TNBC cell
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Figure 3-1. TNBC cell lines cluster based on their molecular profile when
MET pathway genes are analyzed. Principal component analysis (PCA) was
used to analyze genes within the Pathway Interaction Database (PID) MET
Pathway in relation to mMRNA expression data for all available TNBC cell lines
obtained from the Cancer Cell Line Encyclopedia (CCLE). The analysis was
performed by using genes as loading and cell lines as scores using the

pcaMethods R package. PCA panel provided by Paul Myers.
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line HCC1937. Cells were treated with control (siCtrl) or BCARS-specific

(siBCAR3) small interfering RNAs (siRNA) to promote transient BCARS3
knockdown. Cycling cells depleted of BCAR3 exhibited both elevated MET
receptor expression as well as phosphorylation on Tyr1234/1235, which is an
indicator of MET activity [99] (Figures 3-2A and B). AKT activation is also a
common downstream indicator of MET receptor activity. However, phosphorylated
(activated) AKT at Ser473 did not appear to be markedly elevated in cycling cells
under conditions of BCARS3 depletion.

Because MET receptor protein and phosphorylation were significantly
elevated in cycling cells depleted for BCAR3, we next investigated whether loss of
BCARS3 also impacted phosphorylation of MET in response to acute stimulation by
HGF. In contrast to cycling cells, serum-starved siBCAR3 HCC1937 cells exhibited
a more modest elevation in MET expression compared to control cells, and
phosphorylated MET was not detected in either case (Figure 3-3A, compare lanes
1and 7). MET and AKT phosphorylation were significantly elevated at 15 minutes
of HGF stimulation, which continued with a slow decline over the 120-minute time
course in both control and BCAR3-depleted cells (lanes 2-6, 8-12). The increase
in total MET expression appears to be largely responsible for the increase in MET
phosphorylation in BCAR3 knockdown cells, as the specific activity of MET
(phosphoMET/total MET) appears to be similar in control and siBCAR3 cells
(middle panel). The specific activity of AKT was similarly not affected by BCAR3
knockdown (lower panel). Together, these data suggest that BCAR3 may serve a

regulatory function to inhibit MET protein expression/turnover in HCC1937 cells.
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Figure 3-2. BCAR3 regulates MET receptor protein expression in HCC1937

cells. (A) Representative immunoblot showing HCC1937 cells with control or
transient BCAR3 knockdown cultured under full serum conditions for 72 hrs. Cells
were lysed and protein expression/phosphorylation was evaluated with the
indicated antibodies. (B) Immunoblot quantification of endogenous protein levels.
Phospho-MET (Tyr1234/1235) was normalized to total MET or AKT, and MET,
BCAR3, and phospho-AKT (Ser473) were normalized to total AKT. Fold-change
was quantified relative to siCtrl cells. Data shown are the average +/- SEM of two

biological replicates.
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Figure 3-3. HCC1937 cells exhibit elevated levels of MET phosphorylation

following acute HGF stimulation. (A) Representative immunoblot analysis of
HCC1937 cells with control or transient BCAR3 knockdown that were serum-
starved and stimulated with either vehicle control (0.05% BSA) or 50ng/mL HGF
over a time-course ranging from 0-120 min. Cells were lysed and protein
expression/phosphorylation was evaluated with the indicated antibodies. (B)
Immunoblot quantification showing phospho-MET (Tyr1234/1235) levels
normalized to total MET or AKT, and phospho-AKT (Ser473) normalized to total
AKT. Fold-change was quantified relative to vehicle treated cells for each
transfection condition. Data shown are the average +/- SEM of two biological

replicates.
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Tumor cells are often exposed to growth factors present in the tumor
microenvironment for prolonged periods of time. Thus, we next sought to test the
effects of prolonged HGF stimulation in HCC1937 cells under full serum conditions.
As was the case with cycling cells, total and phosphorylated MET levels were
elevated in siBCAR3 cells treated with vehicle (Figure 3-4A, compare lanes 1 and
3). MET expression was significantly reduced in both control and siBCARS cells
following three-day treatment with HGF, with equivalent levels of expression in
both cells (compare lanes 2 and 4). This is likely due to ligand-dependent
downregulation of the MET receptor as reported by Hammond, et al. [192]. MET
phosphorylation was slightly elevated in control cells following three days of HGF
treatment but significantly reduced in BCARS3-depleted cells (Figure 3-4B).
However, considering the changes in MET expression, the specific activity of MET
was not significantly changed in response to HGF in the siBCARS3 cells. Similarly,
AKT phosphorylation was not significantly altered as a function of BCAR3
expression in either cell type.

During this analysis, we noticed that BCARS3 protein levels were significantly
elevated in control cells in the presence of HGF (Figure 3-4C). This suggested a
possible reciprocal relationship between MET and BCARS3, with increased MET
under conditions of BCAR3 depletion and increased BCAR3 coincident with
downregulation of MET following the three-day HGF treatment. To test whether
the changes in protein expression of either MET and/or BCAR3 were a
consequence of transcriptional regulation, quantitative real-time PCR (RT-PCR)

was performed to measure the gene expression. As expected, BCAR3 mRNA was
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Figure 3-4. BCAR3 expression is elevated in HCC1937 cells following

prolonged HGF treatment. (A) Representative immunoblot showing HCC1937
cells with control or transient BCAR3 knockdown cultured in the presence of either
vehicle control (0.05% BSA) or 50ng/mL HGF for 72 hours. (B and C) Immunoblot
quantification. Phospho-MET (Tyr1234/1235) levels were normalized to total MET
or AKT, and MET, BCARS, and phospho-AKT (Ser473) were normalized to total
AKT. Fold-change was quantified relative to siCtrl cells treated with vehicle. Data
shown are the average +/- SEM of three biological replicates. * indicates p<0.05,
** indicates p<0.01, *** indicates p<0.001. (D) RT-PCR analysis of BCAR3 and
MET gene expression in HCC1937 cells with control or transient BCAR3
knockdown cultured under conditions above. Data shown are from one

experiment.
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reduced in cells with BCAR3 knockdown (Figure 3-4D). However, BCAR3 mRNA

levels did not change in control cells as a function of HGF treatment. Similarly,
MET mRNA levels were not affected by HGF treatment in control cells. However,
as was the case for MET protein, mMRNA expression was elevated in siBCAR3
compared to control cells in the absence of HGF and then decreased following
treatment with HGF for three days. While it is not possible to make any firm
conclusions from these data since the gene expression analysis was performed
only once, the data suggest preliminarily that 1) the increase in MET protein
expression observed in cells depleted for BCAR3 may arise due at least in part to
transcriptional control, and 2) the changes in BCARS3 expression found in control
cells following prolonged treatment with HGF may be due to post-transcriptional
regulation.

Given the apparent reciprocal relationship between MET receptor and
BCAR3 in HCC1937 cells, we next sought to determine whether a second basal-
like TNBC cell line exhibited similar patterns of regulation. Like HCC1937 cells, the
basal-like MDA-MB-468 cell line showed an increase in MET expression under
conditions of BCAR3 knockdown (Figure 3-5A, compare lanes 1 and 3) and a
possible increase in BCAR3 expression when control cells were treated with HGF
for three days (compare lanes 1 and 2). Long-term treatment with HGF resulted in
downregulation of MET receptor in both control and BCAR3 knockdown cells
(Figure 3-5B). Unlike the HCC1937 cells, MET phosphorylation was still elevated
after three days of HGF treatment, trending similarly in control and siBCARS cells.

AKT phosphorylation was also slightly elevated in HGF-treated cells for both
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Figure 3-5. MDA-MB-468 cells exhibit sustained MET and AKT

phosphorylation following prolonged HGF treatment. (A) Representative
immunoblot showing MDA-MB-468 cells with control or transient BCARS3
knockdown cultured in the presence of vehicle control (0.05% BSA) or 50ng/mL
HGF for 72 hours in full serum conditions. (B) Immunoblot quantification. Phospho-
MET (Tyr1234/1235) levels were normalized to total MET or AKT, and MET,
BCAR3, and phospho-AKT (Ser473) were normalized to total AKT. Fold-change
was quantified relative to siCtrl cells treated with vehicle. Data shown are the
average +/- SEM of three biological replicates. * indicates p<0.05, ** indicates
p<0.01, ** indicates p<0.001. (C) RT-PCR analysis of BCAR3 and MET gene
expression in MDA-MB-468 cells with control or transient BCAR3 knockdown

cultured under conditions above. Data shown are from one experiment.
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control and siBCAR3 cells. The slight difference in MET regulation between
HCC1937 and MDA-MB-468 cells may be due to 1) a slower decay in MET
receptor phosphorylation in MDA-MB-468 cells compared to HCC1937 and/or 2)
greater responsiveness of AKT to HGF stimulation in these cells. As was the case
for the HCC1937 cells, the increase in MET receptor expression observed in non-
stimulated siBCARS3 cells could potentially arise from an ~1.4-fold increase in
mRNA (Figure 3-5D). However, the difference between BCAR3 mRNA levels in
vehicle and HGF-treated control cells was even less, suggesting that
transcriptional regulation was unlikely to account for any change in BCARS3 protein
expression. Taken together, data from both HCC1937 and MDA-MB-468 support

an interaction between BCAR3 and MET signaling in basal-like TNBC.

3.4.3 “Gain of function” approach supports reciprocal co-regulation of
BCAR3-MET expression

The two basal-like cells used above, HCC1937 and MDA-MB-468, express
relatively high levels of BCAR3 (see Figure 2-1C). Since loss-of-function studies
with BCAR3 showed increased MET expression in these cells, we hypothesized
that overexpression of BCAR3 in a basal-like breast cancer cell line that expresses
little to no BCAR3 would result in decreased MET expression. Stable over-
expression of BCAR3 was established in the basal-like cell line HCC1187 and
protein of the previously described targets was analyzed (Figure 3-6). Ectopic
overexpression of BCARS3 resulted in a decrease in total and phosphorylated MET

in cycling cells, with limited effect on AKT phosphorylation (Figure 3-6). These data
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Figure 3-6. MET receptor expression and phosphorylation is reduced in
HCC1187 cells with BCAR3 overexpression. (A) Representative immunoblot
showing HCC1187 cells stably transfected with vector or plasmids encoding
Venus-BCAR3 and cultured for five days in full serum conditions with no media
changes. (B) RT-PCR analysis of the previously described HCC1187 cells cultured
for 48 hrs in full serum conditions. Data shown are from one experiment. Panel A

courtesy of Keena Thomas.
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provide further support for a reciprocal BCAR3-dependent regulation of MET

expression and phosphorylation in basal-like TNBC cells.

