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Abstract

RET is a receptor tyrosine kinase that plays important roles in normal development of the kidney,
spermatogonia, and neuroendocrine tissues. RET is also implicated in various diseases, including tumors
of the breast, prostate and thyroid. Normally, RET is activated through the formation of a tri-molecular
complex involving its co-receptor, GFRa1, and its ligand, GDNF. The formation of this tri-molecular
complex leads to the activation of many signaling pathways that induce cellular processes such as cell
survival, differentiation and proliferation. RET is expressed in approximately 30-70% breast cancer cases.
While initial work suggested that RET was associated with luminal forms of breast cancer, more recent
data suggest that this receptor tyrosine kinase may be more broadly implicated with multiple subtypes of
breast cancer. Here, we used in vitro cell-based models to further investigate the role of RET in breast
cancer. Through our analysis, we found five RET-positive breast cancer cell lines, and confirmed the
suitability of these models to explore the role of RET in breast cancer. Further, our data suggest that RET
activation through GDNF treatment increases proliferation of most of these breast cancer cells. In a high
throughput screen using a protein domain microarray dataset, a potential interaction between RET and the
BCARS3 adaptor protein was previously identified. To gain a more mechanistic understanding of RET’s
contribution to cancer, we characterized and explored the functional implications of RET’s interaction
with the adaptor protein, BCAR3. Here, we confirm that RET and BCARS3 interact, and that it is a direct
interaction between the SH2 domain of BCAR3 and RET. As we were not able to identify in our studies a
suitable breast cancer cell model in which RET and BCAR3 were co-expressed, we used SH-SY5Y
neuroblastoma cells, a cell line that co-expresses RET and BCARS3, for our functional analyses. Our data
suggest that BCAR3 knockdown in SH-SY5Y neuroblastoma cells has a broad role in proliferation and
adhesion, independent of RET. Further research is required to fully elucidate the functional relevance of

the RET-BCARS3 association.
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Chapter 1

Introduction

1.1RET

REarranged during Transfection (RET) is a proto-oncogene that encodes a
receptor tyrosine kinase (RTK) that plays important roles in normal development of
tissues including of the nervous system, kidneys and in spermatogenesis [1-4]. RET was
initially identified in 1985 as a transforming gene in NIH 3T3 cells following transfection
with human lymphoma DNA [1]. RET is found on chromosome 10q11.2, and consists of
21 exons that encompass a region of 55,000 base pairs [5, 6]. There are three splice
variants of RET that share the first 19 exons, but differ in the 3’ ends, resulting in three
distinct protein isoforms (Figure 1-1) [7]. RET is conserved across different species -
homologues of RET have been found in other vertebrates, including mouse, rat, chicken,
zebrafish and Xenopus, and also in the invertebrate Drosophila melanogaster [8, 9]. As
per other RTKs, RET is comprised of three main domains, including an extracellular
domain, a hydrophobic transmembrane domain, and an intracellular tyrosine kinase
domain (Figure 1-2) [10]. The extracellular domain of RET consists of four cadherin-like
domains (CLD1-4) that are each approximately 110 residues, a cysteine-rich region
consisting of 120 residues, and 9 N-glycosylation sites that are required for RET’s
localization to the cell surface [10-12]. Between CLD2 and CLD3, there is a Ca®* binding
site, and interaction of Ca?" is crucial for both the functional protein stability of RET, and

the ability of RET to associate with its ligands [10].
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Figure 1-1. Diagrammatic structure of the RET gene.

RET is comprised of 21 exons. The three splice variants of RET share the first 19 exons,
but vary in the 3” ends, resulting in three distinct protein isoforms. RET9 is composed of
the entire exon 19, RET43 contains an incomplete exon 19 and the full exon 21, and
RET51 consists of a partial exon 19 and the entire exon 20.
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Figure 1-2. Schematic diagram of the RET protein structure.

RET is comprised of an extracellular region consisting of four cadherin-like domains, a
Ca”* binding site, a cysteine rich region and nine N-glycosylation sites, including N98 &
N199, a transmembrane domain and an intracellular tyrosine kinase domain. RET has
three distinct protein isoforms that share the first 1063 residues but differ in their C-
terminal amino acids, termed RET9 (1072 amino acids), RET43 (1106 amino acids) and
RET51 (1114 amino acids) after the numbers of unique amino acids.



The transmembrane domain is comprised of 22 residues, two of which, S649 and S653,
regulate RET dimerization [13]. The cytoplasmic portion of RET includes a
juxtamembrane region 50 amino acids in length, and a tyrosine kinase domain sub-
divided by a linker region [13]. RET can be found as either a 175kDa protein that is
mature and fully glycosylated, and localized at the cell surface, or as a protein with a
molecular weight of 155kDa that is immature and partially glycosylated, and contained in

the Golgi [12].

1.1.1 RET and Development

RET is found most highly expressed throughout early stages of embryogenesis,
and reduces over time to much lower levels in normal adult tissues [14]. In particular,
RET is expressed at high levels in tissues of neural crest origin, such as the kidney,
during development [2]. Studies have demonstrated that mice null for RET die just after
birth because of critical renal abnormalities, including renal agenesis, hypoplasia and
ectopic ureter termination, and the lack of an enteric nervous system, highlighting the
importance of normal RET signaling [15] . RET is involved in the growth and branching
morphogenesis of the ureteric bud, and ureter maturation during the development of the
kidney [16]. RET signaling also plays a crucial role in the growth and differentiation of
certain peripheral neurons, including sympathetic, parasympathetic and enteric neurons,
and in neurons of the central nervous system, such as motor and catecholaminergic
neurons (Reviewed in [11]). Further, RET signaling contributes to normal

spermatogenesis and spermatogonial stem cell self-renewal [17]. While RET expression
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is much lower in adult tissues than during developmental stages, it remains present in

spermatogonia, the C-cells of the thyroid gland, and nerve tissues [3, 4].

1.1.2 RET Regulation
RET has four ligands, glial cell line-derived neurotrophic factor (GDNF),

neurturin (NRTN), artemin (ARTN) and persephin (PSPN), all of which are collectively
referred to as the GDNF family ligands (GFL), and has four co-receptors, GDNF Family
Receptor alpha 1-4 (GFRal1-4) (Figure 1-3) [18]. The GFLs contribute to the formation
and maintenance of the nervous system [19]. For example, GDNF plays a role in the
maintenance of dopamine-containing neurons - neurons that deteriorate in Parkinson
Disease -, and is a therapeutic candidate for the disease [20, 21].

Like RET, GDNF also contributes to the formation and morphogenesis of the
ureteric bud of the kidney during development, and the formation of enteric neurons [22,
23]. In fact, GDNF and GFRal knockout mice both display a similar phenotype to that
observed in RET null mice, emphasizing that RET signaling is dependent on the
association of RET with its ligand and co-receptor [24]. While the ligands preferentially
associate with a particular co-receptor (ie. GFRa1-GDNF, GFRa2-NRTN, GFRa3-
ARTN & GFRa4-PSPN), cross-talk between the ligands and co-receptors was observed
[25-28]. For instance, NRTN, ARTN and PSPN can also weakly interact with GFRal,

and GDNF has been shown to cross-talk with GFRa2 and GFRa3 [25, 29, 30].
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Figure 1-3.Diagram of RET activation.

RET is normally activated through the formation of a receptor complex consisting of a ligand of
the glial cell line-derived neurotrophic factor (GDNF) family [GDNF, artemin (ARTN),
persephin (PSPN) and neurturin (NRTN)], a membrane-anchored glycosylphosphatidylinositol-
linked co-receptor of the GDNF family receptors (GFRa1-4), and RET. The preferential ligand-
GFRa receptor interactions are as follows: GDNF and GFRal, NRTN and GFRa2, ARTN and
GFRa3 and PSPN and GFRa4. Formation of this tri-molecular complex triggers multiple signal
transduction pathways that result in cell survival, proliferation and migration.



Unlike other RTKs, activation of RET occurs through the formation of a tri-
molecular complex comprised of two molecules of one of RET’s ligands (GDNF, NRTN,
ARTN & PSPN), two molecules of one of RET’s co-receptors (GFRa1-4), and two
molecules of RET itself [10, 31]. RET is only able to bind to one of its ligands if it is in
association with one of its co-receptors (Reviewed in [32]). Formation of the ligand-
RET-co-receptor tri-molecular complex triggers RET dimerization and results in
autophosphorylation of several key tyrosine residues in the intracellular region [33, 34].
This subsequently allows for binding of adaptor and signaling proteins containing Src
homology 2 (SH2) or phosphotyrosine-binding (PTB) domains, leading to activation of
multiple signal transduction pathways, including the phosphatidylinositol-3-kinase and
protein kinase B (PI3K/AKT), Extracellular signal-regulated kinase (ERK), Mitogen-
activated protein kinase (RAS/MAPK), Jun N-terminal kinase (JNK) and phospholipase
C-y pathways (Figure 1-4) (Reviewed in [35]). Subsequent activation of these
downstream pathways induces cell survival, differentiation, proliferation and migration
(Figure 1-4) (Reviewed in [35]). RET-mediated induction of downstream signaling
pathways regulates expression of various downstream target genes, including Early
Growth Response 1 (EGR1), Interleukin 11 (IL11), Activity-regulated cytoskeleton-

associated (ARC), cyclin D1 (CCND1) and transcription factor jun-B (JUNB) [36, 37].
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RET activation leads to the recruitment of adaptor proteins composed of either SH2 or
PTB domains to interact with its phosphorylated tyrosine residues. Association of these
adaptor proteins leads to the activation of several downstream signaling pathways.
Known phosphotyrosine binding sites are indicated. The extracellular domain contains
nine N glycosylation sites.

Figure 1-4. Signaling pathways mediated downstream of RET activation.



1.1.3 RET Isoforms

Due to alternative splicing at exon 19, there are three distinct protein isoforms of
RET, RET9 (1072 amino acids), RET43 (1106 amino acids) and RET51 (1114 amino
acids), which are named as per the number of unique amino acid residues at the C-
terminal end after the shared 1062 amino acid residues [7]. In contrast to RET43, RET9
and RET51 are highly conserved across species, are abundantly expressed in the kidneys
and in neural crest-derived tissues during development, and thus, are the two major
isoforms of RET [8, 38]. Of note, RET9 is more highly expressed in most RET-
expressing tissues tested to date than RET51 [39, 40]. The short isoform RET9 has 16
tyrosine residues, whereas, the longer RET51 isoform has two additional tyrosine
residues, Y1090 and Y1096 (Reviewed in [35]).

Despite the slight sequence differences between the isoforms, major functional
differences exist [41-46] . The functional differences between the isoforms have been
explored in mouse and zebrafish models [41, 43]. RET9, rather than RET51, is required
in the development of the enteric nervous system and the kidney — in fact, RET51
overexpression only partly compensates for the absence of RET9 in the development of
these tissues [41, 47]. On the other hand, RET51 is necessary for the maturation of
sympathetic neurons. Using in vitro assays, RET51 has been shown to have a greater
transforming ability and an increased role in neurite outgrowth in comparison to RET9

[42, 44-46]. RET51 also contributes to a greater degree to cell survival, proliferation and

9



migration of both papillary (PTC) and medullary (MTC) thyroid carcinoma cells in
comparison to RET9 [48]. These functional differences are likely due to the following
isoform-specific differences including, distinct trafficking properties, differential
recruitment of adaptor proteins, and unique target gene expression [33, 49-52]. RET51 is
found at higher amounts as the mature form on the cell surface, and internalizes more
rapidly following GDNF activation compared to RET9 [53]. Likewise, RET9 is found
more abundantly as the immature form in the Golgi [53]. Interestingly, distinct
trafficking between the isoforms results in a fast, sustained activation of the ERK/MAPK
pathway downstream of RET51 compared to RET9 [53]. The tyrosine 1062 (Y1062) is
situated very close to the splice site, leading to differences in the context of this tyrosine
between the isoforms. RET51 has two additional tyrosines, Y1090 and Y1096, a major
signaling hub, not found in the short isoform (Reviewed in [35]). Together, the
differences in the sequences downstream of Y1062 and the additional tyrosines in RET51
result in differential binding of proteins between the isoforms (Reviewed in [35]). Of
note, phosphorylation of Y1096 leads to the recruitment of GRB2, which subsequently
interacts with GRB2-associated binding protein 1 (GAB1) and GAB2, promoting the
downstream activation of the RAS/MAPK and PI3K/AKT pathways [54, 55], (Reviewed
in [35]). Further, GRB2 that binds to Y1096 on RET51 also recruits CBL, mediating the
downregulation of the longer isoform [52, 55]. Finally, the RET isoforms have been

reported to differentially contribute to the induction of downstream target genes [49].

1.1.4 RET and Disease

10



RET has been implicated in various human diseases (Reviewed in [35]). In fact,
mutations, gene fusions and wild-type expression of RET are associated with different
disease phenotypes [35]. Germline loss-of-function RET mutations have been associated
with approximately 50% of familial cases, and between 3 — 35% of sporadic cases of
Hirschsprung disease, a congenital developmental disorder resulting in defects of the
enteric nervous system [56, 57]. Hirschsprung-associated mutations result in various
outcomes including, a lack of proper protein folding, inability to traffic to the cell
surface, or an abrogation of functional activity [58]. Germline gain-of-function RET point
mutations result in an inherited cancer syndrome that affects neuroendocrine tissues,
multiple endocrine neoplasia type 2 (MEN 2) [59, 60]. There are two clinical sub-types of
MEN 2, MEN 2A and MEN 2B, which are characterized by the occurrence of MTC, but
differ in the presence of tumors affecting other tissues, including the parathyroid and the
adrenal gland [61]. Somatic rearrangements of RET can result in PTC, lung
adenocarcinoma and rarely chronic myelomonocytic leukemia [62-67]. These RET
rearrangements in cancer involve the intracellular kinase domain of RET fused to
sequences that include the N-terminal region of an unrelated gene, resulting in ligand-
independent constitutive activation of RET [68].

Further, wild-type RET expression has been implicated in additional diseases,
including tumors of the breast and pancreas [69-72]. RET is expressed in 30 — 70% of
invasive breast cancers, with relatively more frequent expression in certain hormone

receptor-positive sub-types [71-73]. RET expression is found in approximately 50 — 65%
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of pancreatic ductal carcinomas, and associated with aggressiveness of the disease [69,
74].

RET is also expressed in other cancer types, including prostate, neuroblastoma,
glioma, melanoma, renal cell and small-cell lung adenocarcinoma, and may act as a
tumor suppressor in colon cancer [75-81]. While RET has been shown to be expressed in
these cancers, its expression has not been associated with clinical parameters, such as

age, stage, and histological type [75].

1.1.5 RET-based Therapies

To date, clinically, there are no RET-specific inhibitors, but there are broad
tyrosine kinase inhibitors that are used to treat cancers driven by the RET receptor.
Vandetanib and Cabozantinib are both FDA-approved multi-tyrosine kinase inhibitors
with selectivity for RET used in the treatment of MTC [82-84]. In addition to RET,
Vandetanib also inhibits the vascular endothelial growth factor receptor-2 (VEGFR2),
and the epidermal growth factor receptor, whereas, Cabozantinib, also blocks the
VEGFR2 and the hepatocyte growth factor receptor [85-87]. Clinical trials are currently
ongoing with several broad-based tyrosine kinase inhibitors in many tumor types,
including thyroid and lung [88, 89]. The mechanisms of action of many of these tyrosine
kinase inhibitors is competitive inhibition of ATP-binding at the catalytic site [90]. In
vitro work suggests that subsets of luminal breast cancer patients may benefit from a
combination of RET inhibition and endocrine therapy to prevent, or delay endocrine

resistance [73, 91]. As high RET expression has been shown to be broadly associated
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with decreased overall survival in breast cancer, RET inhibition may also have

significance in non-luminal breast cancer subtypes [72].

1.2 Breast Cancer

Advances in early detection methods and treatment options have led to a
reduction in breast cancer mortality rates. Yet, among women worldwide, breast cancer is
the most frequently diagnosed cancer, with approximately 1.38 million new cancer cases
annually, and the second leading cause of cancer death following lung cancer [92-94].
According to 2017 Canadian Cancer Society statistics, in Canada, 1 in 8 women are
anticipated to develop breast cancer during her lifetime, and 1 in 31 are expected to
succumb from the disease [95].

Breast cancer is regarded as a heterogeneous disorder, and can be characterized
through various clinical and pathological factors, including patient age, histological type,
tumor size, grade, lymph node involvement, hormone receptor status, and HER2 status
[96-100]. Breast cancer is generally more frequent in older women — only 7% of women
with breast cancer are diagnosed prior to age 40 [101]. The survival rates of breast
cancer, however, are significantly better in older women than in women under the age of
40 years old [101]. Histological classification of breast cancer subtypes is based on
cellular features and growth patterns, and can be broadly divided into either in situ
carcinoma or invasive carcinoma [102] . The non-invasive classification of breast cancer
can be further sub-divided into either ductal carcinoma in situ (DCIS) or lobular
carcinoma in situ (LCIS) [102]. DCIS refers to the presence of abnormal cells exclusively

in the lining of the milk ducts, and is more common than LCIS, which is characterized as
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abnormal cell growth found within the lobules, or the milk-producing glands at the end of
the ducts [102]. Invasive breast cancer can be sub-divided into multiple types — of which,
infiltrating ductal carcinoma is the most prevalent subtype accounting for 70-80% of
invasive forms of the disease [102].

