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ABSTRACT

It is well established that the Wnt pathway is associated with tumorigenesis in a wide range
of human cancers, including a majority of breast cancers. However, due to diverse roles of
Whnt signalling, therapeutic targeting has not yielded consistent results and underlying
mechanisms remain unclear. Here, | show that breast cancer cell lines with high E-cadherin
expression are resistant to TCF4 inhibitors and develop cancer stem cell characteristics.
Conversely, cells with low levels of E-cadherin are very susceptible to cell death with the
same treatment. My results suggest that breast cancer cells in an epithelial-like state, but not
mesenchymal-like state, will be more responsive to therapeutic targeting of the Wnt/TCF
pathway. Importantly, E-cadherin high cells show robust Akt activation, whereas E-cadherin
low cells do not. Thus, combinational inhibition of both Wnt and Akt signalling is needed to

effectively target breast cancer cells in both the epithelial and mesenchymal states.
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1. INTRODUCTION

1.1 Breast cancer and cancer stem cells

Although there have been many advances in cancer research, breast cancer is still the second
leading cause of death in women (1). Most of the problem lies within cancer therapy itself.
Currently, treatment consists of tumour removal through surgery followed by adjuvant
therapy consisting of radiation, chemotherapy, hormonal therapy, and/or biological therapy.
However, although these methods are successful in removing the bulk of the tumour, chance
of relapse is still high with 36.8% of survivors suffering recurrence within 10 years (2).
Recurrence generally occurs when a small population of cancer cells resists treatment and
persists, and there is now an increasing amount of evidence to suggest that these are cancer

stem cells (CSCs) (3, 4).

The cancer stem cell hypothesis states that a tumour is maintained through CSCs that can
both self-renew and differentiate to constitute the bulk of the tumour (5-7). Several studies
have now shown that cell populations enriched for CSCs can form tumours in
immunocompromised mice that reproduce the molecular heterogeneity of the original
malignancy (8-11). Not only do CSCs have self-renewal and differentiation capabilities,
similar to normal tissue stem cells, but are also more resistant to conventional cancer
therapies as shown in vitro and in vivo studies (12—15). There are a number of ways in which
CSCs can achieve this resistance, including stem cell quiescence, increased drug efflux
pumps, protected niche environments, and enhanced repair/survival pathways (16-21).

Despite initial progress being made into the identification and characterization of CSCs,



specifically targeting these cells continues to be an issue. The first challenge involves
identifying markers specific to CSCs. Al-Hajj et al. was the first group to isolate breast CSCs
using the marker CD44*/CD24"°"/Lineage’, which categorized a small population of cells
that were able to form new tumours in non-obese diabetic/severe combined
immunodeficiency mice (9). Later, aldehyde dehydrogenase (ALDH) was also identified as a
potent marker for CSCs in breast cancer (22). Both CD447/CD24 and ALDH" are now
common markers used to characterize CSCs in breast and other forms of cancer.
Unfortunately, however, neither marker can be used exclusively or conclusively to identify
the entire population of breast CSCs (23, 24). The second challenge involves developing
therapeutics that specifically and effectively target these CSCs that are otherwise resistant to
conventional therapies. As mentioned earlier, there are a number of theories regarding the
method of CSC resistance to treatment, and as a result, all of these avenues are being
explored without clear knowledge of which will prove to be most effective. While the
concept of CSCs is not new, it has only recently been at the forefront of cancer research and
we can only continue to gain novel insights into the inner workings of CSCs, all of which

will help with future therapeutics.



1.2 Epithelial to mesenchymal or mesenchymal to epithelial; which way to go?

Cancer cells commonly undergo an epithelial to mesenchymal transition (EMT) in order to
disseminate and metastasize (4, 25). Whereas an epithelial phenotype is associated with
apical-basal polarity, tight junctions, and cell-cell adhesion markers, mesenchymal cancer
cells lack polarity and have migratory and invasive properties, allowing metastasis from a
primary heterogeneous tumour through the extracellular membrane to a secondary site (4, 25,
26). Since recurrence is often associated with metastasis, it led to the theory that CSCs were
metastatic mesenchymal cells (9, 27-30). Several papers are now reporting that CSCs
display plasticity and interconvert between EMT and MET (mesenchymal to epithelial
transition), based on environmental and intracellular clues, and that MET is crucial for
metastatic outgrowth (31-36). This process is illustrated in Figure 1, which shows a small
population of cells in the primary tumour undergoing EMT and either recurring locally or
intravasating into the blood or lymphatic vessel. After extravasation at a distant site, cells

undergo MET for colonization and growth of a secondary tumour.