3.4.4 MET expression does not exhibit BCAR3-dependent regulation in
claudin-low TNBC cells

Considering that MET expression was altered as a function of BCAR3
expression in basal-like cells, we sought to test whether BCAR3 similarly induced
changes in MET expression in claudin-low cells. BT549, a cell line characterized
as being claudin-low, was subjected to siRNA transfection, cultured under full
serum conditions, stimulated with HGF for three days, and protein and gene
expression analyzed as described above. MET expression, MET phosphorylation,
and AKT phosphorylation were unchanged as a function of BCARS3 before or after
HGF stimulation (Figure 3-7A). Additionally, endogenous BCARS3 expression was
unchanged following HGF stimulation. Gene expression analysis supported these
findings (Figure 3-7B). A similar study was performed in two additional claudin-low
cell lines, MDA-MB-231 and Hs578T, under conditions of serum starvation
followed by a shorter period of HGF stimulation (24 hrs) to determine whether the
BCAR3-dependent regulation of MET might be shortened in these cells. In these
cases, stable BCAR3 knockdowns were performed with shRNAs as previously
described in Chapter 2. Again, no changes in total MET, MET phosphorylation, or
AKT phosphorylation were observed as a function of BCAR3 expression either

before or after HGF stimulation in either cell line tested (Figure 3-8).
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Figure 3-7. MET receptor expression and phosphorylation are not altered in
claudin-low TNBC cells following prolonged HGF treatment. (A)
Representative immunoblot showing BT549 cells with control or transient BCAR3
knockdown cultured in vehicle control (0.05% BSA) or 50ng/mL HGF for 72 hours
in full serum conditions. (B) RT-PCR analysis of BCAR3 and MET gene expression
in BT549 cells with control or transient BCAR3 knockdown cultured under the
conditions above. Data shown are the average +/- SEM of three biological

replicates. *** indicates p<0.001.
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Figure 3-8. MET receptor expression and phosphorylation are not altered in
claudin-low TNBC cells following short-term HGF stimulation. (A)
Representative immunoblot showing MDA-MB-231 cells with control or stable
BCAR3 knockdown that were serum-starved and stimulated with either vehicle
control (0.05% BSA) or 50ng/mL HGF for 24 hrs. Data shown are from one
experiment. (B) Representative immunoblot showing Hs578T cells with control or
stable BCAR3 knockdown cultured as described above. Data shown are from one

experiment.
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Finally, we took a gain-of-function approach to determine whether
expression of MET would be altered under conditions of ectopic BCARS3
overexpression in MDA-MB-436 cells, a claudin-low cell line with low endogenous
expression of BCAR3 (see Figure 2-1C). No changes in MET expression or AKT
phosphorylation were observed in cells with BCAR3 over-expression either before
or after HGF stimulation (Figure 3-9A). Similarly, no changes in endogenous
BCAR3 and MET mRNA were observed following HGF stimulation (Figure 3-9B).
Together, these data indicate that BCARS differentially regulates MET expression
and phosphorylation based on the genetic profile of TNBC cells, functioning as a

negative regulator of MET signaling in basal-like but not claudin-low TNBC cells.

3.4.5 Src reduces MET upregulation in HCC1937 cells

Previous work from our lab and others has established BCAR3 as a
regulator of the non-receptor tyrosine kinase c-Src (Src) through interaction with
the adaptor molecule Cas [161,166]. As mentioned previously, BCAR3 and Cas
together regulate Src activity and enhance cell adhesion, invasion, proliferation,
and activation of the small GTPase Rac1 [125-127,160,161,166]. If BCARS3
functions through Src to modulate MET expression, we hypothesized that Src
inhibition would phenocopy the elevation of MET expression observed in basal-
like cells under conditions of BCAR3 depletion. To test this hypothesis, HCC1937
control and BCAR3-depleted cells were treated with either the Src inhibitor
dasatinib, HGF, or a combination of both for 72 hrs and protein levels were

measured. As previously shown, cells with reduced BCAR3 expression contained



HGF

MET

pEGFP-BCAR3

BCAR3

p-AKT

AKT

pEGFP pEGFP
Ctrl BCAR3

MDA-MB-436

MET

127

B
—~ BCAR3
2 -
L
.5
.;f
] 20 -
49
by
.'g-.g 10 =
5o
’-‘:E- 0 =—le—
3
pEGFPCtl + + -
pEGFPBCAR3 - - +

HGF - + -



128

Figure 3-9. BCAR3 overexpression does not alter MET receptor expression
and phosphorylation in claudin-low MDA-MB-436 cells. (A) Representative
immunoblot showing MDA-MB-436 cells with plasmids encoding EFGP (pEFGP
ctrl) or EGFP-BCAR3 (pEGFP BCAR3) cultured in vehicle control (0.05% BSA) or
50ng/mL HGF for 72 hours in full serum conditions. (B) RT-PCR analysis of BCAR3
and MET gene expression in MDA-MB-436 cells with pEFGP control or BCAR3
overexpression cultured under conditions above. Data shown are from one

experiment. Panels A and C were provided by Keena Thomas.
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elevated levels of total and phosphorylated MET (Figure 3-10A, compare lanes 1
and 5). Additionally, as was the case previously, prolonged HGF stimulation
elicited a downregulation of MET expression and phosphorylation in these cells
(Figure 3-10B). Interestingly, siBCARS cells showed increases in MET expression
and phosphorylation compared to control cells when treated with dasatinib
(compare lanes 3 and 7), although the magnitude of these change was
substantially reduced. The addition of dasatinib with HGF had no further effect on
MET expression or phosphorylation than HGF alone. These data suggest that the
elevation of MET expression and phosphorylation observed in cells with reduced
BCARS3 expression may in part require Src, but that Src inhibition alone is not
sufficient to upregulate MET expression. One caveat to these experiments is that
Src autophosphorylation (pTyr419) was not measured to confirm inhibition of the
kinase activity by dasatinib. Additionally, this experiment was performed one time,

so it is difficult to make definitive conclusions.

3.5 Discussion

This study demonstrates for the first time that BCAR3 can serve as a
negative regulator of MET receptor expression in basal-like TNBC. We show that
depletion of BCARS in basal-like TNBC cells results in an upregulation of MET
protein and phosphorylation of MET. Together with the observations in Chapter 2,
these data establish BCAR3 as an adaptor molecule with broad functional roles

that influence TNBC molecular dynamics. Understanding the regulatory functions
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Figure 3-10. Src inhibition reduces MET receptor elevation in HCC1937 cells

with BCAR3 knockdown. (A) Representative immunoblot showing HCC1937
cells with control or transient BCAR3 knockdown cultured in vehicle control (0.05%
BSA + DMSO), 50ng/mL HGF, Src inhibition 5nM dasatinib, or combination for 72
hours under full serum conditions. (B) Immunoblot quantification. Phospho-MET
(Tyr1234/1235) levels were normalized to total MET, and MET, BCAR3, and
phospho-AKT (Ser473) were normalized to total AKT. Fold-change was quantified

relative to siCtrl cells treated with Vehicle. Data shown are from one experiment.
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of BCAR3 can help enhance the clinical management of patients by identifying
mechanistic characteristics between subtypes of TNBC that can inform therapeutic
strategies.

In Chapter 2, we showed that functional interactions between BCAR3 and
MET in claudin-low TNBC cells contribute to cell proliferation and migration. In
claudin-low Hs578T cells, this functional interaction generates an autocrine loop
involving BCARS3, MET, and HGF that drives aggressive cellular behaviors. The
data in this chapter highlight the heterogeneity of dysregulated mechanisms
present in TNBC and how adaptor molecules like BCAR3 are important
contributors to these mechanisms. Our signaling studies support a role of BCAR3
as a negative regulator of MET expression and phosphorylation in basal-like but
not in claudin-low TNBC. Further exploration of the functional implication of the
MET phosphorylation in our studies is needed to 1) determine whether this
phosphorylation is indicative of MET biological activity and 2) uncover the
mechanisms that negatively regulate this phosphorylation.

Cocultures using HGF-expressing cancer-associated fibroblasts show that
HGF induces signaling in cell lines belonging to the original “intrinsic” basal-like
broad classification but not in luminal-like breast cancer cells, suggesting that the
response to HGF differs based on molecular profile [151]. These studies, together
with the data presented in this chapter, suggest that even within the broad
“intrinsic” basal group, there is heterogeneity in the way MET signaling may be
regulated (comparing basal-like cells to claudin-low cells), and BCAR3 may have

a role in this regulation.
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One of the interesting aspects of the data presented in this study is the
reciprocal nature of MET-BCAR3 expression in basal-like TNBC cells. Depletion
of BCARS in cells that express relatively high levels of this molecule resulted in
increased MET expression (Figures 3-2, 3-4, and 3-5), while forced ectopic
expression of BCARS in cells that typically express very low levels resulted in
decreased MET expression (Figure 3-6). Moreover, coincident with
downregulation of MET following long-term (three day) treatment with HGF,
BCAR3 expression was elevated (Figure 3-4B). Based on these findings,
continuous and/or cyclic exposure to HGF in the tumor microenvironment [190]
could impact the biological activity of the tumor cells, causing a feedback loop that
promotes MET and BCARS3 activities with alternating periodicities. Intermittent
activation of these pathways, in turn, could lead to distinct functional outcomes for
the tumor. In support of this notion, BCAR3 expression is elevated in ductal
carcinoma in-situ (DCIS) compared to invasive ductal carcinoma (IDC) (see Figure
2-1A), suggesting that BCAR3 may serve as an important molecule in the
progression of aggressive phenotypes in cells that have not yet acquired, or are in
the process of acquiring, aggressive traits (e.g., those associated with the
epithelial-to-mesenchymal transition). It will be interesting to determine how this
differential expression tracks with basal-like compared to claudin-low TNBC.
Preliminary studies have also shown that HCC1937 cells with reduced BCAR3
have a faster wound healing phenotype compared to control cells (Personal

communication with Paul Myers). This contrasts with extensive data in claudin-
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low and ER+ cells showing that BCARS is a positive regulator of cell migration
[125,165], highlighting again the impact of genetic background on the function of
BCARS.