Breast cancer can also be classified according to stage, a measure that indicates
how far a cancer has spread [103]. The TNM system (refers to Tumor, Nodes and
Metastases) is used to assess stage of disease through the evaluation of the size of the
tumor, the number of lymph nodes affected, and whether the cancer has metastasized to
other regions of the body [103]. Combined assessment of these three factors provides an
overall stage ranging from 0-1V, and the lower values are correlated with a more
favourable prognosis and outcome [103]. Another approach to categorize breast cancer is
the utilization of tumor grade, a clinical parameter that takes into consideration the
morphological appearance of cancer cells compared to normal cells, and provides insight
into the growth rate, and metastatic potential of cancer [103]. Values for tumor grade
range from 1 to 3, with 1 referring to low grade tumors that are well-differentiated, slow
growing, and less likely to metastasize, 2 regarded as intermediate grade tumors that are
moderately differentiated, and 3 describing tumors that are poorly differentiated, fast
growing, and more likely to metastasize [103].

One well-accepted therapeutically-relevant classification system of breast cancer
is based on the immunohistochemical detection of the estrogen receptor alpha (ERa),
progesterone receptor (PR), human epidermal growth factor receptor 2 (HER2) & Ki-67,

a marker of cell proliferation [99]. Through this particular classification system, breast
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cancer can be divided into broad, yet clinically relevant categories: Luminal A, Luminal
B, Luminal B/Her2+, Her2+ and triple-negative [99]. The molecular characteristics of
these subtypes are outlined in Figure 1-5. The general clinical recommendations
stemming from this classification system are as follows: endocrine therapy for patients
classified under the Luminal A subtype, endocrine therapy in combination with
chemotherapy for Luminal B patients, Herceptin, a monoclonal antibody specific for
Her2, for Her2+ patients, and chemotherapy alone for triple-negative breast cancer
patients [104]. In comparison to Luminal A tumors, Luminal B breast cancers have a
poorer prognosis, and are more likely to recur following endocrine therapy or
chemotherapy [105-107].

Several studies have further characterized the molecular basis of the
heterogeneous triple-negative form of breast cancer, and multiple sub-groups have
emerged including, basal-like, and claudin-low [108-110]. Basal-like breast cancer is
defined as tumors that are negative for hormone receptors, and positive for genes that
characterize the basal epithelium, including epidermal growth factor receptor (EGFR),
and cytokeratin 5/6, and is regarded as an aggressive subtype [111]. Claudin-low is a less
frequent triple-negative breast cancer subtype and is correlated with low survival.
Patients with claudin-low tumors are negative for the following markers, ER, PR, HER2,
and claudins 3, 4 &7 and E-cadherin [112, 113]. As per basal-like breast cancer, while
claudin-low breast cancer generally displays a triple-negative phenotype, the opposite is
not true — only a small proportion of triple-negative breast tumors are claudin-low [112,

113].
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I Breast cancer
Luminal A Basal-like

ER+, PR+, ER-, PR-,
HER2-, Ki-67- HER2-, Ck5/6
&/or EGFR+

LumB/HER2+
Luminal B ER+, PR+,
ER+, PR+, HER24, any
HER2-, Ki-67+ Ki-67

Figure 1-5. Schematic diagram of a breast cancer classification system.

A clinically relevant breast cancer classification system based on the immunohistochemical
detection of the estrogen receptor, progesterone receptor, human epidermal growth factor receptor
2, and Ki-67, a cell proliferation marker. This classification system divides breast cancer into five
broad, yet clinically relevant categories: Luminal A, Luminal B, Luminal B/Her2+ and triple-
negative.
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RET and Breast Cancer
RET has been implicated in breast cancer [71-73, 114-116]. Studies initially

showed RET and GFRal over-expression in subsets of ER-positive breast cancer, but
more recently, elevated levels of RET have been reported in other subtypes as well [71-
73, 114]. RET activating mutations have not been found in breast cancer [116]. RET
rearrangements were reported in 13% of invasive ductal breast cancer cases, and 18% of
mice expressing the constitutively active RET/PTC1 gene fusion formed tumors of the
mammary gland [115]. RET copy number gains have also been observed, but not
functionally explored [117]. While RET rearrangements and copy number gains have
been reported in a few cases [115, 117], wild-type RET expression seems to be more
functionally relevant in breast cancer.

RET ligands, GDNF and artemin, have also been shown to be expressed in breast
cancer [118, 119]. Specifically, GDNF expression is elevated in Luminal B subtypes of
breast cancer in comparison to other breast cancer subtypes, and artemin expression is
associated with decreased overall survival, and with estrogen receptor status in breast
cancer patients [118, 119]. Subsequent studies have suggested that RET may be
implicated in tamoxifen and aromatase inhibitor resistance [73, 114]. The mechanisms,
however, by which RET is involved in endocrine resistance are not well understood.
GDNF-mediated RET activation increases ER phosphorylation independent of the ER
ligand, estrogen, and transcriptional activation of ER-dependent genes, suggesting
potential mechanisms of RET-mediated anti-estrogen resistance [73]. Conversely, recent
work has found two estrogen response elements on the RET promoter, and accordingly,

estrogen stimulation increases RET expression in ER+ breast cancer cells [120]. Further,
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tamoxifen treatment has been shown to decrease RET expression in luminal breast cancer
cells [73]. Together, these data suggest the complexity of the relationship between RET
and the estrogen receptor, and the need to fully delineate the molecular mechanisms of
RET-mediated endocrine resistance. RET inhibition in combination with antiestrogen
therapy was shown to be more efficacious than antiestrogens alone [82, 121], suggesting
that such a combination treatment regimen may be advantageous for RET positive
luminal breast cancers.

Although many groups have explored RET expression in luminal breast cancers,
and its association and functional relationship with the estrogen receptor, recent data have
shown that RET is also expressed in ER-negative, and triple-negative breast cancers [72].
The transcription factor AP-2 gamma (TFAP2C) promotes ER-independent RET
expression, suggesting functional relevance of RET in subtypes other than luminal forms
of breast cancer [82]. GDNF-mediated activation of RET promotes migration of breast
cancer cell lines, and interestingly, blocking RET reduces tumor growth and metastasis in
an ER+ mouse model, suggesting RET has a broader role in breast tumor growth and
metastasis [72]. Further, high RET expression levels are positively associated with both
decreased metastasis-free survival and overall survival, demonstrating the clinical

relevance of RET in breast cancer [72].
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1.3 Cell Migration

Cell migration has several important normal functions in humans, including
embryonic development, organogenesis, and wound repair. Dysregulation of cell
migration, however, may result in various consequences, such as tumor metastasis [122].
The process of cell migration is multifactorial and involves several cyclical steps
including cell polarization, protrusion, adhesion, and finally cell body translocation and
retraction of the rear [122]. The initial step of cell migration involves cell polarization
and extension of protrusions towards the path of movement in response to a migration-
promoting factor [122]. These protrusions of the front, leading edge of the cell are
dependent upon actin polymerization, and can be composed of lamellipodia and filopodia
[122]. Lamellipodia-based protrusions are sheet-like, and composed of a branched
network of actin, whereas, filopodia are finger-like, and comprised of bundles of
filamentous actin. The protrusive structures subsequently adhere to the extracellular
matrix or neighbouring cells, and these resulting adhesions function as a traction site,
allowing for the cell body to move forward via actinomyosin-dependent contraction
forces [122]. The adhesions then disassemble at the rear end of the cell, leading to

retraction of the rear, trailing edge of the cell [122].

1.4 Integrins

Integrins link the extracellular matrix to the actin cytoskeleton, and as cell
adhesion molecules have important roles in several cellular processes including cell

adhesion to the extracellular matrix, growth, migration and invasion (Reviewed in [123]).
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Consequently, integrins are implicated in tumor proliferation and metastasis (Reviewed
in [124]). The integrin family is composed of eighteen alpha-subunits and eight beta-
subunits that form heterodimers that mediate cell-to-cell and cell-to-extracellular matrix
interactions (Reviewed in [123]). These a and B subunits arrange into 24 different
heterodimers with varying tissue distributions. Integrin heterodimers have particular
extracellular matrix-binding specificities (Reviewed in [123]). High expression or activity
of integrins is regarded as a poor prognostic indicator in breast cancer [125].

There are two characterized mechanisms by which integrins are regulated —
outside-in signaling that involves environmental cues, and inside-out signaling that is
associated with intracellular signals (Reviewed in [126]). Specifically, the mechanism of
outside-in integrin activation is triggered following the association with the extracellular
matrix (Reviewed in [126]). On the other hand, inside-out signaling of integrins is
initiated via downstream signaling of RTKs (Reviewed in [126]). Integrin activation
allows for the recruitment of intracellular proteins that leads to the formation of focal

adhesions, leading to cell adhesion and downstream signaling (Reviewed in [126]).

1.4.1 Focal Adhesions

The assembly and disassembly of focal adhesions play important roles in cell
migration [127]. Focal adhesions are integrin-based cell-matrix adhesions that involve a
complex of many different signaling and structural proteins in association with the actin
cytoskeleton (Reviewed in [128]). There are over 100 proteins that can incorporate into

focal adhesions complexes, and these complexes possess both structural and signaling
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roles (Reviewed in [128]). Focal adhesion-related components comprise integral
membrane proteins, such as syndecans and integrins, proteins that interact with actin
[talin, actinin], and signaling and adaptor proteins [Src, focal adhesion kinase (FAK),
paxillin, vinculin, zyxin and integrin-linked kinase (ILK)] (Reviewed in [128]). Paxillin
is normally ubiquitously expressed in tissues and has also been associated with various
malignant tumors, including prostate, breast and lung [129]. Further, levels of paxillin
expression have been positively correlated with HER2 levels in breast cancer cell models
and patient samples [130]. Zyxin is a zinc-binding protein that incorporates into focal
adhesions at later stages of formation, and is regarded as a late focal adhesion marker

[131].

1.4.2 RET and Integrins

Activation of RET results in the phosphorylation of focal adhesion-related
proteins, including paxillin, FAK and p130Cas, and the formation of focal adhesions
[132, 133]. RET has been shown to interact with FAK [134, 135]. In pancreatic cells,
GDNF-mediated RET activation increases the expression of certain integrin subunits, and
promotes cell adhesion and invasion [136]. Cross-talk between RET and integrin
signaling plays a role in dendrite development and adhesion [137]. Further, 1 & B3
integrin subunits are involved in cell adhesion and migration downstream of RET in
neuroblastoma and PTC models [133]. Together, this suggests that cross-talk between

RET and integrin signaling may play a broader role in tumor invasion and progression.
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1.5 BCAR3

Breast Cancer Anti-estrogen Resistance 3 (BCAR3) was first identified in a
broad screen for genes implicated in tamoxifen resistance, and was subsequently found to
also promote fulvestrant resistance in hormone-dependent breast cancer cell lines
[138]. The mouse homolog of BCAR3, AND-34, was initially discovered in a study of
molecular mechanisms underlying thymic negative selection, and is homologous to the
human form [139]. BCARS is part of the Novel SH2-containing Protein (NSP) family
which consists of three related proteins: NSP-1, NSP-2/AND-34/BCAR3, and
NSP3/SHEP1/CHAT [140]. Although the NSP family members share structural
similarity, there are striking differences in their tissue distribution and functions. Initial
sequence characterization revealed that BCAR3 codes for an 825 amino acid protein
containing a region showing strong homology to the SH2 domains found in other proteins
[138]. SH2 domains consist of around 100 amino acids, and are found in various
cytoplasmic signalling proteins. Adaptor proteins with SH2 domains can bind to specific
tyrosine-phosphorylated peptide motifs on receptor tyrosine kinases that have roles in
normal signalling and cell transformation, and these interactions can lead to activation of
downstream signaling pathways. In addition to an N-terminal SH2 domain, BCAR3 also
includes a C-terminal region that is homologous to a guanine nucleotide exchange factor
(GEF) domain, and a proline/serine-rich linker region connecting these two regions
(Figure 1-6). While the C-terminal end of BCAR3 shares modest (ie. 28-33%) homology
with the GEF-domains of other proteins (ie. Ras/Ral/Rap subfamily members), this

region does not seem to possess functional GEF activity due to its closed conformation
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e p130Cas family members (ie.
p130Cas & HEF1)139, 140

= SH2 Proline/Serine GEF-like — 825

N-terminus . PTPu® C-terminus

e Certain RTKSs (ie. EGFR,
HER3 & IR)149, 167, 170

Figure 1-6. Diagrammatic structure of BCARS3.

Breast Cancer Anti-estrogen Resistance 3 (BCAR3) is a 95 kDa protein member of the
novel SH2 domain-containing protein family. BCAR3 has an amino-terminal SH2
domain and a carboxy-terminal GEF-like domain which are linked through a proline-
serine rich region. Known interacting partners of BCAR3 are outlined. BCAR3 SH2-
domain binding partners include PTPa, and members of the human epidermal growth
factor receptor (HER) family of receptor tyrosine kinases, including EGFR, and HERS.
The GEF-like domain of BCARS interacts with p130Cas family members, p130Cas and
HEF1
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that essentially hides the GTPase-binding site [141, 142]. There are four known splice
variants of BCARS3, three of which encode the same isoform, and the remaining one
codes for a shorter isoform [143]. BCAR3 knockout in mice has no major developmental
effects on fertility or lifespan, but results in a defect in the adult ocular lens due to
abnormal focal adhesion complex signalling in lens epithelial cells [144]. One of
BCAR3’s well-characterized C-terminal binding partners is p130Cas, which has also
been implicated in anti-estrogen resistance [145, 146]. Another p130Cas family member,
Human enhancer of filamentation 1, (HEF1), is also known to interact with the C-
terminal end of BCAR3 [147]. The crystallized structure of the complex of BCAR3-
related protein, NSP3, and p130Cas provides important insight into the BCAR3-p130Cas
interaction. NSP3’s C-terminal end has a closed conformation, resulting in a non-
functional GEF domain, but this phenomenon is crucial for its ability to associate with
p130Cas [142]. Known BCAR3 SH2-domain binding partners include the Protein
tyrosine phosphatase alpha (PTPa), and members of the human epidermal growth factor
receptor (HER) family of RTKSs, including EGFR, and HER3 [148-150]. While proteins
that interact with BCAR3’s proline-rich region have yet to be identified, the SH3 domain

of Crkll is hypothesized to associate with this domain [151].

1.5.1 BCAR3 & Breast Cancer

BCAR3 has been implicated in breast cancer, but its role is ambiguous. BCAR3
over-expression promotes resistance to anti-estrogens, including tamoxifen and
fulvestrant [138]. Further, BCARS is expressed in mesenchymal, aggressive breast cancer

cell models, and plays a role in mediating various oncogenic-related processes, such as
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cell proliferation, adhesion to extracellular matrix components, and cell migration [152,
153]. To date, most of the in vitro work has implicated BCAR3 in mediating an
aggressive, migratory breast cancer phenotype, but one recent study shows that BCAR3’s
role even within breast cancer may be more broad, and context-dependent than initially
thought [154]. Specifically, in breast cancer cells, BCAR3 is able to not only block Smad
activation, but Smad-induced gene transcription, cell migration and matrix digestions,
essentially acting to inhibit the TGFB/Smad signaling pathway [154].

Two separate studies exploring the clinical relevance of BCAR3 in breast cancer
highlight the complexity of the role of BCARS in breast cancer [154, 155]. T van
Agthoven and colleagues found that BCAR3 transcript expression is associated with a
positive outcome for progression-free survival in tamoxifen-treated ER-positive breast
cancer patients [155]. Consistent with this finding, high BCAR3 expression was
associated with high disease-free survival (DFS), distant metastasis-free survival
(DMFS), and relapse-free survival (RFS) [154]. Further, the observed association
between BCAR3 and disease outcome was only seen within the ER-positive subset of
breast cancer patients, and not in the ER-negative subset. Interestingly, there was a strong
association between low BCARS3 levels and relapse of disease in ER-positive breast
cancer patients [154].

In stark contrast to the majority of the in vitro studies, limited clinical studies
have correlated sole high BCAR3 expression with better outcome in breast cancer
patients, suggesting BCAR3’s role in this disease is not clear-cut [154, 155] . As p130Cas

is a well-characterized binding partner of BCAR3 and has similar functional roles, it is
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plausible that co-expression of BCAR3 and p130Cas, or the activation of signalling
downstream BCAR3-p130Cas is more functionally relevant to the anti-estrogen, and
migratory phenotype [156]. In fact, co-expression of BCAR3 with p130Cas has been
recently observed in different subtypes of breast cancers, including ER-positive, Her2-
positive and triple-negative [156]. Although initial work identified that the BCAR3-
p130Cas complex was not necessary for many of BCAR3’s functions [157], more recent
work has shown the BCAR3-p130Cas interaction is crucial to the many roles of BCAR3

in breast cancer [156].

1.5.2 BCARS3 and Breast Cancer Endocrine Resistance
Studies have shown both the SH2 domain, and GEF-like domain of BCAR3 are

required for its role in resistance to anti-estrogens [158]. Over-expression of BCAR3
results in enhanced PI3K signalling, which in turn induces Rac1l activation leading to
endocrine resistance in breast cancer cells [141, 158]. Evidence suggests that BCAR3
regulated anti-estrogen resistance occurs via an ERa-independent mechanism [159].
BCAR3 over-expression leads to induction of CCND1, which has a role in regulating
estrogen-dependent proliferation, and this enhancement is lost through blocking Racl and
PAK1 [158]. Moreover, BCAR3’s role in breast cancer anti-estrogen resistance is highly
dependent upon interactions with its C-terminal binding partner, p130Cas [160]. The
BCAR3-p130Cas interaction increases levels of both serine and tyrosine p130Cas
phosphorylation, leading to p130Cas-dependent endocrine resistance [160]. Additionally,

enhanced ERK1/2 activity was associated with endocrine resistance in cells over-
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expressing BCAR3-p130Cas, demonstrating BCAR3-p130Cas-mediated endocrine
resistance is dependent upon ERK1/2 [160]. To date, the clinical relevance of BCAR3 in

human breast cancer endocrine resistance has not been well-characterized.