One major player in the conversion from epithelial to mesenchymal and vice versa, is E-
cadherin (34, 35, 37). E-cadherin is heavily involved in the epithelial phenotype and loss of
E-cadherin is indicative of a mesenchymal phenotype (Figure 1). In fact, constitutive
production or loss of E-cadherin in vivo has been shown to induce MET or EMT in cancer
cells, respectively (31, 33, 38-41). Fluctuating E-cadherin levels in tumours are typically
controlled through epigenetic mechanisms, such as transcriptional repression and promoter
hypermethylation (42-45). As interconversion between EMT and MET in CSCs is a new

theory, most research thus far has focused on E-cadherin as being a tumour suppressor and



possible means to restore E-cadherin mediated cell adhesion. For example, Witta et al. found
that restoring E-cadherin in lung cancer led to increased sensitivity to epidermal growth
factor receptor inhibitors and apoptosis in previously resistant cell lines (46). Tryndyak et al.
used miR-200-induced up-regulation of E-cadherin to decrease invasiveness and increase
sensitivity to chemotherapeutic agent doxorubicin in breast cancer cells (47). Similarly, Nam
et al. restored the E-cadherin-mediated cell adhesion system by treatment with Src family
kinase inhibitor PP2, leading to the reduction of cancer metastasis (48). Conversely,
alternative roles for E-cadherin in tumour progression are emerging, such as tumorsphere
formation and collective cancer metastasis (49, 50). In ovarian cancer and invasive ductal
carcinoma, E-cadherin is highly expressed in the majority of tumours and maintains
expression during metastasis (51-53). Additionally, our group found that E-cadherin actively
contributed to the self- renewal and pluripotency gene expression of human embryonic stem
cells (54, 55). Furthermore, E-cadherin has been shown to activate phosphoinositide 3-kinase
(P13K) through recruitment to E-cadherin-containing protein complexes, and activating
downstream signalling proteins such as Akt (56-58). It is clear that a full understanding of
CSCs, including the role of EMT/MET, E-cadherin, and the signalling pathways involved,

will be needed to specifically target this elusive cancer cell population.



Figure 1. EMT-MET conversion and the contribution of E-cadherin. When a primary
tumour undergoes invasion (1), cells convert from an epithelial to mesenchymal phenotype
(EMT), which is characterized by a loss of E-cadherin (2). Cells can then relocalize (4) or
intravasate (5) into the blood stream, leading to extravasation (7), mesenchymal to epithelial
reversion (MET), and metastasis (9) at a secondary site in the body. [Modified from
Thompson and Haviv. 2011 Nat Med 17:1048 (59)]
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1.3 Wnt signalling pathway

The Wnt family of glycoproteins are able to activate either the canonical (dependent on
nuclear -catenin) or non-canonical pathway. Activation of the canonical pathway (Figure 2)
leads to inhibition of the $-catenin destruction complex, consisting of axin, adenomatous
polyposis coli (APC), protein phosphatase 2A, CK1-a and glycogen synthase kinase 3 (GSK-
3), and subsequent translocation and accumulation of -catenin in the nucleus. In the
nucleus, B-catenin forms a complex with transcription factors that includes the T cell factor
(TCF)/lymphoid enhancer-binding factor (LEF) family. Altogether, this complex is able to
activate transcription for numerous genes, including core factors known to be associated with
pluripotency induction (Sox2, c-Myc, Nanog, Oct4, Klf4) (60-63). Not only is 3-catenin a
pivotal factor of the Wnt signalling pathway, but it is also an intracellular adaptor of E-
cadherin (64, 65). This leads to competition for cytoplasmic -catenin, where increased E-
cadherin levels sequester B-catenin to the membrane, and as a retaliation, Wnt transcription

products include proteins that inhibit E-cadherin expression (e.g. Snail/Slug) (66-69).

It is well established that the Wnt pathway is associated with tumorigenesis in a wide range
of human cancers (70). However, due to diverse roles of Wnt signalling in cellular
regulation, activation can either fuel or repress tumour growth depending on yet to be
determined aspects of the molecular pathways that are expressed (71). Specifically, there is
great deal of controversy over whether Wnt maintains pluri-/multipotency or induces
differentiation (72—75). It likely involves input from various sources, such as growth factors,
cytokines and hormones, ionic concentrations, genetic mutations, adhesion, etc., and cell fate

will ultimately depend on cell type, cancer stage, and tumour grade (76). In breast cancer,



there is strong evidence for overexpression of various Wnt proteins that signal through the
canonical pathway, as well as nuclear/cytoplasmic accumulation of -catenin, both of which
have not been observed in normal tissue (77-79). Furthermore, Wnt has been implicated in
many facets of breast tumour development and growth, and inhibition has been shown to
prevent migration and proliferation, enhance chemosensitivity and induce apoptosis (80-83).
For this reason, Wnt signalling looks to be a promising target to control both tumour growth
and metastasis, and further insights into the regulation, interactions, and outcomes, will help

to advance future therapeutic treatments.