The data presented in this study provide initial insight into the role of BCAR3
as a regulator of MET signaling in basal-like TNBC, but the data are limited in that
many of the experiments were preliminary with only one or two biological replicates
performed and conclusions are difficult to make. As stated previously, this study is
also limited by the lack of functional assays testing migration, invasion, and
proliferation to determine whether the upregulation of MET protein and
phosphorylation of MET observed in cells with reduced BCAR3 expression is
biologically relevant. More studies are also needed to understand if the MET
phosphorylation observed is indicative of MET receptor activation and activation
of downstream signaling.

Despite the limitations, our data suggest that overall, this adaptor molecule
may serve as a valuable biomarker for 1) patient prognosis, 2) identifying patients
who may benefit from targeted therapies against the MET receptor, and 3)
identifying patients who may benefit from targeted neo-adjuvant therapy to

ameliorate disease progression.
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Chapter 4: Exploring the transcriptional landscape regulated by BCAR3

4.1 Abstract

The molecular mechanisms driving triple-negative breast cancers (TNBCs)
remain largely unknown, leading to challenges in therapeutic treatment strategies
for patients with this disease. As stated previously, work from our laboratory
showed that BCARS is a potent activator of Src protein tyrosine kinase activity,
and that BCARS regulates cell adhesion and maotility through interaction with the
adaptor molecule Cas. Data presented in Chapter 2 show that patient-derived
TNBC tumor samples contain elevated BCAR3 protein compared to normal
mammary tissue. Further, BCARS3 expression was detected in TNBC cell lines and
found to be required for maximal TNBC cell growth as well as tumor growth in an
orthotopic xenograft model. Using mouse mammary epithelial organoid cultures
from wild-type mice and BCARS3 knockout mice as a tool to measure cell growth,
we determined that BCARS is required for mammary epithelial organoid branching
in response to various growth factors. Despite these observations, signaling and
transcriptional networks regulated by BCAR3 in TNBC or during mammary gland
morphogenesis remain unclear. In this study, RNA sequencing and computational
approaches were used to examine the transcriptome of the claudin-low MDA-MB-
231 TNBC cell line as a function of BCAR3 expression when the cells were cultured
in 2D (plastic) or 3D (matrigel) conditions. We show that 711 genes are altered as

a function of BCAR3 expression in both conditions, and that pathway enrichment
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analysis performed excluding the overlapping genes shows different enriched
pathways in the conditions stated above. In parallel, the same approach was used
in organoids generated from wildtype and BCARS3 knockout mice to understand
how transcriptional and signaling networks present in normal mammary epithelial
cells may contribute to tumor initiation. Comparisons of all three conditions
revealed that 33 genes overlapped between all three conditions tested. Together,
this study shows that BCAR3 may function as a signaling node driving cell growth

pathways that may contribute to TNBC tumor initiation and progression.
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4.2 Introduction

BCARS3 gene expression has been detected in normal mammary epithelial
cells as well as in breast cancer cell lines and tumor tissues (Chapter 2 and [193]).
In non-tumorigenic mammary epithelial cells, BCAR3 has been shown to promote
DNA synthesis in response to epidermal growth factor (EGF) stimulation [121]. In
breast cancer, BCAR3 has been reported to regulate adhesion dynamics that
promote invasion of cells [125,126]. We also showed that elevated BCAR3 mRNA
expression in TNBC patients was found to correlate with worse patient outcomes
and that BCARS is a promoter of TNBC cell growth (Chapter 2).

Physical as well as molecular properties of the extracellular matrix (ECM)
engage cell-intrinsic molecules involved in growth factor and adhesion signaling,
leading to dramatic changes in the migration, invasion, proliferation, and
transcriptional programs of tumor cells [134,194,195]. Our lab previously
demonstrated that BCARS is localized to focal adhesions and controls adhesion
turnover through interaction with the adaptor molecule p130¢2 (Cas) [125]. This
BCARS3-dependent regulation of adhesion was implicated in driving TNBC cell
invasion when cultured in 3D matrigel conditions. As discussed in Chapter 1, Cas
is an adaptor molecule that plays an important role in cellular responses to the
environment. For example, extracellular mechanical stress has been reported to
induce conformational changes in Cas that facilitate association with c-Src (Src)
and may enable downstream signaling [133].

Together, these studies provide evidence that BCARS has cell signaling

implications in both normal mammary cells and in breast cancer. Despite this
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evidence, however, the transcriptional networks regulated by BCAR3 that enable
cell growth, migration, and invasion have never been explored. In this study, we
analyzed the transcriptional landscape regulated by BCAR3 in TNBC cells and
investigated whether the BCAR3-dependent transcriptional networks are altered
as a function of the local microenvironment. In parallel, we analyzed the
transcriptome of mouse mammary epithelial cells as a function of BCARS3
expression in an effort to understand the molecular functions of BCARS implicated

in tumor initiation and growth.

4.3 Materials and methods
4.3.1 Cell culture

MDA-MB-231 breast cancer cells were purchased from American Type
Culture Collection (Manassas, VA, USA). Media and supplements were purchased
from Gibco, Life Technologies, Carlsbad, CA, USA. MDA-MB-231 cells were
cultured in high-glucose Dulbecco’s modified Eagle’s medium (DMEM)

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin.

4.3.2 Stable knockdown of BCAR3

Stable MDA-MB-231 knockdown cell lines were generated via lentiviral
transduction using small hairpin RNAs targeting BCAR3 (shBCAR3-1 and
shBCARS3-2) as previously described [125]. Cells were maintained in the presence

of 0.5ug/ml puromycin.
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4.3.3 3D matrigel cell culture

MDA-MB-231 cells were cultured in 3D matrigel as described by Cross et
al. [125]. Growth factor-reduced matrigel (Corning, Corning, NY, USA; 354230)
was spread evenly on the bottom of 8-well chamber slides. MDA-MB-231 cell
suspensions were plated in the chamber slides with Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 2% horse serum, 2% matrigel, 5ng/ml EGF,
and 0.5ug/ml puromycin. Cells were cultured for eight days with media changes

every four days.

4.3.4 Organoid cultures

Primary mammary organoids were generated using epithelial cells obtained
from mouse mammary glands isolated from wildtype (WT) and BCAR3 knockout
(B3KO) (gift from Dr. Adam Lerner) [120] 8-week-old mice as described by
Nguyen-Ngoc, et al. [172]. Epithelial cell suspensions were plated on growth
factor-reduced matrigel and cultured in DMEM/F12 media supplemented with
2.5nM fibroblast growth factor 2 (FGF2) (PeproTech, Rocky Hill, NJ, USA; 100-

18B) for seven days with a media change every 3-4 days.

4.3.5 RNA sequencing and differential gene expression analysis
MDA-MB-231 cells with control shRNAs (Vector-control) or stable BCAR3

knockdown (shBCARS3-1) were plated at a density of 250,000 cells per 60mm and

cultured on plastic for 48hrs or in matrigel for eight days. Mouse mammary

organoids were cultured as described above for seven days. Cells were processed
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for mRNA extraction according to the manufacturer’s protocol using the Zymo
Research Quick RNA Microprep Kit (Zymo Research, Irvine, CA, USA; R1050).
Library preparation and Next Gen RNA sequencing (RNA-seq) at 400 million reads
per run was performed by the University of Virginia Genome Analysis and
Technology Core. RNA-seq processing and differential gene expression analysis

was performed by Dr. Stephen Turner at the UVA Bioinformatics Core.

4.3.6 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). mRNA was extracted according to the
manufacturer’s protocol using the Zymo Research Quick RNA Microprep Kit (Zymo
Research, Irvine, CA, USA). For each sample, 1ug of mRNA was reverse-
transcribed into cDNA in a 20ul reaction 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(-
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AACt) method where transcript expression was normalized to GAPDH mRNA
levels. The sequences of the primers used to amplify the genes are shown in

Tables 4-1 and 4-2.

4.3.7 Identification of differentially expressed genes and pathway
enrichment analysis

Using the differential gene expression data obtained from the University of
Virginia Genome Analysis and Technology Core, protein coding gene expression
was analyzed using the “EnhancedVolcano” package in R [196]. The
“YennDiagram” package in R was used to determine overlap of protein coding
genes that were significantly altered (padj<=0.05) between conditions [197].
Pathway enrichment was performed to assess enrichment of specific pathways
within the Kyoto Encyclopedia of Genes and Genomes (KEGG) database using
the “pathview” package in R [198,199]. The full extent of differential gene
expression data for each condition was also used to perform pathway enrichment
analysis with the fast gene set enrichment analysis “fgsea” package in R [200].
Fast gene set enrichment analysis was performed using 1000 permutations. R

version 4.2.5033 was used in these analyses.

4.3.8 Statistical analysis
The unpaired Welch’s t-test was performed to determine p-values between

comparisons.