1.5.3 Additional BCAR3 Functions in Breast Cancer

The BCAR3-p130Cas interaction has functions in addition to conferring anti-
estrogen resistance in breast cancer cell lines, including several roles associated with a
mesenchymal phenotype, such as cell migration and invasion [156]. The linkage of
BCAR3 and p130Cas stabilizes both proteins, and promotes p130Cas-Src interactions,
Src kinase activity, and Src-mediated p130Cas tyrosine-phosphorylation [161]. In
aggressive breast cancer cell lines, the majority of BCAR3 interacts with p130Cas, and
this interaction is crucial for BCAR3-induced adhesion disassembly, cell migration,
invasion and Racl activity [156]. PTPa interacts with the SH2 domain of BCAR3, and
BCAR3 serves as the molecular link between PTPa, and p130Cas-Src, and PTPa’s
subsequent functions, including p130Cas localization to focal adhesions, and p130Cas

signalling leading to cell migration [148].

1.5.4 BCAR3 Implicated in Other Models

BCAR3 has been well characterized in various breast cancer model systems, but
there have also been a limited number of recent studies assessing the broader functions of
BCAR3 in other disease models, and normal development. As BCAR3 is widely

expressed, and has been implicated in processes including cell proliferation and
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migration, and integrin signalling, it is logical that it would play roles in other models.
BCARS, through association with Crkll, plays a role downstream of Endothelin (ET-1)
signaling, which has roles in proliferation and attachment to the extracellular matrix, in
kidney cells [151]. Further, the calcium-regulated non-receptor, proline-rich tyrosine
kinase 2 (Pyk2), a regulator of ET-1 signaling in Glomerular Mesangial (GM) cells, plays
a role in mediating the BCAR3-Crkll interaction in kidney cells [162]. BCAR3 interacts
with HEF1, and recently has been shown to be necessary for HEF1-induced migration in
a colon cancer cell model [163]. BCARS is a downstream target of Gata2 in ectoderm,
and BCARS3 and p130Cas are expressed together in ectodermal cells during gastrulation
of Xenopus [164]. As integrin function is crucial for the process of gastrulation, BCAR3-
p130Cas may be necessary to mediate downstream integrin signalling in ectodermal cells
[164]. Additionally, BCARS3 expression has been detected in both sertoli and germ cells
of mouse testis during early development, highlighting BCAR3 may also play a role in
the formation of gonads [165]. Interestingly, a spontaneous truncation mutation in the

BCARS3 gene has been implicated in lens extrusion cataracts in a murine model [166].

1.5.5 BCAR3 and RTKs

As outlined earlier, BCAR3 contains a SH2 domain on its N-terminal end,
suggesting that it is an adaptor molecule that can interact with phosphorylated tyrosine
residues on various proteins, including RTKSs, and contribute to downstream intracellular
signalling pathways. Accordingly, recent analyses using high-throughput protein domain

microarrays that predict possible interactions between almost all SH2 domains, and
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phosphorylated tyrosine residues on RTKs revealed that the BCAR3 SH2 domain may
interact with many RTKSs, including EGFR, PDGFRB, ERBB2, FGFR3, KIT, MET and
RET [167].

Studies have confirmed that the SH2 domain of BCAR3 functionally associates
with multiple RTKSs, such as EGFR, and Her3 [150, 168]. A direct, transient interaction
has been reported between EGFR and BCARS3 via its SH2 domain following stimulation
with EGF, and this association was important for EGF-mediated mitogenesis [168, 169].
Additionally, BCARS3 has been implicated in both migration and invasion of breast
cancer cells towards EGF, yet, an endogenous EGFR-BCARS interaction in BT549
breast cancer cells after EGF stimulation could not be seen [169]. The BCAR3 SH2
domain plays a functional role in insulin-mediated DNA synthesis, and ERK activation,
but not with IGF-1 stimulation, suggesting a functional relationship between BCAR3 and
IR, but not IGFR-1 [170]. Additionally, BCAR3 has been implicated in insulin-mediated
membrane ruffling, but not in GLUT4 translocation [170]. More recently, BCAR3 has
been shown to interact with Her3, and this interaction connects this RTK to the Hippo-

Y AP pathway that promotes breast cancer metastasis to the bone [150]. While BCAR3
has been shown to functionally interact with a few RTKSs, the aforementioned high-

throughput study suggests BCAR3 may have a broader involvement with RTKSs.

1.6 Rationale/Objective

While RET has been implicated in breast cancer, its functional relevance in the

disease has not been fully explored. Here, we identify suitable cell models to study the
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role of RET in breast cancer, and investigate the role of RET in breast cancer cell
proliferation and adhesion. Further, as the RET receptor and BCARS3 have been
individually associated with cell migration, we hypothesize that BCAR3 lies downstream
of RET and that this interaction may be one mechanism by which RET contributes to
cancer cell migration. In our studies, we were not able to identify a suitable breast cancer
cell model that co-expresses RET and BCAR3. SH-SY5Y neuroblastoma cells have been
well-characterized in our lab to express RET, and its co-receptor, GFRal. As we found
detectable levels of BCAR3 in these neuroblastoma cells, we used this cell line as our
model for exploring the functional implications of the RET-BCARS interaction. As
metastasis accounts for the majority of deaths from cancer, elucidation of the role that
BCARS3 plays in RET-mediated cell migration may help uncover novel therapeutic
options for cancers associated with RET. Here, we identify a novel interaction between
RET and BCAR3, and investigate the functional implications of this interaction in a

neuroblastoma model.
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Chapter 2

Elucidation of the Role of RET in Breast Cancer
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2.1 Abstract

RET is a receptor tyrosine kinase that is crucial for normal kidney development
and spermatogenesis. RET has two main isoforms — RET9 and RET51, which are named
for the number of unique amino acids after the last common residue. RET has been
implicated in various diseases, including several cancer types. Activating mutations of
RET are associated with the cancer syndrome MEN2, PTC and lung adenocarcinoma,
whereas, expression of wild-type RET is linked to pancreatic, prostate and breast cancer.
Studies suggest that 30-70% of invasive breast cancer cases express RET. While initial
work suggested that RET expression was implicated specifically in luminal subtypes of
breast cancer, recent studies have shown that RET is more broadly expressed in breast
cancer, but is associated with aggressiveness of disease. Here, we further characterized
the role of RET in breast cancer utilizing in vitro cell models. We have identified five
RET-positive breast cancer cell lines, and further characterized the suitability of these
cell lines to explore the role of RET. We have shown that RET activation increases breast
cancer cell proliferation, but has no effect on 2D breast cancer cell adhesion. Utilizing
single isoform knockdown and total RET knockdown breast cancer cells, our data verify
that RET has a role in breast cancer cell proliferation and suggest that it may be
worthwhile to assess whether the two main RET isoforms contribute differentially to this

process.
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2.2 Introduction

RET is a RTK found on the cell surface that plays an important role in the normal
development of many tissues, including ones that are neuroendocrine-derived, and the
kidney [171]. RET is generally activated by the formation of a tri-molecular complex
involving RET, its ligand, and its co-receptor (Reviewed in [172] & [35]). Activation of
RET leads to induction of various downstream signalling pathways that lead to the
initiation of many cellular processes, including cell survival, cell proliferation, and cell
differentiation (Reviewed in [172] & [35]). Mice that are null for RET and/or its co-
receptors are embryonic lethal, highlighting the importance of normal RET signalling
during development [24]. While RET is expressed in several tissues at the development
stage, there is generally low or no expression in most adult tissues, including normal
breast [14] & (Reviewed in [173]). There are three isoforms of RET that are referred to as
RET9, RET51 and RET43 after the number of unique amino acid residues after the last
common residue 1062 [7]. As RET43 is barely detected in most tissue types, RET9 and
RET51 are the main isoforms of RET [8, 38]. Although RET9 and RET51 have a similar
sequence, major functional differences have been reported between the two main RET
isoforms [41-46]. In particular, RET9 has been shown to be crucial in the development of
the kidney and the enteric nervous system, whereas, RET51 is essential for maturation of
sympathetic neurons and has a greater transforming ability than RET9 [41, 47].
Additionally, RET51 contributes more to cell migration and invasion than RET9 in both
MTC and PTC models [48].

RET has been associated with several human diseases, including cancer

(Reviewed in [35]). Germline point mutations in RET that result in the constitutive
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activation of the RET protein can cause MENZ2, a cancer syndrome that affects
neuroendocrine tissues (Reviewed in [35]). Somatic RET mutations can lead to sporadic
MTC (Reviewed in [35]). Gene fusions of RET can cause PTC, the most common form
of thyroid cancer, and lung adenocarcinoma [62, 66]. Wild-type RET expression has been
implicated in tumors of the pancreas, prostate and breast [69-71, 114].

Amongst women worldwide, breast cancer remains the leading cause of cancer
death [174]. One clinically relevant classification system based on immunohistochemical
staining of hormone receptors subdivides breast cancer into five different subtypes —
luminal A, luminal B, HER2-enriched, triple-negative, and normal-like (Reviewed in
[175]). Many separate studies have shown that RET plays a role in the pathogenesis of
breast cancer [71, 73, 114]. In initial studies, RET and its coreceptor, GFRal, were found
to be overexpressed in 30-70% breast tumors, and correlated to the ER+ subtype of breast
cancer [71, 73]. In recent studies, RET expression was reported to be also relevant in ER-
negative and triple negative breast cancer cases, and correlated with decreased
metastasis-free survival [72]. While estrogen has been shown to increase RET expression
in an ER-dependent mechanism, TFAP2C has been shown to contribute to RET
expression independent of ER [82], further emphasizing the biological relevance of RET
in multiple subtypes of breast cancer.

Integrins form heterodimers that mediate the interaction of cells with
components of the extracellular matrix, including fibronectin, laminin or collagen
(Reviewed in [176]). Integrins play a role in processes such as cell proliferation, adhesion

and migration, and are thus, implicated in tumor proliferation and metastasis (Reviewed
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in [176]). In breast cancer, high expression or activity of integrins is regarded as a poor
prognostic indicator [177]. There are 8 integrin beta subunits. B2 and B7 are regarded as
leukocyte-specific, and thus only integrin beta subunits 1, 3-6 and 8 were investigated.
While RET has been implicated in breast cancer, the mechanism and processes by
which the RET protein contributes to breast cancer pathogenesis is not well
characterized. Further, studies have not yet assessed whether the RET isoforms
differentially contribute to breast cancer. Here, we further investigate the role of RET in
breast cancer using in vitro cell models, and explore whether the two main isoforms of
RET contribute differently to breast cancer. We have found five RET-positive breast
cancer cell lines belonging to different breast cancer subtypes, and evaluated the
suitability of these cell lines to explore the role of RET in breast cancer by assessing
expression of RET’s co-receptors, and whether RET activation induces RET target gene
expression. We showed that RET activation leads to increases in cell proliferation in four
of the five breast cancer cell lines, but does not affect MCF7 adhesion to collagen. We
used shRNA to generate single isoform and total RET knockdown (KD) to assess the
contributions of the RET isoforms to breast cancer cell proliferation, and found that the
RET isoforms differentially contribute to cell proliferation in MCF7 breast cancer cells.
These data support that RET has a broad role in breast cancer pathogenesis, and that

RET9 and RET51 may contribute to breast cancer proliferation to different extents.
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2.3 Materials & Methods

2.3.1 Cell Culture
MCF7, T47D, BT20, BT-474 and MDA-MB-453 breast cancer cell lines, SH-

SY5Y neuroblastoma cells, MIA PaCa-2 pancreatic cells, and HEK293T cells were
obtained from American Type Culture Collection (ATCC, Manassas, VI). MCF7 and
T47D cells were grown in Roswell Park Memorial Institute 1640 Medium (RPMI-1640,
Sigma-Aldrich, Oakville, ON and all other cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM, Sigma-Aldrich, Oakville, ON). DMEM and RPMI-1640
growth media was supplemented with 10% Fetal Bovine Serum (FBS, Sigma-Aldrich,
Oakville, ON), and 1% Ciprofloxacin (GenHunter, Nashville, TN). Cells were incubated
at 37 °C with 5% CO,. TrypLE (Life Technologies, Burlington, ON) was used as a

dissociation reagent to sub-culture cells.

2.3.2 Protein Isolation

Cells were cultured to approximately 70-90% confluence. Prior to protein harvest,
cells were placed on ice, and rinsed twice with cold 1 X phosphate buffered saline (PBS).
Total protein was isolated using a cell scraper and lysis buffer composed of 1% Igepal
(Sigma-Aldrich, Oakville, ON), 20 mM Tris-HCI (pH 7.8), 150 mM NaCl, 2 mM EDTA
with protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 10 pug/mL aprotonin, 1
mM sodium orthovanadate, and 10 pg/mL leupeptin). Whole cell lysates were rotated at

4°C for 30 minutes, and then centrifuged at 12,000 g, 4°C for 15 minutes to remove
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cellular debris. The BCA protein assay (Thermo Scientific, Rockford, IL) was utilized to
determine total protein concentrations of whole cell lysates according to manufacturer’s

instructions.

2.3.3 Western Blotting

RET protein expression was assessed through western analysis. Prior to
separation of whole cell lysates on a 7% SDS-polyacrylamide gel, samples were
combined with Laemelli buffer (250 mM Tris pH 6.8, 4% SDS, 10% glycerol, 0.006%
bromophenol blue, 2% 2-mercaptoethanol) and denatured at 95°C for 5 minutes.
Following separation by SDS-PAGE, proteins were transferred electrophoretically to
nitrocellulose membranes (Bio-Rad Laboratories, Mississauga, ON). Membranes were
blocked for 30 minutes with 5% milk in Tris-buffered saline with 0.1% Tween-20 (TBS-
T), and then incubated with primary antibody at a 1:1000 dilution (with the exception of
tubulin which was added at a 1:5000 dilution) at 4°C overnight. Primary antibodies
utilized included C19 RET9 (Santa Cruz Biotechnology, Santa Cruz, CA), and EIN8X
Total RET (Cell Signaling Technology, Beverly, MA). Antibodies for either 3-actin or
tubulin (Sigma-Aldrich, Oakville, ON) served as the internal loading controls. Prior to
the addition of the secondary antibody, TBS-T was used to rinse membranes three times
at 15 minutes per wash. Secondary antibodies were added at a 1:3000 dilution for 1-2
hours at room temperature. Membranes were rinsed with TBS-T three times for 15
minutes. The Western Lightning Chemiluminescence Reagent Plus (PerkinElmer,

Waltham, MA) and CURIX Ultra UV-G Plus film (AFGA Healthcare, Toronto, ON)
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were used to detect protein expression levels. Films were scanned with an Epson
Perfection 4990 photo scanner (Epson, Long Beach, CA) to create digital images. These

images were used to calculate pixel density values with ImageJ software.

2.3.4 RNA Isolation and Quantitative Real-Time PCR (qRT-PCR)

Cells were grown to approximately 70-90% confluence. RNA was extracted
utilizing Trizol reagent (Invitrogen, Burlington, ON) as per the manufacturer’s
instructions. RNA concentration was quantified spectrometrically (Nanodrop 2000
Spectrophotometer, Thermo Fischer Scientific, Rockford, IL). The one-step QuantiTect
SYBR green quantitative real-time PCR kit (Qiagen, Mississauga, ON), and a
SmartCycler 11 (Cepheid, Sunnyvale, CA) were used to reverse transcribe RNA into
cDNA, and amplify resulting cDNA according to the manufacturer’s instructions. Primer
sequences are given in Table 2-1. PCR cycling conditions are provided in Table 2-2. Melt
curve analysis was performed to ensure primer pairs resulted in a single product, with no
primer dimers. The cycle threshold (Ct) value, which is defined as the number of cycles
required for a statistically significant increase in fluorescence (ie. exceeds beyond
background level) (Reviewed in [178]), was used to provide a relative measure of the
amount of the target gene of interest in PCR reactions. Beta-glucuronidase (GusB) was
used as a housekeeping gene to normalize transcript levels between different samples
[49]. The relative amounts of RET transcript were determined for each sample of 200 ng

RNA using a standard curve previously generated by Eric Lian [48].
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Table 2-1. Primer sequences used for gRT-PCR experiments.

Gene Forward Primer (5°—3) Reverse Primer (5'—3°) Product
Target Size
(bp)
GusB GAAAATACGTGGTTGGAGAGC AAGGAACGCTGCACTTTTTG 131
RET | AATTTGGAAAAGTGGTCAAGGC CTGCAGGCCCCATACAAT 186
ITGB1 AACTGCACCAGCCCATTTAG TCTGTGGAAAACACCAGCAG 203
ITGB3 CTCGAAAACCCCTGCTATGA TCATTCCTCCAGCCAATCTT 206
ITGB4 CCATAGAGTCCCAGGATGGA TCACAAACTCCTGGGTCACA 207
ITGB5 TTGTCAAAAATGGCTGTGGA TTCATGGACAGGGAGAGGTC 244
ITGB6 GAAGAAATTGCCAACCCTTG AGGAGGTGGAGGGAGTCATT 227
ITGB8 GCCTGGGTGTTTTCACTTGT ATCAACTGAGCAGCCTTTGC 204
EGR1 AGATGATGCTGCTGAGCAACG | ATGTCAGGAAAAGACTCTGCGGT 214
ARC GAATCAGAGCTCAGCTCATGACT | GACTTTGTGGGAACCTTGAGAC 139

CCND1

CGAGAAGCTGTGCATCTACA

AATGAAATCGTGCGGGGTCA

123
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Table 2-2. PCR cycling conditions for one-step gRT-PCR.

Step Temperature Time

Reverse Transcription 50 °C 1800 s

Initial Denaturation 95°C 900s
Denaturation (40X cycles) 95°C 15s
Annealing (40X cycles) 55°C 255s
Extension (40X cycles) 72 °C 15s
Melt Curve Ramp from 60 °C to 95 °C
Storage 4°C Hold
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RET target gene expression was quantified using the comparative Ct method. Relative

levels of GFRal, GFRa3, and ITGB1, ITGB3-6 & ITGB8 gene expression was reported
by subtracting the Ct values from the baseline value of 40 cycles to generate an Inverted
Ct value. The gRT-PCR assays were performed at least in triplicate with a minimum of

three biological replicates.

2.3.5 Cell Adhesion Assays

Cells were grown to approximately 70-90% confluence, and dissociated with 1X
citric saline (10X solution: 1.35M KCI and 0.15M sodium citrate) prior to seeding for
adhesion assays. Wells of a 96-well plate were coated with 200 ng/ul collagen, 20 ng/ul
fibronectin (BD Biosciences, Bedford, MA) or BSA, and blocked with 3% BSA in PBS.
Breast cancer cells were seeded at a density of 5 x 10* cells per well in 100 pl of 0.3%
BSA in DMEM or RPMI, and placed at 37°C for one hr. Cells were washed with PBS,
fixed in 3.7% paraformaldehyde, and stained in 0.5% Toluidine Blue-O for 3 hours. Cells
were rinsed with ddH,0, and solubilized with 0.2% Triton-X100 for 20 minutes. Relative
level of cell adhesion was measured by assessing absorbance at 570 nm (ELx 800UV

plate reader, Bio-Tex Instruments, Houston, TX) and normalizing to BSA controls.

2.3.6 Cell Proliferation Assays
Cell viability assays were performed using 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-

diphenyltetrazolium bromide (MTT, Life Technologies, Burlington, ON) as previously

described [37]. In a 96-well plate, 1 x 10* cells per well were seeded in 100 pl of DMEM
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or RPMI growth media containing 0.1% FBS in the presence or absence of 50 ng/ml
GDNF (Peprotech, Rocky Hill, NJ). After 3 days of cell proliferation, a final
concentration of 45 pg/mL MTT in PBS was added for 24 hours at 37°C. Formazan
crystals were dissolved with a 4 hour incubation with 100 pL of 20% SDS acidified with
0.04 M HCI at room temperature with shaking. Reduced MTT was quantified by

absorbance at 570 nm (ELx 800UV plate reader, Bio-Tex Instruments, Houston, TX).

2.3.7 Short Hairpin RNA Production
Three different short hairpin RNAs (shRNA) for each of the two forms of RET,

RET9, RET51 and total RET in pLKO.1 vectors, were obtained from Open Biosystems
(Huntsville, AL), and validated by BLAST by Eric Lian [48]. RET9, RET51 and total
RET shRNA constructs or an empty pLKO.1 vector (Mock KD) control were grown in
HEK293T packaging cells by transfecting a three plasmid packaging system including
the psPAX2 and pMD2.G packaging and envelop vectors (Addgene, Cambridge, MA)
using Lipofectamine 2000 (Life Technologies, Burlington, ON). The growth media of the
HEK293T cells was changed to serum-free OptiMEM (Life Technologies, Burlington,
ON) before transfection. After transfection, cells recovered overnight prior to the addition
of 10% FBS to the media. Lentivirus was harvested every 12 hours for a 2 day period
after transfection, and replaced with growth media supplemented with 30% FBS
following each collection. Harvested medium was centrifuged to remove cell debris,
filtered with a 0.45 um filter (EMD Millipore, Billerica, MA) and then pooled, aliquoted

and stored at -80°C.
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2.3.8 Generation of Stable RET-KD MCF7 Cell Lines

MCFT7 cells expressing wild-type RET were grown to 70% confluence, and
transduced with aforementioned described lentiviral constructs to generate polyclonal
stable RET-KD cell lines. Specifically, MCF7 cells were infected with 750 ul of
lentiviral particles of an empty vector, or RET9, RET51 or total RET shRNA, and
incubated for 24 hours. The media was then changed to RPMI media supplemented with
10% FBS and 1 pg/mL puromycin to select for transduced cells. As described above,
RET KD was validated using western blotting, and quantified using densitometry with

ImagelJ software.

2.3.9 Statistical Analysis

Data are represented as mean + standard error of the mean (SEM) of a minimum
of three experimental replicates. A two-tailed, unpaired student’s t-test or one-way
ANOVA was used to perform statistical analysis, and a p-value of less than 0.05 was

considered to be significant.

2.4 Results

2.4.1 Endogenous RET Expression in Breast Cancer Cell Lines

To identify suitable cell models to study the role of RET in breast cancer, we

initially screened for RET protein expression in a panel of 13 breast cancer cell lines
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utilizing western blotting. We identified five RET-positive cell lines, BT474, MCF7,
T47D, MDA-MB-453 and BT20, belonging to different breast cancer subtypes (Figure 2-
1A). The characteristics, including receptor status, of these breast cancer cell lines are
outlined in Table 2-3. Briefly, MCF7 and T47D cells are luminal A breast cancer cell
lines, the BT474 cell line is a luminal B subtype of breast cancer, and MDA-MB-453 and
BT20 cells are triple negative breast cancer cells [179]. As observed in other cell lines,
RET is expressed in these breast cancer cell lines as a doublet consisting of bands of 155
kDa corresponding to the immature form and 175 kDa corresponding to the mature form.
We observed a range of RET protein expression levels in the five RET-positive breast
cancer cells. MCF7 cells expressed the highest level of RET protein, BT474 breast cancer
cells expressed moderate levels of RET protein, and T47D, MDA-MB-453 and BT20
cells expressed lower levels of RET protein (Figure 2-1A). Interestingly, we found that
the mature form of RET in BT474s is larger than that is observed in other cells. As
glycosylation accounts for the difference observed between the immature and mature
forms of RET, the differential size of the mature form of RET in BT474 cells may be due

to a differing glycosylation pattern.
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Figure 2-1. RET expression in breast cancer cell lines.

A) Western blot analyses of RET9 expression in a panel of breast cancer cell lines. The RET protein
is expressed as a doublet — there is an immature, partially glycosylated form of RET that is 155 kDa,
and a mature, glycosylated form that is 175 kDa. BT474, MCF7, T47D, MDA-MB-453 and BT20
cells are RET protein-expressing breast cancer cell lines. There is relatively high RET protein
expression in BT474, MCF7 and BT20. The mature form of RET in BT474 is larger than what is
normally observed. Whole cell lysates of each cell line were separated by SDS-PAGE, and probed
for RET9. Actin was used as the loading control. Red boxes indicate RET-positive breast cancer cell
lines. The table below the blots indicates the estrogen receptor status of each cell line. B) RET
transcript expression in 5 RET protein-expressing breast cancer cell lines. We used quantitative real-
time PCR (gRT-PCR) to assess transcript expression of RET isoforms, RET9, RET51 and RET43.
Data are represented as relative copy number of transcripts per 200 ng RNA on a logarithmic scale.
Error bars represent standard error across three experimental replicates.
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Table 2-3. Receptor status of ER, PR, and HER2 in RET-expressing breast cancer cell lines.

Cell Line ER? PR! HER2!
BT474 _ + +
MCF7 + + -
T47D + + _
MD-MB-453
BT20
1 [179]
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We wanted to verify RET transcript expression in the five RET-protein positive
breast cancer cell lines. Total RNA was harvested from these cells, and used to assess
transcript levels corresponding to individual RET isoforms using gRT-PCR. SH-SY5Y
neuroblastoma cells, which have been previously well-characterized in our lab as a RET-
expressing cell line, were used as a positive control in these gRT-PCR experiments.
Sterile water was used a negative control. As observed in other tissue and cell types,
RET9 and RET51 were co-expressed in breast cancer cells, whereas, RET43 is barely
detected (Figure 2-1B). Like SH-SY5Y cells, in MCF7, MDA-MB-453 and T47D breast
cancer cell lines, RET9 was more highly expressed than RET51 (Figure 2-1B). In BT474
cells, RET9 and RET51 were expressed at similar levels, and in BT20 cells, there was
more RET9 present than RET51 transcripts. In general, the levels of RET protein and

transcript expression in these cells seem concordant.

2.4.2 Endogenous RET Co-Receptor Expression in Breast Cancer Cell Lines

To further confirm the suitability of the five RET-protein positive breast cancer
cell lines to study the role of RET, we assessed the expression of two of RET’s co-
receptors. As there are, to date, no suitable commercially available antibodies to assess
expression of any of the RET co-receptors, we evaluated expression of GFRal and
GFRa3 transcripts. SH-SY5Y cells were utilized as a positive control, and sterile water
was used as a negative control in these gRT-PCR experiments. We found detectable

levels of GFRal transcript expression in all five breast cancer cell lines assessed (Figure
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2-2A). With the exception of MDA-MB-453 cells, GFRa3 was also detected (Figure 2-
2A). In MDA-MB-453 cells, while GFRal was expressed, GFRa3 was barely expressed
(Figure 2-2A). We detected high expression levels of GFRal and GFRo.3 in MCF7,
suggesting that both GDNF, the preferred ligand for GFRal, and artemin, the ligand of
preference for GFRa3, may activate RET in these cells [180].

Previous gene expression analyses have identified genes modulated downstream
of RET [36, 181, 182]. Induction of RET target genes following activation of the RET tri-
molecular complex would indicate a cell line biologically relevant to investigate the role
of the RET protein. As MCF7 cells express detectable levels of RET and its co-receptors,
we assessed the modulation of known target genes following RET activation in this cell
line. We evaluated transcript expression of RET target genes, CCND1, EGR1 and ARC,
after RET activation with either GDNF or artemin treatment in MCF7 breast cancer cells
(Figure 2-2B) using gRT-PCR. Sterile water was utilized as a negative control. Previous
studies have shown CCND1 and EGR1 expression are increased following RET
activation in HEK293 cells transiently expressing wild-type RET [36, 37]. RET
activation led to induction of these three target genes in MCF7 breast cancer cells (Figure
2-2B). We found increases in EGR1 following 1 hour and 6 hours of both GDNF and
artemin treatment relative to untreated cells. CCND1 was more highly expressed after 6
hours of ligand treatment in comparison to untreated cells. ARC expression was increased
following 1 hour of GDNF treatment, and 6 hours of artemin treatment compared to no
treatment. These gene expression data suggest that these cells would be a good in vitro

model to study the role of RET in breast cancer. Additionally, as these results
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Figure 2-2. Transcript expression of RET co-receptors GFRal and GFRa3, and RET target
genes, CCND1, EGR1 and ARC, after induction with RET ligands, GDNF & Artemin.

A) We used gRT-PCR to assess transcript expression of GFRal and GFRo.3 in a panel of breast
cancer cell line RNA, including BT474, MCF7, T47D, MDAMBA453 and BT20. Data are represented
as inverted Ct-values (the Ct value was subtracted from the baseline value of 40 cycles), and show
that there are detectable levels of GFRal and GFRa3 expression in these breast cancer cell lines. B)
Activation of RET via GDNF and artemin leads to increases in CCND1, EGR1 and ARC expression
in MCF7 cells. Data are represented as mean fold change relative to expression in untreated cells. A
minimum of three biological replicates with three technical repeats were used for the analysis, and
error bars represent standard error. (*p<0.05).
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demonstrate that both artemin and GDNF treatment lead to normal RET activation, both

ligands would be ideal to use to assess the role of RET in breast cancer.

2.4.3 RET Activation has an Effect on Breast Cancer Cell Proliferation, but not
Adhesion

Our lab has previously shown that integrin f1 and integrin 3 play roles in cell
adhesion and migration downstream of RET in neuroblastoma and PTC models [133].
Thus, we chose to investigate a potential functional interaction between integrin subunits
and RET in breast cancer. We found detectable levels of six integrin beta subunits in our
five selected breast cancer cells using qRT-PCR (Figure 2-3). Across the five breast
cancer cells lines evaluated, there was high expression levels of ITGB4. Additionally,
with the exception of BT20 cells, there was low expression of ITGB3, and ITGB8. We
assessed the optimal extracellular matrix conditions for the attachment of RET-positive
cell lines for use in our subsequent cell adhesion experiments, and identified that the cells
preferentially adhere to 200 ng/ul collagen (Figure 2-4). Using collagen as extracellular
matrix, we performed adhesion assays with MCF7 breast cancer cells pre-treated with
GDNF for various times, including 0 hours, 1 hours, 3 hours, 6 hours and 12 hours. Our
data suggest that RET activation does not affect cell adhesion in MCF7 cells (Figure 2-5).

In order to determine whether RET activation had an effect on breast cancer cell
proliferation, we performed MTT cell viability assays will our five cell lines of interest
over a period of three days in the absence and presence of GDNF treatment. Levels of

cell proliferation of our breast cancer cells in the absence of GDNF treatment were used
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Figure 2-3. Expression of integrin beta subunits in breast cancer cell lines.

We used qRT-PCR to measure integrin beta subunit transcript expression in the five RET-protein
positive breast cancer cell lines, MCF7, BT474, T47D, MDA-MB-453 and BT20. All six integrin
beta subunits assessed are expressed at detectable levels in the breast cancer cells in our panel. Data
are represented as inverted Ct [40-Ct] normalized to GusB housekeeping gene expression. At least
three biological replicates and three technical replicates were used in the analysis. Error bars
correspond to standard error.
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Figure 2-4. Collagen is the preferred extracellular matrix for assessed RET-positive
breast cancer cell lines.

Adhesion assays were performed for breast cancer cells as previously described [133]
with few modifications as indicated in the Methods. Binding preferences of the five
breast cancer cell lines to either fibronectin or collagen was assessed. There is greater cell
adhesion with all cell lines using collagen in comparison to fibronectin and BSA negative
control. Cell adhesion was quantified at 570 nm absorbance, and data are represented
here normalized to BSA controls. Error bars correspond to standard error across at least
three technical replicates.
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Figure 2-5. RET activation via GDNF treatment does not affect MCF7 cell adhesion.

Adhesion assays were performed with MCF7 breast cancer cells as previously described
[133]. Prior to adhesion, cells were pre-treated with GDNF for indicated times. Adhesion
was quantified at 570 nm absorbance, and data are represented normalized to BSA
controls to identify relative cell adhesion. Error bars represent standard error across a

minimum of three replicates.
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as the baseline to assess the effects of breast cancer cell proliferation following RET
activation. Interestingly, RET activation results in a small, but significant increase in cell

proliferation in MCF7, BT20, MDA-MB-453 and T47D breast cancer cells (Figure 2-6).

2.4.4 Quantification of RET Isoform-Specific Knockdown in MCF7 Breast Cancer
Cells

To assess the relative contributions of the RET isoforms to breast cancer cell
proliferation, we used lentiviral delivery of ShRNA specifically targeting sequences
unique to RET9 or RET51 or to all RET forms (panRET) [48], to generate polyclonal
MCEF7 cell lines expressing single RET isoforms or no RET. Successful knockdown of
RET in the three MCF7 cell lines was verified by Western blotting using an antibody to
total RET, and quantified by densitometry (Figure 2-7A & B). Additionally, retinoic acid

(RA) treatment increased RET expression levels in MCF7 cells (Figure 2-7A).

2.4.5 Effects of RET KD on Cell Proliferation

MTT cell viability assays were used to assess the effects of RET KD on cell
proliferation. Total RET KD decreased basal cell proliferation levels, and abolished the
GDNF-mediated increase in cell proliferation observed in the control Mock KD cells
(Figure 2-7C). In isoform-specific RET9 KD cells, GDNF still results in an increase in

cell proliferation, albeit much more modest than in Mock KD cells (Figure 2-7C).
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Figure 2-6. GDNF-mediated RET activation increases cell proliferation in MCF7, T47D, MDA-
MB-453 and BT20 breast cancer cells.

Cell proliferation of indicated breast cancer cell lines was determined by MTT assays, with or
without GDNF (50 ng/ul). After 3 days of proliferation in the presence or absence of GDNF, a final
concentration of 45 pg/mL MTT in PBS was added for 24 hours at 37°C. Data are represented here
as relative cell proliferation to no GDNF treatment, to assess effects of RET activation. [* indicates
statistical significance; p-value <0.05]. Error bars correspond to standard error across at least three
technical replicates.
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Figure 2-7. Validation of RET KD in MCF7 cells, and effect of RET KD on MCF7 breast cancer cell
proliferation.

A) Western blotting with a total RET antibody (EIN8X) was used to verify RET knockdown in RET9,
RET51 and total RET KD cell lines compared to control Mock KD cells. Retinoic acid was added for an
overnight period to indicated condition. Tubulin was used as the loading control. B) RET KD was
quantified by densitometry, and represented as pixel density normalized to tubulin and relative to Mock
KD. C) MTT assays were used to measure cell proliferation in RET isoform-specific knockdown MCF7
cells. Data are represented as cell proliferation relative to Mock KD MCF7 that had no GDNF treatment.
Error bars correspond to standard error across a minimum of three experimental replicates. [* indicates
statistical significance; p-value <0.05].
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more to GDNF-mediated cell proliferation than RET9. Together, this suggests that the
GDNF-mediated increase in cell proliferation is RET-dependent, and that the isoforms of

RET differentially contribute to GDNF-mediated MCF7 breast cancer cell proliferation.

2.5 Discussion

The RET receptor tyrosine kinase has been implicated in various cancer types,
including of the thyroid, prostate and breast. 30-70% of invasive breast cancer cases have
been reported to have expression of wild-type RET [71, 72, 114]. In this present study,
we have identified suitable models to explore the role of RET in breast cancer, and
utilized them to assess the role of RET in breast cancer cell proliferation and adhesion.
Our gRT-PCR results suggest that the shorter RET9 isoform is more abundant than the
longer RET51 isoform in three of the breast cancer cell lines, MCF7, T47D and MDA-
MB-453. Further, our data show that BT-474 cells have similar amounts of the two main
RET isoforms, and that in BT-20 cells, RET51 is more highly expressed than RET9.
Griseri and colleagues also assessed RET isoform transcript expression using qRT-PCR
in MCF7 and T47D [183], and consistent with our results also found that RET9 is more
highly expressed than RET51 in these two cell lines. Boulay et al. assessed RET isoform
transcript and protein expression in a panel of breast cancer cell lines, including MCF7,
T47D, MDA-MB-453 and BT-474, and found that both isoforms were co-expressed, but
did not make quantitative comparisons of the expression levels of the two RET isoforms

[114]. This group reported that RET9 and RET51 protein were both expressed in a
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similar pattern in the assessed breast cancer panel, but only showed the RET9 protein
expression data [114]. Generally, in various tissue types, RET9 is more highly expressed
than RET51 [39, 184]. Our data suggest that in breast cancer cell lines there may be more
variability in the relationship between RET9 and RET51 transcript levels than in other
tissue types. However, it is worth mentioning that expression level differences of the
isoforms may be different at the protein level compared to transcript levels.