Table 4-1. Human primer sequences for gRT-PCR
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Gene ;gx?st: g;)) Primer Sequences (5'-3")
GALNT14 F TGTCAGTCATCACCTTGTTC
GALNT14 R CATTGCTGTCGGTCATCT
MAGEH1 F TTCTTTTGAAGTTGAAATACCCAGT
MAGEH1 R TTCAGAAACGTCAGATATGAAGAAA

CKMT1 F AGCTTCCTGATCTGGGTGAA
CKMT1 R GAAGTCCAGTGCCCAGGTTA
GABRE F TCTCCCAGACCTGGTACGAC
GABRE R TCCTTGTAGATGCGGACCAT
VCAM1 F TGTTGAGATCTCCCCTGGAC
VCAM1 R AATTGGTCCCCTCACTCCTC
EHF F GGGCTCAGATCTCCATGACA
EHF R GTGCTTTTTGGTGTGGCACT
GPR110 F GTTCAGGTCACCCAATTTCG
GPR110 R CACTCTGAAAGAGCCGTCTTC
GPR116 F AAGAGGCACTGAGGCAAAAA
GPR116 R TTCCCATGAATTGGAAAACTG
TMEM154 F TGGAAATTGAAATGGAAGAGC
TMEM154 R TGGGTTGTGATTTGATTCCTT
MIF F ATCGTAAACACCAACGTGCC
MIF R CTGTAGGAGCGGTTCTGCG
TNS3 F CATCCTCCGTTCAGCCCAC
TNS3 R GTTGCTGGAAATGGTGCAGG
GAPDH F AACGTGTCAGTGGTGGACCT
GAPDH R TCGCTGTTGAAGTCAGAGGA




Table 4-2. Mouse primer sequences for gqRT-PCR
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Gene ;gx?st: g;)) Primer Sequences (5'-3)
B4GALNT12 F CCATGGCTCCTCAAGACATT
B4GALNT12 R TCCTCAGATGCTCCTCTGGT

CXCL13 F ATGAGGCTCAGCACAGCAAC
CXCL13 R CAGGGGGCGTAACTTGAAT
ENO1B F TCTGGGGAAACTGAGGACAC
ENO1B R GATCTCCGGTCCATGCTTTA
LPHN2 F GCAGAGCAGCCTTACCATTC
LPHN2 R GCATCAGGGAGGTAGCAGTC
ST6GAL1 F CCCGGAAGTCAACTGAAATG
ST6GAL1 R TGTTCTCCATGGGAAAGAGG
TMPRSS11A F CCAGAGGATAGCTGGTGAGG
TMPRSS11A R ACCACCATCATCAGGGAGAG
GAPDH F ACTCCACTCACGGCAAATTC
GAPDH R TCTCCATGGTGGTGAAGACA
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4.4 Results

4.4.1 Identification of differentially expressed genes in MDA-MB-231 cells as
a function of BCAR3 expression

BCAR3 has been implicated in regulating cell growth, migration, and
invasion but the transcriptional networks that enable these cellular behaviors have
not been studied. Given that BCARS3 has been reported to regulate cell growth
when cells were grown on plastic (see Chapter 2) and promote cell invasion under
3D matrigel culture conditions, we sought to determine if transcriptional networks
would be altered as a function of BCARS3 in cells cultured on plastic or 3D matrigel.
To test this, MDA-MB-231 cells transduced with empty vector or constructs
encoding short hairpins targeting BCARS3 were cultured on plastic or suspended in
3D matrigel. Following mRNA extraction and sequencing, differential gene
expression analysis was performed and the “EnhancedVolcano” package in R was
used to analyze differentially expressed protein-coding genes as a function of
BCARS3 expression. In cells cultured on plastic, a total of 4680 protein coding
genes were found to be significantly altered (padj<=0.05), with 2401 genes
downregulated (log2FoldChange < 0) and 2279 genes upregulated
(log2FoldChange > 0) as a function of BCAR3 expression (Figure 4-1A; blue
colored genes and red colored genes respectively, a log2FoldChange cutoff of <=
-0.5 and >=0.5 was applied for clarity). In cells cultured in 3D matrigel, a total of
1017 genes were found to be significantly altered as a function of BCAR3
expression (padj<=0.05) with 549 genes downregulated (log2FoldChange < 0) and

468 genes upregulated (log2FoldChange > 0) (Figure 4-1B; blue colored genes
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Figure 4-1. Identification of differentially expressed genes in TNBC cells
cultured on plastic and in matrigel as a function of BCAR3 expression.

(A) Protein coding genes obtained from the differential gene expression analysis
of MDA-MB-231 cells with stable BCAR3 knockdown relative to vector-control cells
cultured on plastic were analyzed using the “EnhancedVolcano” package in R. For
clarity, genes were marked as downregulated (blue color) if their Log2foldchange
was < -0.5, no change (gray) if Logd2foldchange was >= -0.5 and <= 0.5, and
upregulated (red color) if Log2foldchange was > 0.5. Only significantly altered
genes (padj>=0.05) were colored. (B) Protein coding genes obtained from the
differential gene expression analysis of MDA-MB-231 cells with stable BCAR3
knockdown relative to vector-control cultured in matrigel were visualized and
colored as stated above. (C) Overlap of differentially expressed protein coding
genes was analyzed using the “VennDiagram” package in R. Only genes

significantly altered (padj<=0.05) were visualized.
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and red colored genes respectively, a log2FoldChange cutoff of <= -0.5 and >=0.5
was applied for clarity). In order to compare protein coding genes that were
significantly altered (padj<=0.05) between the two conditions analyzed, the
“YennDiagram” package in R was used. 3969 genes were altered in cells cultured
on plastic alone, 306 in cells cultured in 3D matrigel alone, and a total of 711
protein coding genes were found to overlap between the two conditions (Figure 4-
1C). These overlapping genes thus appear to be regulated by BCAR3
independently of culture condition.

To validate BCAR3-dependent changes in gene expression identified by
RNA sequencing, a subset of genes were analyzed in cells grown in the same
culture conditions using RT-PCR (Figure 4-2A). Overall, BCAR3-dependent
changes in gene expression identified by RNAseq were similarly altered when
measured by RT-PCR. Moreover, genes that were found by RNAseq to be altered
under both 2D and 3D culture conditions (GALNT14, MAGEH1, and EHF)
exhibited similar directional trends when analyzed by RT-PCR (Figure 4-2A and
Figure 4-2B). To test if these changes were consistent with the remainder of the
dataset, the “geom_tile” function within the “ggplot2” package in R was used to
compare gene expression of the overlapping gene sets between conditions, and it
was observed that most overlapping genes appeared to be changing in the same
direction (Figure 4-2C). Together, this suggests that the genes exhibiting BCAR3-
dependent changes in 2D and 3D showed consistent up- or down-regulation

irrespective of culture condition.
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Figure 4-2. BCAR3-dependent differentially expressed genes that were

common to both plastic and matrigel culture conditions are altered in similar
directions. (A) Quantitative real-time PCR analysis of GALNT14, MAGEH1,
CKMT1B, GABRE, VCAM1, EHF, GPR110, and GPR116 transcript levels in MDA-
MB-231 vector-control or shBCARS3-1 cells cultured on plastic for 48 hours. RT-
PCR was conducted with technical duplicates for 3-4 independent experiments.
Data shown are the average +/- SEM of three biological replicates. The unpaired
Welch'’s t-test was used to determine differences per gene. * indicates p<0.05, **
indicates p<0.01. (B) Quantitative real-time PCR analysis of GALNT14, MAGEH1,
TMEM154, MIF, TNS3, and EHF transcript levels in MDA-MB-231 vector-control
or shBCARS3-1 cells cultured in matrigel. RT-PCR was conducted with technical
duplicates for two independent experiments. Data shown are the average +/- SEM
of two biological replicates. (C) Gene expression of overlapping genes between
the two conditions was analyzed using the “geom_tile” function in R. Blue color

indicates high expression and gray color indicates low expression.
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4.4.2 Pathway enrichment in MDA-MB-231 cells reveals novel BCAR3-

regulated pathways

To gain a broad understanding of how BCAR3-dependent transcriptional
changes affect signaling mechanisms in cells cultured on plastic, pathway
enrichment was assessed using all genes altered in cells with reduced BCAR3
expression (Figure 4-3A). The “fgsea” package in R was used to perform gene set
enrichment analysis based on hallmark genes. The top five pathways with
significantly elevated enrichment in cells with reduced BCAR3 are pathways
involved in the epithelial-to-mesenchymal transition, coagulation, negative
regulation of ultra-violet response, apical junction, and complement (Figure 4-3A).
The top five pathways with significantly reduced enrichment are MYC targets,
unfolded protein response, oxidative phosphorylation, MTORC1 signaling, and
E2F targets. While the range of pathways that were revealed by this analysis is
very broad, it is interesting that some coincide with what is known about BCAR3
functions. For example, the downregulation of pathways involved in cell
proliferation is consistent with the previous observation that cells with reduced
BCAR3 expression exhibit reduced growth when cultured in plastic conditions
(Chapter 2).

A similar analysis was performed to identify pathways impacted by reduced
BCARS expression when cultured in matrigel (soft rigidity). In this analysis, the top
five pathways with significantly elevated enrichment in cells with reduced BCAR3
are pathways involved in the mitotic spindle, epithelial-to-mesenchymal transition,

negative regulation of ultra-violet response, inflammatory response, and TNFa
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Figure 4-3. Pathway enrichment in MDA-MB-231 cells with reduced BCAR3

expression. (A) Differentially expressed genes in MDA-MB-231 cells with stable
BCARS3 knockdown relative to vector-control cells cultured on plastic were used
for pathway enrichment analysis using the “fgsea” package in R. Enrichment
analysis was performed based on the Hallmark gene set using 1000 permutations.
(B) Differentially expressed genes in MDA-MB-231 cells with stable BCARS3
knockdown relative to vector-control cells cultured in matrigel were used for
pathway enrichment analysis as stated above. Only pathways that were

significantly enriched were visualized (padj<=0.05).
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signaling via NFkB (Figure 4-3B). The top five pathways with significantly reduced

enrichment are pathways involved in oxidative phosphorylation, bile acid
metabolism, adipogenesis, MYC targets, and xenobiotic metabolism. Several of
these pathways are similar to those identified for cells cultured on plastic such as
reduced enrichment of MYC targets and MTORC1 signaling and positive
enrichment in the EMT pathway.

As previously stated, there are numerous reports that have demonstrated
that increasing matrix rigidity activates signaling mechanisms that drive malignant
phenotypes [134,194,195]. To gain a better understanding of rigidity-dependent
pathways impacted by BCAR3 expression, a comparison in enrichment pathways
was made between cells cultured on plastic and those cultured in matrigel after the
711 genes that were altered regardless of culture condition (overlapping) were
removed from the datasets. Interestingly, while shBCARS cells cultured on plastic
still exhibited enrichment of genes involved in EMT, this was not the case for cells
cultured in matrigel (Figure 4-4A and Figure 4-4B). This is consistent with multiple
studies that have reported the induction of EMT as a function of increased matrix
rigidity [201,202]. Together, these data show that the pathway enrichment is
different between culture conditions, suggesting that the microenvironment affects

the enrichment of BCAR3-regulated pathways.

4.4.3 BCARS regulates genes involved in cell adhesion
Our lab has previously shown that BCARS is involved in the regulation of

focal adhesions [125,126]. To test if the genes altered as a function of BCAR3
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Figure 4-4. Pathway enrichment of genes altered as a function of BCAR3
expression that are unique to each culture condition. (A) Differentially
expressed genes in MDA-MB-231 cells with stable BCAR3 knockdown relative to
vector-control cells cultured on plastic that do not overlap with differentially
expressed genes in cells cultured in matrigel were used for pathway enrichment
analysis using the “fgsea” package in R. Enrichment analysis was performed
based on the Hallmark gene set using 1000 permutations. Pathways that were
significantly enriched (padj<=0.05) are labeled as “TRUE”. (B) Differentially
expressed genes in MDA-MB-231 cells with stable BCAR3 knockdown relative to
vector-control cells cultured in 3D matrigel that do not overlap with differentially
expressed genes in cells cultured on plastic were used for pathway enrichment

analysis as described in part A.
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expression on both plastic and in 3D matrigel map to focal adhesion or cell
adhesion pathways, the “pathview” package in R was used. Using differential gene
expression data obtained from cells cultured on plastic, the 711 genes that were
found to overlap between the two culture conditions (Figure 4-1C) were mapped
to the Kyoto Encyclopedia of Genes and Genomes (KEGG) focal adhesion
pathway (Figure 4-5A). The same approach was used for cells cultured in 3D
matrigel (Figure 4-5B). As previously observed (Figure 4-2C), the genes that
mapped to the focal adhesion pathway were altered in the same direction between
the two conditions, with the same genes (e.g., ITGA6 and PGF and others) being
upregulated and downregulated similarly. Likewise, the genes that mapped to cell
adhesion molecules in the KEGG cell adhesion molecules curated set were altered
in the same direction between the two conditions with genes like ITGB2 and ICAM2
among others being down regulated and upregulated similarly (Figure 4-6A and
6B). While the mechanisms through which BCAR3 affects transcription of genes
in these pathways are not yet clear, the data indicate that genes altered as a
function of BCARS expression regardless of culture condition are 1) regulated in
similar ways and 2) map to pathways where BCAR3 has known functions, further

supporting the role of BCARS3 in these functions.

4.4.4 Identification of differentially expressed genes as a function of BCAR3
in mouse mammary organoids
Mammary gland development is a process that involves activation of

transcriptional networks that enable cell growth and differentiation [178,203,204].
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Figure 4-5. BCAR3-dependent differentially expressed genes that overlap

between MDA-MB-231 cells cultured on plastic or matrigel map to the focal
adhesion pathway. (A) Using differential gene expression data obtained from
MDA-MB-231 cells with stable BCAR3 knockdown relative to vector-control cells
cultured on plastic, the 711 genes found to overlap between culture conditions
were mapped to the KEGG focal adhesion pathway using the “pathview” package
in R. (B) The same approach was applied using differential gene expression data

obtained from cells cultured in 3D matrigel to map the 711 genes that overlapped.
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Figure 4-6. BCAR3-dependent differentially expressed genes that overlap

between MDA-MB-231 cells cultured on plastic or matrigel map to molecules
involved in cell adhesion. (A) Using differential gene expression data obtained
from MDA-MB-231 cells with stable BCAR3 knockdown relative to vector-control
cells cultured on plastic, the 711 genes found to overlap between culture conditions
were mapped to KEGG cell adhesion molecules using the “pathview” package in
R. (B) The same approach was applied using differential gene expression data

obtained from cells cultured in 3D matrigel to map the 711 genes that overlapped.



162

Previously, we found that BCAR3 expression is required for budding of mouse
mammary epithelial organoids in response to growth factors (Chapter 2). Based
on this evidence, we sought to understand the transcriptional networks regulated
by BCARS in normal mouse mammary epithelial cells that could potentially enable
these responses. Primary organoids were generated using epithelial cells isolated
from mammary glands obtained from wildtype (WT) and BCARS3 knockout (B3KO)
mice. Epithelial cells were suspended in 3D matrigel to establish primary mammary
organoids and treated for seven days with FGF2; this has been shown to induce
budding in WT but not B3KO organoids (see Chapter 2) [172,180]. After seven
days in culture, organoids were harvested, mRNA was extracted, RNA sequencing
was performed, and differential gene expression was obtained. Using the
“‘EnhancedVolcano” package in R, differentially expressed genes as a function of
BCARS3 expression were analyzed (Figure 4-7A). A total of 524 protein-coding
genes were found to be significantly altered (padj<=0.05) with 245 genes
downregulated (log2FoldChange < 0) and 279 genes upregulated
(log2FoldChange > 0) as a function of BCAR3 expression (Figure 4-7A; blue
colored genes and red colored genes respectively, a log2FoldChange cutoff of <=
-0.5 and >=0.5 was applied for clarity). Gene expression of a subset of significantly
altered genes was then measured using RT-PCR to validate the RNASeq data,
and some genes were found to be consistent with the RNASeq data (e.g.,
TMPRSS11A) while others were not (e.g., ENO1B) (Figure 4-7B). To understand
how signaling in normal epithelial cells influences tumorigenesis, human homologs

of mouse genes were identified, and 505 genes were found to be significantly
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Figure 4-7. Identification of differentially expressed genes in mouse
mammary organoids as a function of BCAR3 expression.

(A) Protein coding genes obtained from the differential gene expression analysis
of epithelial cells derived from BCAR3 KO mouse mammary organoids relative to
WT mouse organoids were visualized using the “EnhancedVolcano” package in R.
For clarity, genes were marked as downregulated (blue color) if their
Log2foldchange was < -0.5, no change (gray) if Log2foldchange was >= -0.5 and
<= 0.5, and upregulated (red color) if Log2foldchange was > 0.5. Only significantly
altered genes (padj>=0.05) were colored. (B) Quantitative real-time PCR analysis
of B4GALNT2, CXCL13, ENO1B, LPHN2, ST6GAL1, and TMPRSS11A transcript
levels in mouse mammary organoids generated from WT mice or BCAR3 KO mice.
RT-PCR was conducted with technical duplicates for 1-2 independent
experiments. Data shown are from one experiment or from the average +/- SEM
of two biological replicates. (C) Overlap of protein coding genes between TNBC
cells and mouse mammary organoids was visualize using the “VennDiagram”
package in R. Only genes significantly altered (padj<=0.05) were visualized. (D)
Gene expression of overlapping genes between the three conditions was analyzed
using the “geom_tile” function in R. Blue color indicates high expression and gray

color indicates low expression. Panel B was provided by Ryan Chipman.
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altered (padj<=0.05). The “VennDiagram” package in R was used to compare
protein-coding genes significantly altered in organoids with BCAR3 knockout with
genes altered in TNBC cell lines with reduced BCARS3 expression. This analysis
revealed that 33 genes overlapped between all three conditions (Figure 4-7C).
Heatmap analysis of these 33 genes showed that a subset of genes that were
altered as a function of BCAR3 exhibited transcriptional differences in similar
directions (e.g., ACOX2, ESYT3, CDK15, RCAN2) while others were altered in
opposing directions (e.g., METRN, ST6GAL1, CUEDCZ2) or in similar directions but
to different extents (e.g., RPS18) (Figure 4-7D). Together, these data suggest that
BCAR3 engages some transcriptional programs that are common to all three

conditions but that others are unique depending on the culture conditions.

4.4.5 BCAR3-regulated pathways in mouse mammary organoids may drive
cell growth

To identify potential regulatory pathways impacted by BCAR3 in mammary
organoids, gene set enrichment analysis was performed using the “fgsea” package
in R using the human homologs of differentially expressed genes in organoids with
BCARS3 knockout. The top five pathways with significantly elevated enrichment in
cells with BCAR3 knockout are pathways involved in the oxidative phosphorylation,
epithelial-to-mesenchymal transition, myogenesis, DNA repair, and reactive

oxygen species (Figure 4-8A). The top five pathways with significantly reduced
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Figure 4-8. Pathway enrichment in mouse mammary organoids with BCAR3
knockout. (A) Differentially expressed genes in mouse mammary organoids
generated from BCAR3 KO mice relative to organoids generated from WT mice
were used for pathway enrichment analysis using the “fgsea” package in R.
Enrichment analysis was performed based on the Hallmark gene set using 1000
permutations. Only pathways that were significantly enriched were visualized
(padj<=0.05). (B) Pathway enrichment analysis using the “pathview” package in R
was performed to map the differentially expressed genes described above to the

KEGG JAK-STAT signaling pathway.
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enrichment are pathways involved in the interferon alpha response, the interferon
gamma response, allograft rejection, IL6-JAK-STAT3 signaling, and MTORC1
signaling. As proof of principle, we mapped BCARS-regulated genes within the
KEGG JAK-STAT signaling pathway using the “pathview” package in R.
Interestingly, some genes mapping to the JAK-STAT pathway were upregulated
while others were downregulated in BCAR3 KO organoids (Figure 4-8B). Of note,
JAK1 and STAT1 were highly downregulated consistent with the reduced
enrichment of JAK-STAT signaling previously observed. Together, these data
support a role for BCAR3 in regulating transcriptional networks in normal
mammary glands that enable cell growth during mammary gland branching

morphogenesis.