As mentioned previously, our western blotting data suggest that the mature form
of the RET doublet is larger in BT-474 cells than what is normally observed, and this is
consistent with other RET protein expression data [114]. The difference between the
immature band of RET at 155 kDa, and the mature band of RET at 175 kDa is the degree
of glycosylation, suggesting that the RET present in BT-474 cells may have a different
glycosylation pattern than usually observed.

GFRal is the most commonly associated co-receptor of RET, but as GFRa3 has
been independently shown to be important for breast cancer cell growth, and effect the
survival of breast cancer patients, we assessed the transcript expression levels of both
these co-receptors in our 5 RET-positive breast cancer cell lines. Our data show that there
are detectable levels of both co-receptors in the assessed cell models, providing support
that GDNF, the main ligand associated with GFRal, and artemin, the main ligand
associated with GFRoa3, would be useful for RET activation. While we did not
quantitatively compare the levels of the co-receptors, it may be useful to do so in the
future as it may help identify the ideal ligand to use in functional assays. Although other

groups have utilized various GFRal antibodies, we have yet to identify a suitable GFRal
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antibody to evaluate protein expression by western blotting. With a well-characterized
and specific GFRal antibody, it would be interesting to explore whether our transcript
co-receptor expression data is concordant with the protein level.

Groups have shown that RET activation by GDNF treatment increases
phosphorylation of RET, AKT and ERK in the ER positive breast cancer cell lines,
MCF7 and T47D [71, 72]. We wanted to further characterize the suitability of our breast
cancer cell lines to explore the role of RET, and to do so, we evaluated the effect of the
RET ligand, GDNF, on the expression levels of known RET target genes, EGR1, CCND1
and ARC in the MCF7 breast cancer cell line. Our data suggest that GDNF treatment
increases expression of these RET target genes. As our data along with data from other
groups show GFRa3 is expressed in breast cancer cell lines [119], we also assessed the
effect of the RET ligand, artemin, treatment on expression of the three RET target genes.
Similar to GDNF, artemin activates RET in MCF7 breast cancer cells, providing further
evidence that this breast cancer cell line is suitable to explore the role of RET.

Esseghir et al demonstrated that GDNF treatment increases MCF7 cell
proliferation utilizing BrdUrd assays [71]. Similar to the work of Esseghir and
colleagues, our MTT assay data suggest that RET activation increases cell proliferation
of the breast cancer cell lines assessed including, MCF7, T47D, MDA-MB-453 and BT-
20. Interestingly, our data show that RET activation via GDNF treatment does not have
an effect on proliferation of BT-474 cells. As mentioned earlier, we noticed that the
immature form of RET in BT-474 cells is larger than normal likely due to a differing

glycosylation pattern, which may be interfering with its ability to properly bind its ligand.
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This hypothesized impaired binding in BT-474 cells would be one possible explanation
for why RET activation does not affect cell proliferation in these cells. It would be
interesting to perform glycoproteomic assays to explore whether BT-474 cells do in fact
have a different glycosylation pattern that may interfere with normal RET activation.

Our lab has previously shown that RET activation increases cell adhesion in SH-
SY5Y neuroblastoma cells [133], but we do not see an effect on cell adhesion following
GDNF treatment in the MCF7 breast cancer cells. Further, as artemin treatment increases
the expression of RET target genes, it may be worthwhile to explore whether RET
activation via artemin has an effect on breast cancer cell adhesion.

Initial clinical evidence suggested that RET expression was associated
specifically with the ER-positive subtype of breast cancer [71], but a subsequent study
showed that RET was more broadly expressed in human breast cancer and associated
with decreased overall survival [72]. Consistent with more recent studies, our data
suggest that there may be functional relevance of RET more broadly in breast cancer. For
example, our data suggest that RET activation increases proliferation of MDA-MB-453
breast cancer cells, a triple negative breast cancer cell model. Spanheimer and colleagues
identified that TFAP2C regulates RET expression, and that this regulation is independent
of the ER expression in breast cancer [82]. Specifically, in addition to MCF7 and T47D
ER positive breast cancer cell lines, this group also used MDA-MB-453 breast cancer
cells, and showed that in the all three cell models, KD of TFAP2C decreased RET
expression [82], providing further support that RET may play a broader role in breast

cancer.
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Further research utilizing different, more comprehensive cohorts of breast cancer
patients, and a wide range of breast cancer cell models is required to more
comprehensively understand the contribution of RET to breast cancer. Our data suggest
that the RET isoforms contribute differentially to breast cancer cell proliferation. This
warrants further exploration of the contribution of RET9 and RET51 to other breast
cancer processes in in vitro models, such as migration and invasion, and to human breast
cancer using RET isoform-specific antibodies and tissue microarrays.

Moreover, expression of wild-type RET has been associated with breast cancer,
however, very recently, a group has identified RET Y791F, a common population variant
in RET which has also been found in patients with MEN2A syndrome or thyroid cancer,
as a potential variant correlated with increased risk of breast cancer [185]. This suggests
additional research is required to not only understand how wild-type RET expression may
be mechanistically contributing to breast cancer, but also to verify if RET variants are
associated with breast cancer.

In summary, we have identified suitable breast cancer cell models to evaluate the
role of RET in this cancer type. Our data suggest that RET activation has a broad role in
breast cancer cell proliferation irrespective of ER status. Further, we showed that RET9
and RET51 contribute differentially to the process of MCF7 breast cancer cell
proliferation. These data support a role for RET in breast cancer, and warrant further
investigation of the RET isoforms in other breast cancer functions and tumors to obtain a
more comprehensive understanding of RET’s contribution to the disease. Clinically, there

are various receptor tyrosine kinase inhibitors that target RET [83], including
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Vandetanib, which is currently used as a treatment for aggressive MTC (Reviewed in
[35]). It may be useful to assess the benefit of combination therapy comprised of
Vandetanib and the standard adjuvant treatment depending on the subtype (ie.
tamoxifen/fulvestrant for ER positive breast cancer patients, and Herceptin for HER2

positive breast cancer patients) for certain subsets of breast cancer patients.
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Chapter 3

Characterization of the novel RET-BCARS3 interaction, and its
functional implications
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3.1 Abstract

RET is a receptor tyrosine kinase that is crucial for normal development of
neuroendocrine tissues and the kidney, and has been implicated in various diseases,
including cancer. Activation of RET results in the induction of various pathways that lead
to the promotion of cellular processes including cell survival, differentiation and
proliferation. BCARS3 has been shown to play a role in cell proliferation, motility and
invasion. Various receptor tyrosine kinases, including EGFR and HER3, have been
shown to interact with BCAR3. As both RET and BCAR3 contribute to similar cellular
processes, such as proliferation, adhesion and migration, we hypothesized that the two
proteins interact, and that this interaction may have functional implications for RET-
mediated processes. Here, we identified a novel interaction between the RET receptor
and the adaptor protein BCARS3, utilizing co-immunoprecipitation and Far Western
blotting techniques. Using SH-SY5Y neuroblastoma cells, we explored whether BCAR3
KD affects RET-mediated processes, including cell proliferation, adhesion and migration.
We found that BCAR3 KD has a general effect, independent of RET activation, on many
of the cellular processes investigated, including cell proliferation, and adhesion in
neuroblastoma cells. Disruption of BCAR3 may be a potential therapeutic option for

certain subgroups of cancer patients.
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3.2 Introduction

The RET receptor is a tyrosine kinase that is involved in the development of
neuroendocrine tissues, and the kidney, and the process of spermatogenesis (Reviewed in
[35]). Activation of RET occurs through the formation of a tri-molecular complex
consisting of RET, its ligand, GDNF, and its co-receptor, GFRal (Reviewed in [35]).
RET activation leads to the recruitment of adaptor proteins that activate certain
downstream signalling pathways that promote cell survival, proliferation and
differentiation (Reviewed in [35]).

RET has also been implicated in various human diseases, including cancer
(Reviewed in [35]). Expression of wild-type RET has been associated with
aggressiveness in breast and prostate tumours [71, 73, 114, 186], whereas constitutive
activation of RET, either through germ-line point mutations or gene fusions, has been
implicated in thyroid and lung cancer, respectively [66, 187]. Understanding the
underlying molecular mechanisms by which RET may be contributing to various tumor
types will assist in uncovering novel treatment approaches for certain cancer patients. An
initial step in elucidating the mechanistic contribution of RET to cancer would be
identifying adaptor proteins that interact with RET to promote tumorigenesis. Koytiger
and colleagues quantitatively assessed potential interactions between phosphorylated
tyrosine residues on RTKSs, and SH2 or PTB domains from adaptor proteins with a large
protein-domain microarray, and identified a potential interaction between RET and the
adaptor protein, Breast Cancer Anti-estrogen 3 (BCAR3) [167].

BCAR3 is an adaptor protein that has been shown to interact with various RTKs

and contribute to cellular processes including cell migration and invasion [149, 156, 188,
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189]. Li and colleagues have recently shown that BCAR3 molecularly connects ROR1-
HERS3 with the Hippo-Y AP pathway to mediate breast cancer bone metastasis [150].
Further, using GST-pull downs, BCARS3 has been shown to associate with the EGFR
[149]. Additionally, BCARS3 plays a role in many EGF-induced processes, including
membrane ruffling, p130Cas localization to the ruffles, increase in p130Cas/Crkll
interactions and cell migration [190]. Mice that are null for BCAR3 develop a defect in
the adult ocular lens, and have reduced p130Cas expression [144]. Interestingly, RET is
known to contribute to many of the same cellular processes as BCARS3, and also has a
role in retinal development [191]. As there is overlap between the known roles and
functions of RET and BCARS3, we hypothesized that there may be a functional
significance of this interaction.

We have previously shown that SH-SY5Y neuroblastoma cells express
endogenous RET, and that RET activation increases SH-SY5Y cell migration and
adhesion [133]. While BCARS3 has been extensively studied in breast cancer models
[156, 189], it has not been well-characterized in other cancers, including neuroendocrine
tumors. Here, we investigated whether RET and BCARS3 interact, and then assessed the
functional implications of the interaction. Our data suggest that RET and BCAR3 can
interact, and that this novel association is direct, and requires RET phosphorylation. We
used the SH-SY5Y neuroblastoma model to generate both a BCAR3 and a Mock KD cell
line to evaluate RET-BCARS relationships. Our data suggest that BCAR3 has a broad
effect on investigated cellular processes, including cell proliferation, and cell adhesion.

With Reverse Phase Protein Array (RPPA) assays, verified with follow-up Western
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blotting, we saw that BCAR3 KD deceases phosphorylation of various components of
downstream signalling pathways, including Protein Kinase B (AKT) and Extracellular
Signal-Regulated Kinase (ERK) in the neuroblastoma cell model. Together, our data
suggest a novel interaction between the RET receptor and the BCAR3 adaptor protein,
and that BCAR3 may play a broad role in various cellular processes irrespective of RET,
providing support that the adaptor protein may have functions in tumor types other than

breast cancer.

3.3 Materials and Methods

3.3.1 Cell Culture
The SH-SY5Y neuroblastoma cell line, HEK293 human embryonic kidney cell

line, HEK293T and HeLa cervical cancer cell line were obtained from the American
Type Culture Collection (ATCC; Manassas, VA). Cells were cultured in Dulbecco’s
Modified Eagles Medium (DMEM,; Invitrogen, Burlington, ON) with the addition of 10%
fetal bovine serum (FBS; Sigma-Aldrich, St. Louis, MO). SH-SY5Y cells were treated
with 10 uM retinoic acid overnight to increase RET expression. Stable, polyclonal
BCAR3 and Mock shRNA KD cell lines were generated in SH-SY5Y and HelLa cells
using puromycin at 1.5 pg/mL. Cells were treated with GDNF (Peprotech, Rocky Hill,

NJ) for specified times in order to activate RET.
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3.3.2 Expression Constructs, DNA Isolation, Quantification and Transfection

His-tagged constructs for BCAR3-SH2, Src Homology 2 domain containing —
phosphotyrosine binding (SHC-PTB), and Disabled-2 phosphotyrosine binding (DAB2-
PTB) were obtained from Dr. Gavin MacBeath (Harvard Medical School, Boston, MA)
[167]. pXJ40-FLAG-tagged BCAR3 wild-type (WT) was a gift from Dr. Catherine
Pallen (University of British Columbia, Vancouver, BC) [148]. Paxillin-pEGFP was a
gift from Dr. Rick Horwitz (Addgene plasmid #15233) [192], and RFP-zyxin was a gift
from Dr. Anna Huttenlocher (Addgene plasmid #26720) [193]. GFP-tagged vinculin was
obtained from Dr. Daniel Rosel [194]. GST-tagged RET9 (amino acid residues 664-
1072), or RET51 (amino acid residues 664-1114), used as the bait in our Far Western
assays, were previously described [195]. GFRal and full-length RET9 and RET51 wild-
type, kinase dead (K758M), point mutant (Y1096F), and EGFP-tagged and mCherry-
tagged RET isoform constructs were previously described [53, 196]. Lentiviral ShRNAs
targeting BCAR3 and an empty vector (Mock KD) were obtained from Open Biosystems
(Huntsville, AL). Small- scale and medium-scale plasmid DNA isolations were prepared
utilizing the Macherey-Nagel kits (Duren, Germany). DNA concentration and purity
(260/280 ratio) was assessed using a NanoDrop 2000 Spectrophotometer (Thermo Fisher
Scientific, Waltham, MA). Constructs were transfected into HEK293 cells and HeLa cells
using Lipofectamine 2000 (Invitrogen, Burlington, ON) according to the manufacturer’s

instructions.

3.3.3BCAR3 shRNA KD
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HEK293T cells were transfected with psPAX2 packaging, pMD2.G envelope, and
pLKO.1 Mock or BCAR3 lentiviral ShRNA constructs with the Lipofectamine 2000
(Invitrogen, Burlington, ON) transfection reagent as per supplier’s instructions. Virus
was harvested every 12 hours for 48 hours, pooled and filtered with a 0.45 um filter.
BCAR3 and pLKO.1 Mock lentivirus were added to SH-SY5Y neuroblastoma and HelLa
cells, and subjected to selection with 1.5 pg/mL puromycin to generate KD cell lines.

Western blotting was utilized to verify KD of the BCARS3 protein.

3.3.4 Purification of His and GST-tagged Recombinant Proteins
His-tagged BCAR3-SH2, SHC-PTB and DAB2-PTB bacterial expression

constructs were introduced into E. coli BL21-CodonPlus-RP cells, and grown overnight.
Cells were harvested by centrifugation and resuspended in PBS. Following disruption of
the cells using 20 mL Binding Buffer (25 mM Tris pH 8.0, 250 mM NaCl, 8 M urea), the
lysate was clarified by centrifugation, and subjected to purification with a Ni2+-chelating
Sepharose bead column (GE Healthcare Life Sciences, Pittsburgh, PA) equilibrated with
Binding Buffer. The column was rinsed with Binding Buffer with 10 mM imidazole (pH
7.4) and bound protein eluted in Binding Buffer with 300 mM imidazole. Eluted fractions
were combined, and dialyzed overnight in PBS.

GST-tagged RET intracellular domain proteins, and GST were expressed in E.
coli BL21-CodonPlus-RP, harvested and resuspended, as described above. Cells
expressing GST were disrupted by sonication on ice, whereas GST-RET proteins were

disrupted using a French Pressure Cell at 10 000 psi. Debris was pelleted and lysates
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were incubated for 2-4 hours with Glutathione Sepharose beads (GE Healthcare Life
Sciences, Pittsburgh, PA) that were pre-washed in a 1X PBS with 1% Triton X-100, 1
mM PMSF, 10 pg/mL aprotinin and 10 pg/mL leupeptin. 50 mM Tris-HCI pH 8.8, 150
mM NaCl, 20 mM Glutathione was used to elute the GST proteins, and the pooled

fractions were dialyzed overnight in PBS.

3.3.5 Far Western Blotting
His-tagged BCAR3, SHC-PTB, and DAB2-PTB were separated on 12% sodium

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were
transferred to nitrocellulose membranes, which were blocked overnight with 5% milk in
Tris-buffered saline with Tween 20 (TBS-T) at 4°C. Membranes were incubated with
either GST-tagged intracellular RET or GST alone, in 5% milk in TBS-T for 8 hours at
4°C. Blots were rinsed ten times for 5 minutes/wash in TBS-T prior to incubation with
either an anti-GST or anti-His antibody (Santa Cruz Biotechnologies, Santa Cruz, CA) at
a 1:1000 dilution for 2 hours at room temperature. Probing the purified His-tagged
proteins with the anti-His antibody served as loading control. Blots were washed three
times for 15 minutes/wash in TBS-T to remove any non-specific binding. Membranes
were incubated with the appropriate secondary antibody at a 1:3000 dilution for 1 hour at

room temperature, rinsed with TBS-T and exposed to film with chemiluminescence.
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3.3.6 Protein Harvest, Co-Immunoprecipitaion and Western Blotting

HEK?293 cells were grown to 70% confluence prior to transient transfection. The
medium was changed six hours after transfection to DMEM supplemented with 10%
FBS. After 24 hours, cells were serum-starved as the media was replaced with DMEM
without FBS. Whole cell lysates were prepared 48 hours following transfection. Cells
were treated with GDNF (PeproTech, Rocky Hill, NJ) at a final concentration of 50
ng/mL for 20 minutes prior to protein harvest. Cells were washed twice with cold PBS,
and collected utilizing lyzing buffer (20 mM Tris-HCI — pH 7.8, 0.15 M NaCl, 1% Igepal,
2 mM NaEDTA 1 mM phenylmethylsulfonyl fluoride, 10 pg/mL aprotonin, 1 mM
sodium orthovanadate, 10 pg/mL aprotonin) with a cell scraper. The whole cell lysates
were solubilized by rotating for 30 minutes at 4 °C, and debris pelleted by centrifugation
for 15 minutes at 4 °C at 11,000 RPM. Protein concentrations were calculated utilizing
the BCA Protein Assay (Thermo Scientific, Rockford, IL) as per the supplier’s
instructions. Lysates (700 — 1000 ug protein) were pre-cleared with 25 pL A/G
Sepharose (Santa Cruz Biotechnologies, Santa Cruz, CA) on a rotator at 4 °C for 1 hour.
Beads were centrifuged at 5000 RPM for 4 minutes and supernatant collected. The
supernatant was incubated with 1 pg mouse anti-Flag antibody (Sigma-Aldrich, Oakville,
ON) at 4 °C for 2 hours, 40 puL of A/G Sepharose beads were added at 4 °C overnight.
The beads were pelleted at 5000 RPM for 4 minutes, supernatant removed, and the pellet
washed with 1X lyzing buffer. Laemelli buffer (250 mM Tris pH 6.8, 4% SDS, 10%
glycerol, 0.006% bromophenol blue, and 2% 2-mercaptoethanol) was added to beads.

Co-immunoprecipitation samples and whole cell lysates were separated by SDS-PAGE.
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Gels were transferred to a nitrocellulose membrane (Bio-Rad Laboratories, Hercules,
CA), and blocked with 5 % milk in TBS-T for at least 30 minutes at room temperature.
Membranes were incubated with a primary antibody at a dilution of 1:1000 in either 5 %
milk in TBS-T or 5% Bovine Serum Albumin (BSA) in TBS-T overnight at 4 °C.
Phospho-antibodies were added to membranes with BSA in TBS-T rather than milk to
reduce background. Membranes were rinsed three times with TBS-T for 15
minutes/rinse. Secondary antibodies were added at a dilution of 1:3000 with 5% milk in
TBS-T for 1-2 hours at room temperature. Following three washes with TBS-T for 15
minutes / wash, membranes were exposed using enhanced chemiluminescence with the
Pierce ECL Western Blotting Substrate as per manufacturer’s conditions (VWR,
Mississauga, ON). Antibodies used for immunoprecipitation and western blotting are

described in Table 3.1.

3.3.7 RNA lIsolation and Quantitative Real-time PCR (QRT-PCR)
Total RNA was isolated from SH-SY5Y wild-type, Mock KD and BCAR3 KD

neuroblastoma cells using Trizol (Life Technologies, Burlington, ON) according to the
manufacturer’s instructions. The total RNA yield and purity (A260/A280) was verified
utilizing NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA).
Sequences of primers used are listed in Table 3.2. The Applied Biosystems 7500 Real-
Time PCR System (Applied Biosystems, San Diego, CA) was used with the one-step
QuantiTect SYBR green gRT-PCR kit (Qiagen, Mississauga, ON), and gRT-PCR cycling

conditions are outlined in Table 3.3. Verification that PCR product obtained contained no
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primer-dimers was performed through melt curve analysis. Delta cycle threshold (Ct)
values were calculated (Reviewed in [197]) for all conditions using the housekeeping
gene GUSB as the reference to correct for differences between samples. Fold change of
expression was determined utilizing the delta delta Ct method, by subtracting the Ct value
of the control condition from the Ct value of the condition of interest (Reviewed in
[197]). A minimum of three biological replicates with at least three technical replicates

were used for each condition.

3.3.8 Cell Proliferation Assay
3-(4,5-Dimethylthiazol-2-Y1)-2,5-Diphenyltetrazolium Bromide (MTT, Life

Technologies, Burlington, ON) was used to assess cell proliferation, as previously
described [37]. Briefly, SH-SY5Y Mock KD and BCAR3 KD cells were seeded into 96-
well plates in DMEM with 0.1% FBS and retinoic acid. Wells were untreated or treated
with 50 ng/mL of GDNF (Peprotech, Rocky Hill, NJ) every 24 hours. Following three
days of cell growth, MTT solubilized in PBS was added at a final concentration of 45
pg/mL at 37 °C for 24 hours. The resulting purple precipitate was solubilized by shaking
in the dark at room temperature with 100 uL of 20% SDS in 0.04 M HCI, and absorbance
measured at 570 nm using a plate reader (ELx 800UV plate reader, Bio-Tex Instruments,
Houston, TX). Each condition was performed at least in triplicate with a minimum of

three biological replicates.

73



3.3.9 Cell Adhesion Assay
SH-SYS5Y cells with either Mock or BCAR3 KD were grown to approximately

70-90 % confluency. Cells were detached with citric saline (10X solution: 1.35M KCI
and 0.15M sodium citrate) . Before plating cells, the wells were either coated with 200
ng/ul type | collagen (BD Biosciences, Bedford, MA), or BSA as a control. After coating
for 1 hour at 37 °C, wells were rinsed and blocked with 3% BSA in PBS to reduce non-
specific binding. 5 X 10* cells/well were plated with 100 pL of 0.3% BSA in DMEM,

and allowed to adhere for 1 hour at 37 °C. Cells were subjected to a few rinses with PBS,
and fixed in 3.7% paraformaldehyde. 0.5% Toluidine Blue — O was used to stain fixed
cells for 3 hours. Cells were washed with water, and solubilized for 20 minutes with 0.2%
Triton-X100. A plate reader (ELx 800UV plate reader, Bio-Tex Instruments, Houston,
TX) was used to measure adhesion at 570 nm absorbance, and values were then

normalized to the Mock KD in the absence of GDNF condition.

3.3.10 Single-Cell Migration Assay
Cells were seeded sparsely (1 X 10*) onto 24-well plates in DMEM with 0.1%

FBS, and retinoic acid in the presence or absence of GDNF. Cells were left to settle for 4
hours prior to imaging with the IncuCyte ZOOM system (Essen BioScience Inc., Ann
Arbor, Michigan) every 45 minutes for up to 13 hours. At least four representative
images were taken per well. Images were aligned using MetaMorph software (Universal
Imaging Corporation, Downingtown, PA). To evaluate the area that cells of interest move

over time, mean square displacements (MSDs) of individual cells were calculated and
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spider plots generated using the DiPer program run on Microsoft Excel [198]. A

minimum of 50 cells per condition/experiment, and at least 3 replicates were analyzed.

3.3.11 Cell Morphology Assessment
Wells of a 24-well plate were coated with 500 L acidified collagen (type 1) at a

final concentration of 50 pug/mL per well for 1 hour at 37 °C. Wells were washed once
with serum-free DMEM medium. SH-SY5Y cells were resuspended in 0% DMEM with
retinoic acid, with or without GDNF prior to plating triplicates of each condition into
wells. Cells were imaged four hours after plating with the IncuCyte Zoom system (Essen

Bioscience Inc., Ann Arbor, Ml), and 2-4 representative images were taken per well.

3.3.12 Imaging of Focal Adhesion Proteins

HeLa cells were transiently transfected with GFRal, either a mCherry-tagged
RET isoform or a GFP-tagged RET isoform, and one of the following fluorescently-
tagged focal adhesion markers, GFP-paxillin [192], GFP-vinculin [194] or RFP-zyxin
[193]. Cells were serum-starved the following day for 3 hours prior to the addition of
GDNF for 1 hour. Live cells were imaged by total internal fluorescence microscopy
(TIRF) using a 63X oil objective on an inverted Olympus BX-80 confocal microscope
(Olympus, Tokyo, Japan) equipped with a multi-colour TIRF module and a Hamamatsu
EM-CCD digital camera (Spectral Applied Research, Richmond Hill, ON). Metamorph
software (Universal Imaging Corporation, Downingtown, PA) was utilized to align the

acquired images, and quantify the number of focal adhesions.
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3.3.13 Reverse Phase Protein Array (RPPA) Assays
SH-SY5Y Mock KD and BCAR3 KD cells were treated with GDNF for the

indicated times (0, 5, 15 or 30 minutes), washed twice with cold 1 X PBS, and frozen at -
80 °C. The RPPA assays were performed by Dr. Taran Gujral (Harvard University,
Boston, MA). Briefly, cells were lyzed in 50 mM Tris-HCI, 2% SDS, 5 % glycerol, 5
mM EDTA, 1 mM NaF with 10 mM B-GP, 1 mM PMSF, 1 mM NazVO4, 1 mM DTT,
immediately before use, and samples were prepared, probed, and scanned as previously
described [199]. A series of phospho-antibodies were used to probe samples on the RPPA
assays, including p-AKT, p-ERK, p-S6 and p-Protein Kinase C (PKC). The B-actin

antibody was used to normalize the RPPA data.

3.3.14 Statistical Analyses

Experiments were performed at least in triplicate, and the standard error of the
mean (SEM) was calculated. A student’s two-tailed, unpaired T-test was utilized to assess
differences between Mock and BCAR3 KD cell lines, and a p-value < 0.05 was

considered to be significant.

76



Table 3-1. Antibodies Utilized for Immunoblotting and Immunoprecipitation.

Antibody target

Supplier

Primary Antibodies

RET (C-20) goat

Santa Cruz Biotechnology, Santa Cruz, CA

RET (ELN8X) rabbit

Cell Signaling Technology, Boston, MA

y-Tubulin mouse

Sigma-Aldrich, Oakville, ON

GST Santa Cruz Biotechnology, Santa Cruz, CA
His Santa Cruz Biotechnology, Santa Cruz, CA
FLAG mouse Sigma-Aldrich, Oakville, ON

Total ERK Santa Cruz Biotechnology, Santa Cruz, CA
PERK Santa Cruz Biotechnology, Santa Cruz, CA
Total AKT Santa Cruz Biotechnology, Santa Cruz, CA
pAKT Cell Signaling Technology, Boston, MA
pPRET Y905 Cell Signaling Technology, Boston, MA

Secondary Antibodies

Anti-Mouse 1gG (HRP-linked)

Cell Signaling Technology, Boston, MA

Anti-Rabbit 19gG (HRP-linked)

Cell Signaling Technology, Boston, MA

Anti-Goat 1gG (HRP-linked)

Santa Cruz Biotechnology, Santa Cruz, CA
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Table 3-2. Sequences for Primer Pairs Used for gRT-PCR.

Gene Forward Primer (5'—3’) Reverse Primer (5'—-3’)

Target

GUSB GAAAATACGTGGTTGGAGAGC AAGGAACGCTGCACTTTTTG
SNAI1 TTCTCTAGGCCCTGGCTGC TACTTCTTGACATCTGAGTGGGTCTG
SNAI2 CTGGGCTGGCCAAACATAAG CTTGTCACAGTATTTACAGCTGAAAG
TWIST1 GGCTCAGCTACGCCTTCTC TCCTTCTCTGGAAACAATGACA

ZEB1 GCACCTGAAGAGGACCAGAG TGCATCTGGTGTTCCAATTTT

VIM TGTCCAAATCGATGTGGATGTTTC TTGTACCATTCTTCTGCCTCCTG
MMP2 CAGGCTCTTCTCCTTTCACAAC AAGCCACGGCTTGGTTTTCCTC
MMP9 TGGGCTACGTGACCTATGACAT GCCCAGCCCACCTCCACTCCTC
OCLN AAGGGAAGAGCAGGAAGGTC CTCCAACCATCTTCTTGATGTG
HUGL2 TTGAGCGCTTCTCTCTCTCC GACGCTCAGCCACTCACTCT
CDH2 AGCGCAGTCTTACCGAAGG TCGCTGCTTTCATACTGAACTTT
CCND1 CGAGAAGCTGTGCATCTACA AATGAAATCGTGCGGGGTCA
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Table 3-3. One-Step Quantitative Real-time PCR Cycling Conditions.

Step Temperature Time

Reverse Transcription 50 °C 1800 s
Initial Denaturation 95°C 900s
Denaturation (40X cycles) 95°C 15s
Annealing (40X cycles) 55°C 255s
Extension (40X cycles) 72 °C 15s

Melt Curve Ramp from 60 °C to 95 °C

Storage 4°C Hold
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3.4 Results

3.4.1 The RET tyrosine kinase receptor interacts with the BCAR3 SH2 domain

High-throughput studies suggest that the BCAR3 adaptor protein may interact
with several RTKSs, including RET [167]. To verify whether the RET receptor and the
BCARS3 adaptor protein interact, we initially performed a Far Western assay. Using a
His-tagged BCARS3 protein, and GST-tagged RET isoform proteins, our Far Western data
suggest that RET and BCARS interact in vitro, and that this is a direct interaction (Figure
3-1A). Of note, the His-tagged BCARS3 protein used is comprised of only the SH2
domain [167], suggesting that this region of BCAR3 is required for binding RET. The
SHC protein is known to directly interact with RET isoforms [51], whereas, the DAB2
protein does not associate with the RET isoforms. Thus, His-tagged SHC and His-tagged
DAB2 were used as our positive and negative control, respectively. Our data confirm that
SHC and RET directly interact, but that DAB2 and RET do not associate, suggesting the
specificity of the RET-BCARS3 interaction (Figure 3-1A). The Far Western blot was
probed with an anti-His antibody as a loading control. We have previously shown that the
GST-tagged RET proteins are phosphorylated [196], suggesting that it may be
worthwhile to assess whether the RET-BCAR3 association is phospho-dependent.

We used co-immunoprecipitations (co-IP) of whole cell lysates of HEK293 cells
transiently expressing GFRal, with WT RET or a RET kinase dead mutant, and FLAG-
tagged BCAR3 to confirm the RET-BCARS3 association. Consistent with our Far

Western data, our co-IP experiments suggest that RET and BCAR3 interact in these cells,
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Figure 3-1. RET receptor interacts with the BCAR3 adaptor protein.

A. RET directly interacts with the BCAR3 SH2 domain. Far Western assay showing an interaction between
RET and BCARS3. His-tagged BCAR3-SH2, SHC-PTB, and DAB2-PTB were separated on a 12% SDS-PAGE
gel, transferred to a nitrocellulose membrane, and initially probed with GST-tagged RET51, then the GST
antibody, followed by anti-mouse secondary. His-tagged constructs were probed with the His antibody as a
loading control, and blotted with the GST alone as a negative control. B. RET interacts with BCAR3, and this
association is kinase-dependent. Whole cell lysates (WCL) from HEK293 cells transiently transfected with
GFRal, one of the following: RET51 wild-type or RET51 kinase-dead or pcDNA, and FLAG-tagged BCAR3
were immunoprecipitated with the anti-FLAG antibody, and then separated, transferred and probed with
indicated antibodies. Tubulin was utilized as loading controls. C. RET tyrosine 1096 is important for the
RET-BCARS protein interaction. The RET Y1096F mutation construct was transiently transfected in
combination with RET’s co-receptor and FLAG-tagged BCAR3, and then immunoprecipitated and analyzed by
western blotting as described above to assess whether the Y1096 residue on RET51 is important for the RET-
BCARS association. Tubulin served as the loading control. WT = wild-type; IP = immunoprecipitate; EV =
empty vector; IB = immunoblot; WB = western blot
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and this interaction is kinase-dependent (Figure 3-1B). Residue Y1096 is an important
signalling hub site on RET (Reviewed in [35]), and is the site previously predicted by the
high throughput protein domain microarray for BCAR3 binding [167]. We utilized a RET
construct in which the tyrosine 1096 has been mutated to a phenylalanine (Y1096F) to
assess Whether this residue is crucial in the binding of RET to BCARS3. Our co-IP data
show that the RET-BCARS interaction is diminished for the Y1096F RET, suggesting

that Y1096 is an important site for the RET-BCARS3 association (Figure 3-1C).

3.4.2 BCAR3 contributes to SH-SY5Y neuroblastoma cell proliferation

Our lab has previously shown that SH-SY5Y cells express robust levels of
endogenous RET and the co-receptor, GFRal [133, 200]. Our Western blotting analyses
using SH-SY5Y neuroblastoma cells demonstrate that BCAR3 protein is also
endogenously expressed (Figure 3-2A). Using this cell model, we generated both BCAR3
and Mock KD cells utilizing shRNA. BCAR3 KD in SH-SY5Y cells was verified

through western blotting, and quantified by densitometry (Figure 3-2A).

We used MTT cell viability assays to assess the effects of RET activation on SH-
SY5Y cell proliferation over 3 days. Our data show that GDNF treatment increased cell
proliferation of SH-SY5Y cells compared to the untreated condition (Figure 3-2B). We
then explored the effect of BCAR3 kds on RET-mediated SH-SY5Y cell proliferation.
Interestingly, our data showed a signficant decrease in the proliferation of SH-SY5Y
BCAR3 KD cells in comparison to SH-SY5Y Mock KD cells in the absence of RET

activation, suggesting that BCAR3 generally plays a role in proliferation of these cells
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(Figure 3-2B). Further, with the addition of GDNF, there was no increase in proliferation
SH-SY5Y BCARS3 KD cells compared to GDNF-treated SH- SY5Y cells, suggesting that
BCAR3’s role in SH-SY5Y cell proliferation is irrespective of RET activation (Figure 3-

2B).

3.4.3 RET-mediated migration is BCAR3-dependent

Our lab has previously shown that in the presence of GDNF, SH-SY5Y cells
become more migratory using wound healing assays [133]. As BCARS3 has been shown
contribute to breast cancer cell migration [169], we evaluated whether BCAR3 plays a
role in RET-mediated SH-SY5Y cell migration. We utilized the IncuCyte Zoom System
to assess real-time single cell migration in BCAR3 KD SH-SY5Y cells. There is no
statistically significant difference between the BCAR3 KD condition in comparison to
the BCAR3 KD treated with GDNF condition. Unlike the SH-SY5Y MOCK KD cells,
with the BCAR3 KD cells, GDNF does not have an effect on migration, suggesting that
RET-mediated migration is BCAR3 dependent. Consistent with previous wound healing
migration assays, our data suggest that RET activation increases SH-SY5Y Mock KD

migration as measured by mean square displacement analysis (Figure 3-3B).