4.5 Discussion

BCARS3 has been implicated in driving cell growth, migration, and invasion
by regulating a variety of processes, including MET receptor signaling and focal
adhesion turnover (Chapter 2 and [125]). Despite extensive data supporting a
role for BCARS in these cellular functions, however, the transcriptional networks
regulated by BCAR3 have never been explored. In this chapter, we used RNA
sequencing and computational approaches to identify the differentially expressed
genes and enriched pathways regulated by BCAR3 in human TNBC cells and
normal mouse mammary epithelial cells. We show that BCAR3 engages pathways
involved in cell growth and adhesion in TNBC cells, and that physical and/or

molecular elements within the local microenvironment coordinate with BCAR3 in
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generating a transcriptional program. The adaptor molecule Cas, which binds to
and co-localizes with BCARS3 in focal adhesions [125,126], has mechanosensory
functions that contribute to adhesion and motility [205]. It will be interesting to
determine whether BCARS coordinates with Cas in this process to regulate gene
expression in response to mechanical signals from the local environment. Our
data show that BCAR3 also engages cell growth pathways in proliferating
mammary epithelial cells, and a small subset of genes impacted by BCAR3
depletion in these cells overlap with those in TNBC.

While the data presented in this work provide insight into the transcriptional
landscape regulated by BCAR3 in TNBC cells cultured in plastic, 3D matrigel and
in organoids, this study is limited by the techniques utilized for analysis. This study
focused predominantly on wusing computational approaches to visualize
differentially expressed genes and pathways enriched as a function of BCAR3
expression and additional functional assays are needed to test if any of the
changes observed are biologically relevant. In order to determine if the identified
pathways contribute to TNBC initiation, growth and progression, biochemical
approaches must first be used including validation of gene expression of target
genes within pathways of interest using RT-PCR analysis and immunoblot analysis
to measure total protein and phosphorylated protein expression. Cell growth,
migration, and invasion must also be assessed in response to changes in
pathways of interest to determine their role in TNBC tumorigenesis.

Though this study had limitations, our data together, demonstrate the range

of pathways regulated by BCARS3 that can be explored to identify new therapeutic



170

targets. Future studies focused on identifying the transcriptional networks
regulated by BCARS in both normal and malignant settings will shed light on the
deregulated cell growth and survival pathways that drive tumorigenesis.
Furthermore, exploring the potential role of BCAR3 in integrating mechanosensory
signals from the extracellular environment can contribute to our understanding of
the reported risks associated with increased breast tissue density and breast

cancer progression [206—208].
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Chapter 5: Perspectives

Breast cancer is the leading cancer for newly diagnosed cancers and the
second cause of cancer-related deaths among women [1]. As stated in Chapter
1, the lifetime likelihood of a woman developing invasive breast cancer is 13%.
Compared to the other subsets of breast cancer, triple-negative breast cancer
(TNBC) is associated with worse outcomes, affects younger patients, and is more
prevalent among African American women [7,76,77]. Currently, the standard-of-
care for patients with TNBC is cytotoxic chemotherapy, underscoring the
importance of understanding the mechanisms that drive proliferation, migration,
and invasion to identify novel therapeutic targets.

The work presented in this thesis focuses on understanding the role of
BCAR3 in TNBC growth and progression. BCAR3 is an adaptor molecule that has
been implicated in regulating TNBC cell adhesion, migration, and invasion [125].
Together BCAR3 and the adaptor molecule Cas have been shown to regulate Src
kinase activity, cell adhesion, invasion, proliferation, and activation of the GTPase
Rac1 [125-127,160,161,166]. Using publicly available data obtained from TNBC
patients, we showed in Chapter 2 that BCAR3 mRNA expression strongly
correlated with the MET receptor signaling gene set. We also showed that
functional interaction between BCAR3 and MET contributed to TNBC cell
proliferation and migration. Interestingly, our observations suggest that BCAR3-

MET coupling may be mediated through distinct mechanisms depending on the
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genetic background of TNBC. This notion is further supported by data presented

in Chapter 3 showing that BCARS differentially regulates MET receptor protein
expression in basal-like TNBC cells compared to claudin-low cells. Finally,
preliminary differential gene expression analysis obtained using RNAseq data from
TNBC cultured on plastic or in matrigel as well as mouse mammary gland
organoids showed that enrichment of pathways that promote cell growth were
reduced under conditions of BCAR3 depletion or knockout. Furthermore, BCAR3-
dependent changes in gene expression and pathway enrichment were influenced
by the extracellular microenvironment in TNBC. Together, these findings prompt
important questions regarding 1) the functional role of BCARS in the regulation of
receptor tyrosine kinase signaling and aggressive TNBC phenotypes, 2) the role
of BCARS3 as a regulator of the early transition to invasive disease, 3) the role of
BCARS3 as an integrator of signals from the extracellular matrix (ECM), and 4)

BCARBS as a biomarker and/or therapeutic target for TNBC.

5.1 BCAR3-MET dependent regulation of aggressive phenotypes in TNBC
5.1.1 How does BCAR3 regulate MET signaling in claudin-low TNBC?

The data presented in Chapter 2 are the first to show that 1) BCAR3
establishes an autocrine signaling loop with the MET ligand, HGF, that promotes
cell proliferation and migration in Hs578T cells and that 2) BCAR3 differentially
regulates MET signaling depending on the molecular profile of TNBC cells. Despite

this evidence, however, the mechanisms by which BCAR3 promotes formation of
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autocrine signaling involving MET in Hs578T cells as well as MET
activation/phosphorylation in MDA-MB-231 cells are not known.

Numerous reports have shown that adaptors play an important role in
receptor tyrosine kinase downstream signaling. Data presented in Chapter 2 and
reports by Cross et al. show that TNBC cells with endogenous BCARS3 expression
or with BCAR3 knockdown expressing high levels of ectopic BCAR3 exhibit
increased cell accumulation, migration, and invasion in 3D matrigel [125]. Recent
studies have uncovered a new phospho-tyrosine site (phospho-Tyr117) in BCAR3
that was found not only to be responsible for BCARS turnover, but together with
the SH2 domain, an important contributor to Cas and Src activation [128]. The
kinase responsible for phosphorylation of Tyr117 is currently not known. Since
BCARS protein levels were impacted by MET-HGF signaling, and BCAR3-MET
coupling contributed to cell proliferation and migration (Chapter 2), it is interesting
to speculate that phosphorylation of Tyr117 may be regulated by MET. This can
be tested by measuring Tyr117 phosphorylation following HGF treatment in the
presence or absence of the MET inhibitor foretinib. If phosphorylation of this
residue is dependent on MET (either directly or indirectly), we would expect it to
be increased following stimulation with HGF and reduced with the addition of
foretinib. Phosphorylation of Tyr117 on BCAR3 may in turn be required for
establishing autocrine signaling in Hs578T cells and/or for MET phosphorylation in
MDA-MB-231 and Hs578T cells. If this is the case, we would anticipate that cells
with BCAR3 knockdown expressing an ectopic BCARS3 Tyr117 substitution (Tyr-

to-Phe) would have the same phenotype as cells with BCAR3 knockdown. Since
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this phosphorylation site was also shown to be critical for activation of Cas and Src
by BCARS, it would also be interesting to explore if the interaction between BCAR3
and Cas is important for HGF expression in Hs578T and/or MET phosphorylation
in MDA-MB-231 cells and Hs578T cells. To test this, cells with stable BCAR3
knockdown expressing an ectopic BCAR3-Cas binding mutant (L744E/R748E)
could be used. If interaction of BCAR3 and Cas is required for the regulation of
HGF gene expression in Hs578T cells and/or for MET phosphorylation in MDA-
MB-231 cells and Hs578T cells, then we would anticipate that abrogation of this
interaction would elicit the same effects observed with BCAR3 knockdown.
Together, these studies could help to inform how BCAR3-MET promote the

aggressive phenotypes observed in claudin-low TNBC.

5.1.2 How does BCARS3 regulate MET expression in basal-like TNBC?
Regulation of MET signaling by BCAR3 is further supported by data
presented in Chapter 3. The mechanism by which BCAR3 modulates MET
expression is not known but the preliminary evidence suggests the regulation may
occur post-transcriptionally. Studies show that the MET receptor is negatively
regulated by the E3 ubiquitin-protein ligase Cbl and this regulation requires Grb2
recruitment to the MET receptor, Grb2 interaction with Cbl, and Cbl interaction with
a juxtamembrane tyrosine (Tyr1003) residue in the MET receptor [106]. Studies
have also shown that Src can regulate Cbl protein stability by phosphorylating Cbl
at tyrosine residues, promoting its subsequent ubiquitination and degradation

[209]. Since BCARS regulates Src through interaction with the adaptor Cas, then
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it is reasonable to postulate that Cbl may be regulated by the BCAR3-Cas-Src

complex leading to changes in MET protein stability. However, our preliminary
observations show that cells with reduced BCAR3 expression exhibit elevated
MET protein levels, arguing against Src-mediated degradation of Cbl and MET
protein stability in the presence of BCARS3. Instead, BCAR3 may function like Grb2
to promote interaction of Cbl with the MET receptor. Immunoprecipitation can be
used to test Cbl binding to MET receptor in cells with vector-control and cells with
BCAR3 knockdown. If BCARS3 is required for recruitment of Cbl to the MET
receptor, then cells with reduced BCAR3 expression would have reduced binding
of Cbl compared to cells with endogenous BCARS3 expression. Together, these
studies could help uncover a novel mechanism by which the MET receptor levels

are regulated.