3.4.4 RET51-mediated focal adhesion formation

Hela cells were transiently transfected with GFRal, a fluorescently-tagged RET
isoform, and a fluorescently-tagged focal adhesion marker [ie. paxillin (early stage focal

adhesion marker), vinculin (mid-stage focal adhesion marker), or zyxin (late stage focal
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adhesion marker)] to assess whether the RET isoforms differentially contribute to focal

adhesion formation. We imaged live cells using TIRF microscopy.
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Figure 3-2. BCAR3 plays a role in SH-SY5Y neuroblastoma cell proliferation.

A. BCAR3 shRNA knockdown was evaluated in in stable polyclonal SH-SY5Y cells by western blotting.
BCARS protein levels were significantly diminished in the BCAR3 KD cells compared to the Mock KD cell
line. Tubulin served as the loading control. B. MTT cell viability assays were used to assess cell proliferation
of SH-SY5Y Mock KD and BCAR3 KD in the presence or absence of GDNF (50 ng/pL) with the addition
of retinoic acid over 72 hours. Data are represented as cell proliferation levels relative to SH-SY5Y Mock
KD without GDNF treatment to evaluate the effects of RET activation, and BCAR3 KD. Error bars represent
the standard error across a minimum of three technical replicates. * signifies statistical significance, and p-
value is less than 0.05
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Figure 3-3. BCAR3 plays a role in SH-SY5Y neuroblastoma cell migration.

A. Spider plots graphically depict single cell migration of SH-SY5Y Mock KD and BCAR3 KD in
the presence or absence of GDNF. Cells were sparsely seeded with retinoic acid into a 24-well

plate, and imaged with the IncuCyte real-time imaging system every 45 minutes for 13 hours.
MetaMorph software was used to align images, and DiPer software was used to generate spider
plots. A minimum of 50 cells were assessed per condition. B. Mean Square Displacement analysis
of single cell migration of SH-SY5Y Mock and BCAR3 KD with or without GDNF (50 ng/uL) over
13 hours. Error bars represent the standard error across a minimum of three technical replicates.
There is no statistically significant difference between the SH-SY5Y BCAR3 KD compared to the
SH-SY5Y BCAR3 KD +GDNF conditions. MSD = Mean square displacement
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We saw approximately 60-80 paxillin-positive spots/cell in the presence of RET51
compared to 20-30 paxillin-positive spots with RET9. These general trends for the RET
isoforms were also observed when assessing vinculin and zyxin positive spots, but
absolute numbers of focal adhesions were lower than observed with paxillin. Our data
suggest that there is an increase in the number of focal adhesions (as measured by GFP-
paxillin, GFP-vinculin, and RFP-zyxin) in the presence of RET51 compared to RET9
(Figure 3-4). This suggests that either RET51 may contribute more effectively to focal
adhesion formation, or RET9 may be suppressing focal adhesion formation. However, in
the absence of RET condition, we saw similar numbers of focal adhesion to the RET9
condition, suggesting that RET51 may be contributing to focal adhesion formation to a
larger degree than RET9 (Figure 3-5). Interestingly, there is no increase in the amount of
focal adhesions with the RET51 kinase dead mutant compared to the wild-type RET51
(Figure 3-5), suggesting that RET kinase activity is important for RET51-induced focal
adhesion formation. Moreover, with the RET51 Y1096F mutant, we also do not observe
an increase in the number of focal adhesions as with the RET51 wild-type (Figure 3-5),
indicating that interactions at this site are important for focal adhesion formation. As we
wanted to evaluate whether BCAR3 KD had an effect on RET-mediated focal adhesion
formation, we generated a stable polyclonal BCAR3 KD HeLa cell line. We transiently
transfected the HeLa Mock and BCAR3 KD cells with GFRal, EGFP- paxillin, and
mCherry-tagged RET51. After 24 hours post-transfection, cells were subjected to 3 hours

serum starvation, and treated with 1 hour GDNF.
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Figure 3-4. RET isoforms differentially contribute to focal adhesion formation.

HeLa cells were transiently transfected with GFRal, either a mCherry or GFP-tagged RET isoform, and one
of GFP-tagged paxillin, GFP-tagged vinculin, RFP-tagged zyxin. 24 hours post-transfection, cells were
serum-starved for 3 hours, and GDNF added for 1 hour prior to imaging by total internal fluorescence
microscopy. Upper panel Representative images of cells expressing focal adhesion markers (ie. paxillin,
vinculin and zyxin) and either RET9 or RET51. Scale bar = 15 um. Graphical data are represented as
average of number of focal adhesions per cell. Error bars represent the standard error across at least three
technical replicates. *signifies statistical significance, and p-value < 0.05
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Figure 3-5. RET51 focal adhesion formation is dependent on Y1096F and is kinase-dependent.

A. HeLa cells were transiently transfected with GFRa1, GFP-tagged paxillin, and either pcDNA (no RET) or
one of the following m-Cherry tagged constructs: RET9 kinase dead (RET9KD), RET9 wild-type, RET51
wild-type, RET51 kinase dead (RET51 KD), or RET51 Y1096F. Cells were serum-starved for 3 hours the
following day, treated with GDNF for 1 hour and imaged by TIRF microscopy. Data are represented as the
number of focal adhesion as quantified by the number of GFP-paxillin positive spots per cell. Standard error
was calculated across a minimum of three technical replicates, and represented by the error bars. * signifies
statistical significance, and p-value < 0.05
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There was a decrease in paxillin-positive focal adhesions in RET51-expressing HelLa
BCAR3 KD cells compared to HeLa Mock KD cells (Figure 3-6), suggesting that
RET51-mediated focal adhesion formation is BCAR3-dependent. While the number of
focal adhesions in the absence of RET in HeLa Mock KD is comparable to the number
observed in the HeLa BCAR3 KD cells expressing RET51 condition, it would be useful
to include a HeLa BCAR3 KD without RET expression as a control.

We also assessed the effects of BCAR3 KD on neuroblastoma cell adhesion on
collagen coated wells in the presence or absence of GDNF treatment. Wells coated with
BSA was used as our negative control, and in this condition we did not see much
adherence of cells as measured by absorbance at 570nm. Our data suggest that there is an
increase in SH-SY5Y cell adhesion following GDNF treatment compared to the untreated
control, and that there is a relative reduction in cell adhesion in the BCAR3 KD cells
(Figure 3-7A). In passaging of the cells, we noticed that the BCAR3 KD cells are more
adherent, but think that in a one hr time span of the cell adhesion assay, we are not able to
adequately assess BCAR3 KD cell adhesion levels. To more adequately assess cell
adherence, we assessed the morphology of cells seeded onto collagen-coated wells. Our
data suggest that BCAR3 KD cells have a flatter, more spread out morphology than wild-

type SH-SY5Y cells (Figure 3-7B).

3.4.5 RET activation increases gene expression of Vimentin and MMP9 migratory

markers

As RET activation results in an increase in SH-SY5Y neuroblastoma cell

migration [133], we evaluated whether various migratory-related markers, including
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Figure 3-6. BCARS3 contributes to RET51-mediated focal adhesion formation.

A. HeLa Mock KD and BCAR3 KD cells were transiently transfected with GFRal, EGFP-
paxillin, and mCherry-tagged RET51. After 24 hours post-transfection, cells were subjected to a
3 hour serum starvation process, and treated with 1 hour GDNF. Representative fluorescent
images of mCherry-RET51, and EGFP-paxillin in HeLa Mock KD and BCAR3 KD cells.
Mention the box in lower right. Scales bars = 15 um. B. Graphical representation of
guantification of focal adhesion number in Mock KD compared to BCAR3 KD cells. Data are
represented here as number of focal adhesions per cell as determined by the assessment of GFP-
paxillin. A minimum of five cells per condition were analyzed. Error bars represent the standard
error. * signifies statistical significance, and p-value is less than 0.05
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Figure 3-7. BCARS3 plays a role in cell adhesion and flattened cell morphology.

A. Cell adhesion assays were performed as indicated in the methods section. Levels of cell adhesion are
represented as relative to SH-SY5Y wild-type in the absence of GDNF treatment. Standard error was
calculated across a minimum of three technical replicates, and represented by the error bars. * signifies
statistical significance, and p-value < 0.05 B. Cell morphology was assessed as described in the methods.
Representative images of wild-type and BCAR3 KD SH-SY5Y cell morphology are shown.
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Snail, Slug, Twistl, Vimentin, MMP2, MMP9, Zeb1, OCLN, HUGLZ2, and Cdh2, were
differentially expressed following GDNF treatment. Isolated RNA from SH-SY5Y wild-
type cells treated with various times of GDNF to activate RET were subjected to gRT-
PCR. We confirmed that the products generated were of the predicted size on agarose
gels. Genes expressed at least 2-fold times more relative to the untreated condition were
considered to be differentially expressed following RET activation. Our data suggest that
RET activation results in increases in vimentin, and MMP9 transcript expression in SH-
SYS5Y cells (Figure 3-8A & B). While we saw increases in transcript expression, it would
be worthwhile to assess if protein expression levels are also differentially regulated

following RET activation with GDNF.

3.4.6 Effect of BCAR3 KD on RET-mediated Cyclin D1, Vimentin, and MMP9

transcript expression

We evaluated two migratory genes, Vimentin and MMP9, that are differentially
regulated by RET activation, in BCAR3 KD cells in order to further characterize the role
of BCAR3 in RET-mediated migration. MMP9 and Vimentin gene expression was less in
untreated SH-SY5Y BCAR3 KD cells in comparison to SH-SY5Y Mock KD with no
GDNF treatment (Figure 3-9). GusB transcript expression levels were comparable
accross all conditions. There was an increase in Vimentin and MMP9 transcript levels in
SH-SY5Y BCAR3 KD cell lines compared to the untreated BCAR3 KD cells (Figure 3-

9), suggesting that while BCAR3 may have an effect generally on the expression of these
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Figure 3-8. Vimentin and MMP9 expression increases following RET activation in SH-SY5Y cells.

Gene expression of various migratory markers, A) Snail, Slug, Twist1, Zeb1, Vimentin, & B) MMP2, MMP9,
OCLN, HUGL2, Cdh2, were evaluated after RET activation in SH-SY5Y neuroblastoma cells. SH-SY5Y
wild-type cells were treated with GDNF for the indicated times. Isolated RNA was subjected to one-step
guantitative real-time PCR. Gene expression was normalized to the housekeeping gene, GusB, and reported
relative to the untreated condition. Red boxes indicate genes that are expressed at greater levels following
RET activation. A minimum of three replicates were assessed per condition.
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Figure 3-9. Cyclin D1, Vimentin & MMP9 expression in BCAR3 KD cells.

Gene expression of three genes known to be increased following RET activation, A) Cyclin D1, B) Vimentin
& C) MMP9, was assessed in SH-SY5Y BCAR3 KD cells compared to SH-SY5Y Mock KD cells. GDNF
was added to cells for 24 hours prior to RNA isolation. RNA was harvested from SH-SY5Y Mock and
BCARS3 KD cells, and one -step qRT-PCR was performed. Data that have been normalized to GusB, the
housekeeping gene, are reported as relative fold change to the untreated Mock KD condition.
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genes, it does not seem to affect the RET-mediated increases of the two migratory
markers.

Cyclin D1 has been previously shown to be upregulated following RET activation
[37]. As CCND1 is activated in the presence of BCAR3 [141], we also explored the
effect of BCAR3 KD on RET-mediated CCND1 expression. Our data suggest that
CCNDL1 gene expression is decreased in the untreated and GDNF treated SH-SY5Y
BCARS3 KD cell lines in comparison to the untreated and GDNF-induced SH-SY5Y
Mock KD cell lines (Figure 3-9). CCND1 expression is still increased following RET
activation in BCAR3 KD cells (Figure 3-9), suggesting that RET-mediated increases in
CCNDL1 expression is not BCAR3-dependent. We initially evaluated the effects of
BCAR3 KD on the phosphorylation levels of various signalling proteins, including AKT,
ERK and ribosomal S6, in SH-SY5Y cells treated with GDNF for various times using a
RPPA assay. We saw a gradual increase in levels of phosphorylated AKT, ERK and S6
following increasing durations of GDNF treatment in SH-SY5Y Mock control cells
(Figure 3-10A). Interestingly, in our BCAR3 KD cell lines, there was a reduction in the
phosphorylation of the AKT, ERK and ribosomal S6 compared to the Mock control
(Figure 3-10A). RET activation, and BCAR3 KD had no effect on phosphorylation levels
of PKC, serving as a negative control (Figure 3-10B). To verify our RPPA results, we
performed western blotting. Our data demonstrate that there were reduced
phosphorylation levels of our proteins of interest in the BCAR3 KD compared to the
Mock control cells (Figure 3-10B). Together, these data suggest that BCAR3 may be

important for AKT, ERK and ribosomal S6 phosphorylation in SH-SY5Y cells.
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Figure 3-10. Levels of phosphorylated signalling proteins in SH-SY5Y BCAR3 KD cells.

A. SH-SY5Y cells were serum-starved in the presence of retinoic acid overnight, and treated with
GDNF for the indicated times prior to lysis. Samples were prepared, processed, printed on
microarrays, and probed by Dr. Taran Gujral as previously described [199]. Expression of
phosphorylated proteins, ERK, AKT, S6 and PKC, were normalized to 3-actin and data are
represented relative to the Mock untreated control. B. Whole cell lysates from SH-SY5Y cells
treated with GDNF for indicated times were separated by SDS-PAGE, probed with the indicated
antibodies. Tubulin served as the loading control.
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3.5 Discussion

We confirmed a previously predicted novel interaction between the RET receptor
tyrosine kinase and the BCAR3 adaptor protein, and assessed the functional
consequences of this association. In the protein domain microarray dataset in which
Koytiger and colleagues identified BCAR3 as a potential binding partner to RET [167],
several other receptor tyrosine kinases were predicted to also associate with BCARS3.
BCARS3 includes a SH2 domain, a domain known to interact with phosphorylated
tyrosine residues, suggesting that it may be worthwhile to validate BCAR3’s functional
relationship with other receptor tyrosine kinases in in vitro cell models.

We demonstrated an interaction between RET and BCARS3 through in vitro Far
Western blotting analyses, and co-immunoprecipitations in lysates from cells in which
our two proteins of interest were transiently expressed. However, we did not detect an
endogenous RET-BCARS interaction in SH-SY5Y neuroblastoma cells (data not shown).
Interestingly, while GST-pulldowns have shown that EGFR and BCAR3 associate [149],
another group could not detect an endogenous EGFR-BCARS interaction in BT549 cells
after EGF stimulation [169]. According to RNA expression from a panel of cell lines
obtained from the Human Protein Atlas (http://www.proteinatlas.org/), SH-SY5Y cells
express detectable levels of BCARS3 transcript, but much lower levels than other cell lines
assessed. This relatively low BCAR3 expression in SH-SY5Y cells may explain why we
were unable to detect an endogenous RET-BCAR3 interaction. Limitations with currently
available BCAR3 antibodies for co-immunoprecipitation may be another possibility for

the inability to detect RET and BCARS3 interacting endogenously. It is also possible that
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RET-BCAR3 may not interact robustly endogenously in these cells, and that Grb2,
another adaptor protein known to interact with RET at the same site as BCAR3 [55],
may be more relevant in this particular cell type.

Our data suggest that BCAR3 has a broad role in many functions in SH-SY5Y
neuroblastoma cells irrespective of RET activation. This is likely the result of BCAR3’s
ability to interact with several other proteins, including other RTKs and PTPa [148].
Interestingly, it is worth mentioning that while our data demonstrate that BCAR3 has
multiple roles in the SH-SY5Y cell line, the only significant phenotype observed in the
BCARS3 knockout mice is a defect in the adult ocular lens [144]. BCAR3 is member of
the novel SH2 domain containing protein (NSP) family, which is comprised of two other
members NSP1 and NSP3, which are known to have complementary roles to BCAR3
(also referred to NSP2) (Reviewed in [201]). While there are differences in tissue
distribution and roles of the NSP family members, it is likely that in the animal model
NSP1 and NSP3 may compensate for BCAR3, resulting in a minimal phenotype. In the
case of the SH-SY5Y cell line, it may be possible that NSP1 and NSP3 are not expressed,
or not expressed as highly as BCAR3, and as a result, BCAR3 KD may lead to a more
pronounced effect than that observed in the mouse knockout. It may be worthwhile to
investigate the expression levels of NSP1 and NSP3 in SH-SY5Y cells, and subsequently
assess the functional implications of knocking down these two proteins individually to
determine if a similar phenotype to BCAR3 KD is observed.

Cross and colleagues demonstrated that BCAR3 and its well-known C-terminal

binding partner, p130Cas, are co-expressed in many subtypes of human breast cancer
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[156]. It may be interesting to more comprehensively assess BCAR3 protein expression
in human tumors, and evaluate whether expression is correlated with various clinical
parameters, including stage, grade, and sub-type of disease. RET is expressed in
approximately 70% of breast cancer patients, and associated with metastatic parameters
[72]. Further, it would be worthwhile to assess the co-expression of RET and BCARS3 in
human cancer patient samples, and explore whether expression of both these proteins is
associated with clinical patient parameters. As an initial step, in silico analysis of RET
and BCAR3 co-expression in human tumors could be evaluated utilizing various
bioinformatic tools, including synTARGET and Gene expression-based Outcome for
Breast cancer Online. These data can be independently verified using well-characterized
antibodies, and human tissue microarrays with comprehensive patient data. VValidation
and analysis of RET and BCAR3 co-expression may ultimately help stratify cancer
patients who might benefit from certain types of treatment.