5.1.3 Does BCAR3-MET coupling serve as a molecular switch of aggressive
phenotypes in basal-like TNBC?

The data presented in Chapter 3 showed reciprocal modulation of protein
expression for MET and BCAR3 in HCC1937, MDA-MB-468, and HCC1187 cells.
In contrast, claudin-low cells such as BT549, MDA-MB-436, MDA-MB-231, and
Hs578T cells did not exhibit similar reciprocal expression patterns of MET and
BCAR3 (Figures 3-7 and 3-8). We hypothesize from these data that BCAR3 may
serve as an inhibitor of MET expression to suppress aggressive phenotypes in
basal-like TNBC. This would be opposite to what is seen in claudin-low cells,

where BCARS3 is pro-oncogenic. To test if BCAR3 expression suppresses
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aggressive phenotypes in basal-like cells, cell growth, migration, and invasion
must be measured as a function of BCAR3 expression. If BCAR3 suppresses
these behaviors, then we would anticipate cells with reduced BCAR3 expression
to exhibit enhancement of the phenotypes stated above. If the effects require MET
phosphorylation, then we would anticipate that any enhancement observed in cells
with reduced BCARS expression would be attenuated following MET inhibition with
foretinib. Understanding how BCARS elicits these differential effects depending on
the genetic makeup of the cells is critical when considering the potential effects of
targeted therapy as well as mechanisms involved in chemotherapeutic drug

resistance.

5.1.4 What are the implications of changes in MET phosphorylation?
Chapter 3 showed that cells with reduced BCAR3 expression exhibited
increased MET receptor protein expression and phosphorylation. This leads to the
question of whether MET catalytic activity is similarly elevated. In our studies, MET
phosphorylation was observed at Tyr1234/1235 residues, which are located within
the intracellular kinase domain and positively regulate enzymatic activity. Activated
MET activates downstream signaling cascades that include Ras/Raf/MAPK,
STATS3, FAK, JNK, and AKT [97]. While our studies did not reveal substantial AKT
activation, it could be that other downstream targets of MET are activated. If the
phosphorylation of MET observed in cells with reduced BCAR3 expression
(Chapter 3) increases MET activation, then we would anticipate that cells with

reduced BCAR3 expression would exhibit elevated phosphorylation of
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Ras/Raf/MAPK, STATS3, FAK, and/or JNK and these effects would be abrogated

following MET inhibition with foretinib.

The data presented in Chapter 3 also led us to question how BCARS3
regulates MET phosphorylation. As stated in Chapter 1, BCAR3 has been
reported to bind to the protein tyrosine phosphatase a (PTPa), and this interaction
was found to help recruit BCAR3 and Cas to cell adhesions [122]. Studies by
Sangwan et al., showed that MET receptor dephosphorylation precedes
degradation following HGF stimulation and cells with depletion of the non-receptor
protein-tyrosine phosphatases PTP1B or T-cell protein tyrosine phosphatase
(TCPTP) exhibited hyper-phosphorylation of the MET receptor after stimulation
[107]. Further, these studies showed that phosphorylation at Tyr1234/1235 on
MET is required for receptor interaction with PTP1B and TCPTP. To test whether
decreased phosphatase activity accounts for the increased phosphorylation of
MET on Tyr1234/1235 observed in basal-like cells with depleted for BCARS,
experiments like those described in Chapter 3 can be performed in the presence
or absence of phosphatase inhibitors. If phosphatases are involved, then MET
expression should increase with phosphatase inhibition under conditions of
endogenous BCARS3 expression and MET expression under conditions of BCAR3
knockdown should not change. It is also possible, that BCAR3 expression
facilitates the binding of phosphatases like PTPa to the MET receptor in basal-like
cells, preventing MET hyper-phosphorylation. To test this, binding of
phosphatases (PTPa, PTPB1, or TCPTP) to the MET receptor can be measured

in the previously described cells in the presence or absence of BCAR3 expression
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following HGF stimulation. If BCARS3 is required for the binding of the described

phosphatases, then we would anticipate reduced phosphatase binding under
conditions of reduced BCAR3 expression. Together, these studies could inform if
BCARS3 has a role in regulating phosphatases that control MET phosphorylation,

activity, and turnover.

5.2 Molecular functions of BCARS3 in regulating the transition to invasive
breast cancer

The data presented in Chapter 2 show that BCAR3 expression is elevated
in ductal carcinoma in situ (DCIS) and invasive carcinoma compared to normal
mammary breast tissue (Figure 2-1A). In light of the pro-invasive phenotype
associated with BCARS3, it was somewhat surprising that BCAR3 was found to be
elevated to a greater extent in ductal carcinoma in situ (DCIS) compared to
invasive carcinoma (Figure 2-1A). Based on these and other data showing poor
outcomes associated with high BCAR3 expression in patients with TNBC, we
hypothesize that BCAR3 may play a role in the transition to invasive disease. The
significant heterogeneity in BCAR3 expression within individual tumor samples
obtained from breast cancer patients of multiple subtypes provides further support

for this hypothesis.

5.2.1 What is the role of BCARS in early-stage breast cancer?
Changes in the stroma that surrounds pre-neoplastic lesions have been

implicated in the transition of DCIS to IDC and progression of invasive disease
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[210,211]. Some of the changes include the accumulation of fibroblasts that can
secrete matrix metalloproteinases (MMPs) and various growth factors, as well as
accumulation of immune components that can potentiate the activity of tumor-
associated fibroblasts. One such growth factor is HGF, which is secreted by
fibroblasts and is a strong inducer of cell growth, migration, and invasion in
epithelial cells [100-102]. Studies by Jedeszko et al., showed that HGF/MET
signaling is important in the transition of DCIS to IDC [212]. Interestingly, the
studies in Chapter 3 showed that basal-like HCC1937 and MD-MB-468 cells have
elevated levels of BCARS protein expression following long-term HGF treatment
(Figures 3-4 and 3-5). It could be that HGF stimulation induces BCAR3 expression
as a component of signaling networks that drive cell migration and invasion. This
could be tested using co-culture (in vitro) and co-injection (in vivo) approaches that
include basal-like TNBC cells and HGF-secreting mammary fibroblasts; similar
experiments have shown that the invasiveness of MCF10.DCIS cells increase
under these conditions [212]. If BCARS is an important downstream target of MET
activation, then an increase in BCARS3 levels would be expected in the presence
of HGF-secreting fibroblasts. More importantly, if BCARS is required for the
transition to invasive disease, then the HGF-secreting fibroblasts would be
expected to enhance the invasiveness of the breast cancer cells expressing
endogenous BCAR3 but not when BCARS is depleted. Since we observed that
BCAR3-MET functional coupling is dependent on the genetic profile of the TNBC
cell line, it would be interesting to test the full panel of TNBC cells used in Chapter

3 in these co-culture/co-injection studies to determine whether similar or disparate
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responses are observed in these assays depending on the nature of the cells.
Together, these studies could help further our understanding of the processes
involved in the transition from DCIS to IDC, providing insight into molecular

strategies that could be used to prevent this transition from occurring.

5.2.2 Can BCARS serve as a prognostic tool?

Breast cancer disease stage/severity is determined based on tumor size,
lymph node infiltration, metastasis (TNM), and molecular biomarkers [13]. In
addition, tumor histology is used to assess the tumor grade based on
characteristics such as cell shape and size, nuclear morphology, mitotic count, and
tubule formation [14]. The therapeutic approaches currently in use for treating
DCIS are quite limited (see Chapter 1) and often resort to invasive procedures
even though about 60% of lesions will not progress to invasive cancer [213].

We suggest that BCAR3 may be a valuable prognostic marker to include in
breast cancer tumor staging based on its expression patterns, correlation with poor
outcomes, and tumor-promoting functions reported in this thesis and elsewhere.
Interestingly, elevated phosphorylated (active) MET and total MET protein levels
have also been reported to correlate with a poor prognosis in patients with breast
cancer [168]. Since the work presented in Chapters 2 and 3 are strongly
suggestive of BCAR3-MET coupling, we hypothesize that DCIS lesions with high
BCARS3 expression may help identify patients who could benefit from neoadjuvant
MET targeted therapy or HGF blocking antibodies (at least for claudin-low tumors

where these molecules appear to function together). This can be tested
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preclinically with the use of mouse xenografts. We would propose using
MCF10.DCIS cells, which are a cell line that originated from a variant of the
MCF10A cell line (MCF10AT) [214]. The original MCF10A cell line is characterized
as ER-/PR-/HER2-, basal B (claudin-low) breast cancer [34]. When injected
intraductally, MCF10.DCIS cells produce basal-like DCIS lesions that progress to
invasive lesions [215]. Of course, it will first be necessary to determine whether
these cells show similar BCAR3-dependent effects on MET signaling, proliferation
and invasion using the in vitro approaches described throughout this thesis. If that
is the case, we would then test cells with endogenous, reduced, and ectopically
overexpressed BCARS3 for their ability to form DCIS lesions. We could also co-
inject HGF-secreting mammary fibroblasts to gain insight into the potential role of
BCAR3-MET in DCIS. If BCARS is required, then xenografts using MCF10.DCIS
cells with reduced BCAR3 expression would exhibit attenuated invasiveness and
ectopic BCARS3 overexpression would enhance invasive growth. Further, if BCAR3
is a valuable biomarker for patients with high grade DCIS lesions that may benefit
from MET or HGF targeted therapy, then using MET inhibitors or HGF neutralizing
antibodies would reduce invasive growth in cells with endogenous or
overexpressed BCAR3 expression compared to cells with reduced BCAR3
expression. Together, these studies could increase the therapeutic options for

patients with DCIS lesions.
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5.3 Role of BCARS3 as an integrator of mechanical signals from the tumor
microenvironment

Increased mammographic density is one of the greatest risk factors for
developing breast cancer independent of age and sex [206—208]. The extracellular
matrix (ECM) is an important component of the tumor microenvironment; it can
promote aggressive tumor phenotypes by engaging molecules involved in growth
factor and adhesion signaling [134,194,195]. In addition to molecular factors and
cellular components of the ECM, changes to the ECM rigidity can significantly alter
migration, invasion, proliferation, and transcriptional programs of tumor cells. As
mentioned in Chapter 1, the adaptor molecule Cas has been reported to serve as
a force sensor that enables extracellular mechanical stress to be transduced into
cellular signaling [133]. Despite numerous studies reporting that BCAR3 and Cas
together are important for migration and invasion, the mechanosensing functions

of BCAR3 have never been explored.

5.3.1 Can BCARS3 contribute to the cellular responses to mechanosensory
stimuli present in the tumor microenvironment?

The preliminary data presented in Chapter 4 show that the BCARS-
dependent changes in gene regulation are impacted by culture conditions,
suggesting that BCAR3 may have a role in integrating signals from the ECM. To
test whether this is the case, TNBC cell lines with endogenous, depleted, or
overexpressed BCAR3 can be used to measure cell growth, migration, and

invasion under conditions of increasing matrix rigidity. If BCAR3 integrates signals
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from the ECM, then cells with endogenous BCAR3 expression or with stable
BCAR3 knockdown expressing ectopic BCAR3 would be expected to exhibit
increased cell growth, migration, and invasion as matrix rigidity increased
compared to cells with reduced BCAR3 expression. If a phenotype is observed,
the next step would be to determine whether BCAR3-Cas interactions are required
using cells with stable BCAR3 knockdown engineered to express the Cas binding
mutation of BCAR3 (BCAR3 L744E/R748E). Further exploration of the pathways
shown in Chapter 4 to be altered in a BCAR3-dependent manner when cultured
only on plastic or only in matrigel could help identify the different engaged by

BCARS.

5.3.2 Is BCARS3 a functional regulator of the mammary circadian clock?
Recently, efforts have been made to understand the role of the mammary
circadian clock in breast cancer development. This interest stems from studies
reporting that women with 20 years or more of night shift work had a significantly
higher risk of breast cancer compared to women with no years of shift work [216].
A study by Yang et al., used circadian time-series microarrays to identify genes
rhythmically altered in normal mouse mammary tissues isolated at 4hr intervals for
2 circadian cycles (total 48hrs) [217]. Interestingly, BCAR3 was among the genes
found to be altered rhythmically. These investigators showed that genes with
functional roles in the circadian clock were important for mammary stem cell
function, that molecules involved in cell adhesion and cytoskeletal signals are

required for the regulation of the circadian clock, and that the mammary clock is
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sensitive to matrix stiffness. While mice with a global knockout of BCAR3 do not
show any gross defects in mammary gland development, we found that BCAR3 is
required for budding of mammary epithelial cell organoids in response to FGF2
and TGFa (Chapter 2). Taken together, these data point to a potential role of
BCARS3 in regulation of the mammary circadian clock. It would be interesting to
explore this possibility further by testing the expression of circadian genes such as
Clock, Bmal1, Per1, Per2, and Cry as a function of BCAR3 expression in mouse
mammary organoids harvested at 4hr intervals for 2 circadian cycles (total 48hrs).
BCAR3 wild-type and BCAR3 knockout mice expressing the Per2::LUC reporter
could be generated and mammary organoids or tissue explants obtained from
these mice could be used to measure the amplitude of the circadian rhythm as a
function of BCARS3 expression. Together, these studies could help identify the role
of BCAR3 in mammary gland biology and could further our understanding of the

mechanisms that drive breast cancer initiation.

5.4 Potential role of BCAR3 as a biomarker for targeted therapy and/or a
therapeutic target in breast cancer

Current strategies to identify patient cohorts that could benefit from targeted
therapy remain limited. Clinical trials such as the study by Carey et al. that showed
no benefit to anti-EGFR treatment with cetuximab in combination with carboplatin
in TNBC patients with metastatic disease underscore the importance of further
subtyping TNBC tumors based on their genetic profiles to improve treatment

strategies [90]. The reports mentioned above highlight the involvement of BCAR3
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in many aspects of TNBC growth and progression, suggesting that BCAR3 may

serve as a valuable biomarker and/or therapeutic target for patients with TNBC.

5.4.1 Can BCARS3 serve as a biomarker to identify breast cancer patients for
targeted therapy?

Because of the prominent role played by phosphoproteins in signaling
pathways that regulate cell/tumor growth, survival and invasion, they are
conceptually appealing as potential biomarkers. However, various aspects of
tissue collection and immunochemical (IHC) staining make these proteins/epitopes
challenging to detect [218]. Some of these challenges include phosphorylation
stability during surgical processing, tissue ischemia that could occur from excision
to processing resulting in altered phospho-proteins, preservation of
phosphorylated proteins during processing for immunohistochemistry (IHC),
differences in phospho-protein levels observed between tissues that underwent
snap-freezing or formalin-fixing, and difficulty in establishing valuable phospho-
protein quantification. Given that BCAR3-Cas is a regulator of Src kinase activity
and that BCARS is readily detected by IHC, BCARS could serve as a biomarker to
identify patients that may benefit from Src inhibitors. Interestingly, Lehmann et al.
showed that some of the claudin-low (mesenchymal-like) and basal-like cell lines
that have high BCARS expression (MDA-MB-231, Hs578T, HCC1937, BT549, and
MDA-MB-436) exhibit increased sensitivity to Src inhibition with dasatinib [75].

In addition to Src, our studies using claudin-low TNBC cells suggest that

BCARS could serve as a biomarker to identify patients who could benefit from MET
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receptor inhibitors, MET receptor blocking antibodies, or HGF neutralizing
antibodies. In vitro drug sensitivity assays measuring cell growth using cell lines
engineered to have endogenous BCAR3 (vector-control), stable BCARS3
knockdown, or stable BCAR3 knockdown with ectopic BCAR3 expression can be
used to test the sensitivity of cells to the inhibitors mentioned above as a function
of BCARS3 expression. If BCAR3 serves as a marker of drug sensitivity, then we
would anticipate that cells with endogenous or overexpressed BCAR3 would
exhibit increased sensitivity to inhibitors compared to untreated cells. If the
molecules function in the same pathway as BCARS, cells with reduced BCAR3
expression would not be expected to exhibit any augmented effects following drug
treatment. On the other hand, based on the observations made in Chapter 3, it
could be that in the setting of basal-like TNBC BCAR3 may serve as a marker of
resistance to MET inhibition. In this case we would anticipate that cells with
endogenous or overexpressed BCAR3 would exhibit reduced sensitivity to
inhibitors. Together, these in vitro assays could provide further rationale for the

use of BCAR3 as a biomarker.

5.4.2 Can BCARS3 serve as a therapeutic target?

The work in this thesis highlights the role of BCARS is an important driver
of TNBC tumor growth using in vivo and in vitro techniques. Together the data
suggest that BCAR3 may be a therapeutic target for at least a subset of patients
with TNBC. Moreover, the fact that a global BCAR3 knock-out does not elicit

serious deleterious effects during mouse development other than formation of



187

spontaneous cataracts suggests that toxicity of BCARS3 inhibition may be minimal
[120]. As stated in Chapter 1, the SH2 domain of BCAR3 has been reported to
bind to EGFR, PTPa, HER3, and LLGL2 while the C-terminus binds to Cas
[118,121-123]. These interactions suggest that inhibiting one or more of these
protein-protein interactions may be a useful therapeutic strategy. While blocking
protein-protein interactions has been historically challenging therapeutically,
several approaches have recently been shown to be effective. These include
targeting covalent interactions by blocking the amino acid side chains located
within the binding site, targeting protein-protein binding “hot-spots”, and targeting
molecular fragments within the binding interface [219,220]. To block BCARS3
functions, we would propose starting by blocking the known BCAR3-Cas
interaction. Studies by Mace et al., analyzing the crystal structure of BCARS found
that Cdc25-homology domain located within the C-terminal domain is composed
of helices that fold and employ a closed conformation due to hydrophobic
interactions, rendering the domain catalytically inactive. Their group also found that
the novel SH2-containing protein (NSP) family of adaptor molecules (of which
BCARS3 is a member) and Cas have preserved residues within their C-terminal
domains that are important for their interaction. The residues on BCARS found to
be important for BCAR3-Cas binding were Leu744 and Arg748 [118]. Since
BCARS does not have enzymatic activity, small molecule mimics that bind to these
residues could potentially be useful in blocking BCAR3-Cas association and in so
doing, prevent activation of downstream signaling. To test the effectiveness of the

inhibitor, the previously described proliferation, migration, and invasion in vitro
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assays could be used. If BCAR3-Cas interactions are required for these behaviors,
then we would anticipate a decrease in all three activities following treatment with
inhibitor, similar to the effects observed with BCAR3 knockdown. The recent
findings that BCAR3 phosphorylation at Tyr117, located near the SH2 domain, is
required for BCAR3-dependent activation of Cas reveals an additional potential
site to target with inhibitors that would disrupt the BCAR3-Cas interaction, reducing
Src activation, proliferation, migration, and invasion. Finally, peptides that block
the functionality of the SH2 domain could prove efficacious in inhibiting binding of
BCARS3 to the SH2 ligands described above.

BCARS could also be targeted using small interfering RNA (siRNA) in vivo.
Recent advances have improved the specificity, stability, and safety of these
molecules for clinical use. For example, modifications such as substitutions to the
2’-OH group, phosphonate modifications, ribose modifications, and base
modifications have been shown to reduce immunogenicity, increase longevity and
target affinity, and increase stability of siRNA molecules. In addition,
advancements in the drug delivery mechanisms for siRNAs have significantly
improved with the use of lipids, lipid-like materials, polymers, peptides, among
others [221]. Depletion of BCAR3 with targeted siRNA could help 1) reduce tumor
growth in patients as we observed in our in vitro and in vivo studies and/or 2)

prevent the development of invasive lesions.
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5.5 Final conclusions

The work in this thesis provides insight into the molecular functions of
BCARS3 and its role in driving TNBC tumor growth. Novel techniques including
epithelial mouse mammary organoids and computational approaches were used
to help identify the functional roles of BCAR3 and how this relates to MET receptor
signaling. These data open exciting new directions regarding how BCARS3
regulates receptor tyrosine kinase signaling, how BCARS3 is involved in the
transition to invasive disease, and whether BCARS is involved in integrating
signals from the tumor microenvironment, among others. Together, this work
expands our understanding of novel functional roles of BCAR3 in TNBC growth
and progression and provides avenues for potential clinical applications that could

be used to improve the care of patients with TNBC.
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