Together, we have demonstrated a novel direct interaction between the RET
receptor tyrosine kinase and the SH2 domain of the BCAR3 adaptor protein. This
interaction is kinase-dependent. While multiple groups have investigated the
contributions of BCAR3 in breast cancer, the role of BCARS3 has not been well-explored
in other human tumor models. To our knowledge, our study is the first to explore the
functions of BCARS3 in a neuroblastoma model. We have shown that BCARS3 plays a role
in SH-SY5Y neuroblastoma cell proliferation, adhesion and phosphorylation of various
signaling proteins, including AKT, ERK and S6, suggesting the importance of the

BCAR3 protein in these cells. RET activation leads to phosphorylation of paxillin, focal

99



adhesion kinase and p130Cas [132]. Our data suggest that the RET isoforms may play
differential roles in focal adhesion formation, and that BCAR3 may be implicated in
RET-mediated focal adhesion formation in addition to migration. Overall, our data
provide enticing support that the BCAR3 adaptor protein should be more broadly studied
in cancer types in addition to breast cancer. Designing disrupting peptides that block
BCAR3’s interaction with its binding partners may be useful to explore in a pre-clinical

setting in the future.
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Chapter 4

Discussion

RET is an important RTK that has key roles in normal development and disease
(Reviewed in [35]). RET has been implicated in several human diseases, including
Hirschsprung disease and a broad range of human tumors (Reviewed in [35]). Although
many RET-related tumors are the result of constitutive activation of the RTK due to
either oncogenic gene fusions or point mutations, expression of wild-type RET also has
been associated with certain cancer types, such as tumors of the breast (Reviewed in
[35]). While the initial report of RET-associated breast cancer suggested wild-type
expression of the RTK was associated specifically with the hormone receptor positive
subtype of breast cancer [71], subsequent work has suggested a much broader role of
RET in this disease [72, 82, 185]. Our data provide evidence to support the literature that
RET’s contribution to breast cancer is likely not restricted to the hormone receptor
positive subtype, and suggest that further work is required to fully appreciate the role of
RET to the progression of this tumor type.

The phosphorylation of tyrosine residues is an initial step of the signalling of
RTKSs, including RET (Reviewed in [202]). Phosphopeptide motifs, comprising a
phosphotyrosine residue amongst a specific consensus sequence, act as binding sites on
RTKSs, such as RET, for recruitment of cytoplasmic adaptor proteins that contain either a
SH2 domain or PTB domain (Reviewed in [202]). Recruitment of adaptor proteins to

these specific binding sites on RET regulates downstream signalling, and subsequent
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cellular functions (Reviewed in [35]). Characterization of wild-type RET’s interactions
with adaptor proteins will help us mechanistically understand how the RTK may
contribute to the progression of certain human cancers, and ultimately aid in the
development of novel therapeutic strategies. We have shown a novel interaction between
RET, and the adaptor protein BCARS3, and begun to investigate the functional
consequence of this association. While our data suggest that BCAR3 may play a role in
certain RET-mediated functions, including migration and focal adhesion formation, it
seems that this adaptor protein has a general role in other cellular processes, such as
adhesion and proliferation, and phosphorylation levels of ERK and AKT. BCAR3 is
known or hypothesized to interact with RTKSs other than RET [149, 150],, as predicted by
a previous high throughput protein domain microarray study [167]. Additionally, BCAR3
has been shown to interact with the phosphatase PTPa [148]. Accordingly, the broad role
of BCAR3 in cellular processes observed in our studies may be due to its interactions
with other RTKSs or PTPa. (Figure 4-1). Further, a more comprehensive understanding of
the molecular contribution of adaptor proteins, such as BCAR3, to cancer will also assist

in the identification of tailored approaches to treat the disease.

4.1 RET’s Contribution to Breast Cancer

We have identified suitable cell models to study the role of RET in breast cancer,
and showed that RET activation has an effect on breast cancer cell proliferation, but not
adhesion. The literature exploring RET in breast cancer has predominantly focused on

ER-positive tumors or cell lines as the initial report implicating RET expression in breast
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cancer observed a positive correlation between RET mRNA and protein expression and
hormone receptor positive breast cancer [71]. A subsequent study showed that RET was
implicated in tamoxifen resistance in endocrine breast cancers [73]. As the luminal breast
cancers comprise approximately two-thirds of the breast cancer population (Reviewed in
[203] ), most of the well-characterized breast cancer cell lines used in in vitro, preclinical
studies are ER-positive — a potential reason why initial work on RET may have been

conducted mostly on luminal breast cancer cell lines.

Our data show that RET activation not only affects proliferation of hormone
receptor positive breast cancer cell lines MCF7 and T47D, but also non-estrogen receptor
positive BT-20 and MDA-MB-453 cell lines, providing support that RET may have a role
in breast cancer irrespective of subtype. Our data are consistent with more recent studies
showing that RET expression may have a broader role in breast cancer [72, 204].
Specifically, Gattelli and colleagues observed RET protein expression at high rates in all
subtypes of breast cancer assessed, including HER2-positive, triple-negative and ER-
positive, and found that expression was correlated with both metastasis-free, and overall
survival in a cohort of 108 patients [73]. More recently, a group utilized reverse
transcriptase PCR to assess RET expression in a cohort of 446 breast cancer patients, and
57 patient-derived xenografts, and found that expression was observed broadly among
breast cancer subtypes [204]. Interestingly, although most of RET’s association with
breast cancer is the presence of wild-type expression of RET, a very recent study shows
that a RET polymorphism, Y791F, normally associated with MTC, is associated with
breast cancer predisposition [185]. Although it was initially believed that RET Y791F
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was a pathogenic, clinically actionable variant, more recent literature suggest that it is a
benign polymorphism [205]. Comprehensive analyses of populations suggest the RET
Y791F variant alone is not associated with MTC [205]. Overall, this suggests that the role
of RET in breast cancer is complex and multi-factorial, and warrants further investigation
to fully characterize the multiple roles which the receptor plays in breast cancer.

While we showed that RET activation increases breast cancer cell proliferation, it
would be interesting to explore the role of RET in other breast cancer oncogenic
processes, such as cell spreading, cell migration and cell invasion. Our lab has previously
shown that RET activation promotes cell migration in neuroblastoma cells, and both
migration and invasion in thyroid cancer models [133, 206]. Previous studies have shown
that activation of RET through GDNF treatment induces breast cancer cell migration in
multiple assays [72]. Further, high expression levels of RET are associated with
decreased metastasis-free survival in a cohort of breast cancer patients [72], suggesting
that invasion would be a suitable function to assess.

Our data showed that ligands, GDNF and artemin, are able to induce expression
of RET downstream target genes in the MCF7 breast cancer cell line. Artemin is the
preferred ligand for RET’s GFRa3 co-receptor, but can also form a complex with GFRal
(Reviewed in [11]). Previous studies have shown that artemin is expressed in multiple
tumor types, and plays a role in tumor growth and metastasis [207]. In breast tumors,
reports have suggested that artemin is involved in metastasis, and has been implicated in
relapse and death [119]. While we only used GDNF in our functional assays, it would be

interesting to assess whether artemin expression has similar effects to GDNF in the breast
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cancer cellular processes described. RET activation utilizing GDNF has been shown to
increase phosphorylation of signalling proteins downstream of RET, such as AKT and

ERK [73, 114]. It may be worthwhile to verify if the same RET-mediated pathways are
activated following artemin treatment in breast cancer cells.

We have shown that the integrin beta subunits, ITGB1, ITGB3-6 & ITGBS, are
expressed at detectable levels in our panel of RET-positive breast cancer cell lines. Our
lab has previously shown that RET activation increases SH-SY5Y neuroblastoma cell
adhesion, and that integrin f1 and integrin B3 both play roles in this RET-mediated
adhesion [133]. While we did not observe an effect of GDNF treatment on breast cancer
cell adhesion on collagen, it may be worthwhile to explore whether RET activation plays
a role in other integrin-related processes, such as cell spreading, focal adhesion
formation, and activation of proteins implicated downstream of integrin engagement, in
breast cancer cells. Previous studies have shown that RET interacts with the integrin-
related protein, FAK, and suggested that this may be a direct interaction through the
FERM domain on FAK [135]. Additionally, the inhibition or silencing of FAK reduces
RET phosphorylation and RET-dependent cell proliferation [135]. Interestingly, Gattelli
and colleagues have shown that RET inhibition reduces FAK phosphorylation in breast
cells, suggesting there is a relationship between RET and FAK in breast cancer [72].
Integrin inhibition alone, or in combination with a RET inhibitor, may be an useful

treatment strategy for certain subsets of breast cancer patients.
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4.2 Novel RET-BCARS3 interaction

We have shown a novel association between the RET receptor and the BCAR3
adaptor protein, and that knockdown of BCAR3 has an effect on oncogenic-related
processes, such as adhesion and proliferation in neuroblastoma cells. While most of the
previous studies on BCAR3 have explored its role in the context of breast cancer, our
data suggest that this adaptor protein may have functional relevance in other tumor types.
Recently, one group has shown that BCAR3 interacts with HEF1, a member of the
p130Cas family, to promote colorectal cancer cell migration [208], providing further
evidence that this adaptor protein likely has functions beyond breast cancer. It would be
worthwhile to initially perform bioinformatic analyses to assess expression levels and
clinical significance of BCAR3 in a broad range of tumor types in order to identify
cancers in which it would be relevant to perform further in vitro investigation of the
functions of BCAR3.

While we identified an interaction between RET and the BCAR3 adaptor protein
using far western blotting, and co-immunoprecipitations with transiently expressed
proteins, we were not able to detect an endogenous interaction in SH-SY5Y
neuroblastoma cells. SH-SY5Y cells express detectable levels of BCAR3, but expression
data from the Protein Atlas suggest that there are many other cell lines that express much
higher levels of BCARS3, indicating one potential explanation for the inability to detect an
endogenous RET-BCARS interaction. Additionally, while we assessed various times of
RET activation via GDNF treatment (ie. 5, 10, 15, 20 & 30 minutes), it may be that the
RET-BCAR3 association is transient, and highly time-dependent. There are not many

BCAR3 antibodies commercially available, so we may also have been limited in the
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reagents used to detect an endogenous interaction. Additionally, while we have identified
a robust, in vitro RET-BCAR3 interaction, it is possible that the RET-BCAR3 interaction
may not occur in SH-SY5Y neuroblastoma cells. It is worth mentioning that while in
vitro experiments have shown an interaction between EGFR-BCARS3 [168], another
group has been unable to detect an endogenous association between BCAR3 and EGFR
in breast cancer cells [169].

Recently, Li and colleagues showed that BCAR3 connects ROR-HER3 to the
Hippo-Yap pathway to promote breast cancer bone metastasis [150]. Additionally, there
are several other RTKs that are predicted to interact with BCAR3 [167]. Together, this
suggests that it would be valuable to initially characterize the potential interactions of the
BCAR3 SH2 domain with other RTKSs, and then further functionally evaluate any
verified associations.

A group has suggested that BCAR3 expression may have prognostic value in
breast cancer [154]. As our data provide novel evidence that BCAR3 may have a role in
neuroblastoma, it may be worthwhile to investigate whether BCAR3 expression levels
have any prognostic or predictive value in other tumor types. A more comprehensive
molecular characterization of BCARS3 in cancer may help elucidate whether there is

benefit in this adaptor protein being utilized in a prognostic and/or therapeutic setting.

107



Receptor tyrosine kinase

ECM (Collagen)

Integrins

Cell membrane

Paxillin

PI3K-AKT  ERK

Figure 4-1. Model of downstream effects of RTK-BCARS3 interaction.

We hypothesize that BCAR3 serves as a molecular connector of certain RTKS to
p130Cas, situating p130Cas in focal adhesions and promoting integrin activation. These
interactions are likely important for the downstream activation of PI3K-AKT and ERK
signaling pathways. Our data support roles for BCAR3 in phosphorylation of AKT, ERK,
and cellular processes, including proliferation and adhesion of SH-SY5Y neuroblastoma
cells. While many of these functions do not appear to be RET-mediated, the phenotype
we observe may be due to BCAR3’s interactions with other RTKs or proteins, such as
PTPa.
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4.3 Significance

According to the recent statistics from the Canadian Cancer Society,
approximately one in two Canadians are expected to develop cancer during their lifetime,
and one in four are expected to die due to the disease (Canadian Cancer Statistics, 2017).
These statistics emphasize the prevalence of cancer in our society, and highlight the
immense importance of further cancer research in a range of disciplines, including
prevention, biology and treatment. Moreover, cancer is not a single disease — rather, it is
a collection of more than a hundred diseases (Canadian Cancer Statistics, 2017), and
current treatments have varying efficiencies in patients, underscoring the complexity of
developing effective novel therapeutic strategies that will benefit all cancer patients.
Understanding the molecular mechanisms underlying the broad range of tumor types is
an important initial step in the identification of personalized, precise treatments for
cancer patients that may alleviate suffering and improve the quality of life.

Breast cancer is a heterogenous disease that can be further sub-divided into
clinically relevant groups (Reviewed in [209]). Endocrine therapies, including tamoxifen,
fulvestrant, and aromatase inhibitors, are the standard form of adjuvant treatment for the
hormone-receptor positive subtype of breast cancer [210]. Groups have shown cross-talk
between the RET and ERa pathways [114, 211]. Previous preclinical work has
investigated the efficacy of broad receptor tyrosine kinases inhibitors, including
Vandetanib and sunitinib, in both luminal and non-luminal RET-positive breast cancer
[82, 121, 204]. Studies have demonstrated that combinatorial treatment of tamoxifen, and
either vandetanib or sunitinib is more effective than either treatment regimen individually

[82, 121]. Interestingly, sunitinib had more of an effect on the induction of apoptosis than
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tamoxifen on breast cancer cells, providing a functional explanation for the greater
efficacy of the combination treatment compared to each treatment alone [121]. Hatem
and colleagues have also demonstrated in a preclinical setting that Vandetanib may be an
effective treatment strategy in non-luminal RET and EGFR positive breast cancers as
well [204]. Cabozantinib is another multi-kinase inhibitor that targets RET, and also has
activity against MET, VEGFR2, and AXL [212] and like Vandetanib, has been approved
to treat advanced MTC associated with RET mutations (Reviewed in [213]). To date,
while preclinical and clinical studies have assessed the efficacy of Cabozantinib for
metastatic breast cancer [212], these studies have not utilized a breast cancer patient
population that has comprehensive data on RET status. To extend these data and
determine whether RET may be a suitable therapeutic target in certain subsets of breast
cancer patients, it may be interesting to evaluate these broad spectrum RTK inhibitors

that have activity against RET in combination with anti-estrogen therapies.

Our data suggest that RET has a role in cell proliferation of both luminal (MCF7,
and T47D) and non-luminal (BT20, and MDA-MB-453) breast cancer cell lines. This
supports further pre-clinical and subsequent clinical research in validating the efficacy of
broad RTK inhibitors that target RET both in combination with endocrine therapy in
luminal breast cancer cohorts, and also alone in non-luminal breast cancer. (Reviewed in
[214]). Additionally, vandetanib has been previously clinically investigated for other
indications, including non-small cell lung cancer (Reviewed in [215] ), and locally
advanced/metastatic pancreatic cancer [216], both of which ultimately did not show
therapeutic benefit. If additional preclinical validation of RET’s contribution to breast

110



cancer warrants clinical investigation, data from previous clinical trials for other
indications may help design studies to explore the efficacy of vandetanib in certain
populations of breast cancer patients.

Interestingly, Gattelli and colleagues did not observe additive benefit with the
combination of fulvestrant and the broad spectrum RET inhibitor, NVP-AST-487 in a
breast cancer model, suggesting that only certain combinations of anti-estrogens and RET
inhibitors have therapeutic benefit [72]. These multi-kinase inhibitors have broad effects,
which clinically may not be the ideal approach as they may also down-regulate activity of
other kinases, and lead to unwanted side-effects. As a result, many groups have
developed and begun to characterize RET-specific inhibitors (Reviewed in [217]). It may
be worthwhile to assess the combinatorial therapeutic benefit of RET-specific inhibitors
with endocrine therapies in RET-expressing populations of breast cancer patients as this

may be a more beneficial and effective treatment approach than a multi-kinase inhibitor.

Our data suggest that BCAR3 may have a role in many oncogenic functions in
neuroblastoma. While, to date and to our knowledge, there are no therapeutic approaches
to target BCAR3, it may be useful to design, and characterize therapeutic peptides that
disrupt the interaction between RET and BCAR3. As BCAR3 has been shown to interact
with other receptor tyrosine kinases, such as HER3 and EGFR, and our data suggest a
role for BCAR3 in certain functions irrespective of RET, it may be worthwhile to
develop disrupting peptides that include the SH2 domain of BCAR3. Although more

research is required to fully understand the clinical relevance of BCAR3 in cancer, such
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disrupting peptides, may ultimately have a broad clinical application in tumors in which

BCARS is expressed.

4.4 Conclusions

We have shown that RET is expressed and plays a role in proliferation of both
luminal and non-luminal breast cancer cells. Additionally, we have demonstrated both
GDNF and artemin lead to the induction of RET target genes in MCF7 breast cancer
cells. We have characterized integrin beta transcript expression levels in a panel of breast
cancer cells, and shown that RET activation via GDNF does not seem to affect MCF7
cell adhesion. Together, these data suggest that further research is required to delineate
the multi-faceted roles of RET in this disease. Further, we have identified a novel
interaction between RET and the adaptor protein BCAR3, and were the first group to
investigate the functional relevance of BCAR3 in a neuroblastoma model. Our data
suggest that BCAR3 plays a role in oncogenic-related processes in this disease type, and
further work is warranted to better understand this still relatively unknown adaptor

protein.
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