Figure 2. Wnt signalling pathway. Depiction of the canonical (-catenin dependant) Wnt
signalling pathway. LRP5/6-Frizzled receptors bind to Wnt protein leading to inhibition of
the B-catenin destruction complex, consisting of GSK-3p, APC, and Axin. B-catenin is then
able to accumulate in the cytoplasm and can interact with cadherin junctions at the
membrane and/or transfer into the nucleus to interact with transcription factors, such as
LEF/TCFs, CREB-binding protein (CBP)/p300, and TATA-binding protein (TBP).
Activation of the Wnt pathway leads to transcription of downstream Wnt signalling proteins
(c-Myc, Cyclin D, c-jun, etc.) involved in regulation and cell fate. [Modified from Howard et
al. 2003 Bmc Musculoskelet Disord 4:16 (84)]
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1.4 Akt signalling pathway

Akt remains in the cytosol in an inactive conformation until it is recruited to the membrane
and activated by serine/threonine kinases, mainly PI3K (Figure 3). Upon growth factor or
hormone binding, receptor tyrosine kinases (RTKSs), dimerize and cross-phosphorylate
intracellular domain tyrosine residues. Regulatory subunit p85 binds to these residues or
adaptor proteins and recruits the catalytic subunit p110, forming active PI3K, which in turn
catalyzes the formation of phosphatidylinositol (3,4,5)-trisphosphate (PIP3). Akt has a high
affinity for PIPsand translocates to the membrane. Interaction causes a conformational
change in Akt that exposes Thr308 and Ser473 for consequent phosphorylation and
activation. Interaction and phosphorylation of downstream signalling pathways enable
regulation of survival, growth, proliferation, cell migration, glucose metabolism and

angiogenesis; all of which are hallmarks of cancer (85-88).

Consequently, Akt activation in many cancers makes it a target for intense therapeutic
efforts. Hyperactive Akt activation is commonly achieved through mutations to the genes
encoding Akt and upstream activators, deletion or inactivation of tumour suppressors such as
phosphatase and tensin homolog, tuberous sclerosis complex 2, and liver kinase B1, or
overexpression of downstream effectors such as eukaryotic initiation factor 4E (89-96).
Evidently, several drugs have been developed to target Akt’s various points of regulation,
some of which are currently in clinical trials. For example, there are PIP3 analogues to block
binding to Akt’s PH domains, alkylphospholipids to prevent membrane localization,
selective inhibitors to target Akt activation, etc. (97-103) Further study will determine which

inhibitor types/combinations are most effective for future cancer treatments.
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Figure 3. Akt signalling pathway. Depiction of the Akt signalling pathway. Stimulation of
RTK results in cross-phosphorylation of its intracellular domains. Binding of the p85 subunit
either directly or indirectly (ex. insulin receptor substrate (IRS)) leads to the recruitment of
the p110 subunit, forming activated PI13K. PI3K catalyzes the formation of PIP3, leading to
the recruitment of Akt to the membrane and its conformational change. Fully activated Akt is
achieved through phosphorylation. Akt interacts with and phosphorylates numerous
downstream proteins to regulate survival, growth, proliferation, cell migration, glucose
metabolism and angiogenesis. [Modified from Vivanco and Sawyers. 2002 Nat Rev Cancer
2:489 (88)]
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1.5 Hypothesis and the aim of this study

Although E-cadherin competes with Wnt for B-catenin levels and it is established that Wnt
products encode proteins that down-regulate E-cadherin, little is known about what effects E-
cadherin has on Wnt signalling. Evidence has already shown that E-cadherin’s role in the cell
is more profound than solely adhesion, however mechanisms behind how an adhesion
molecule with unknown enzymatic activity is able to elicit downstream signals still remains
unclear. If E-cadherin is to be a candidate for cancer therapeutics, a better understanding of
its influence on different signalling pathways will help determine if

upregulating/downregulating E-cadherin would lead to tumour growth or regression.

I hypothesized that the expression level of E-cadherin, and therefore a
mesenchymal/epithelial state, influences whether Wnt inhibitors facilitate cell death or
cancer stem cell formation in breast cancer. In support of this hypothesis, | sought to
examine the effects that Wnt inhibitors had on cell lines with little to no expression or
overexpression of E-cadherin (Objective 1); define whether Wnt inhibitor BC21 caused
apoptosis in E-cadherin low cell lines (Obective 2); determine if BC21 induced a cancer stem
cell phenotype in E-cadherin high cell lines (Objective 3); identify the means by which E-
cadherin confers resistance and CSC characteristics in E-cadherin high cells (Objective 4)
and verify that targeted therapy based on E-cadherin expression levels can effectively
eliminate cancer cell populations (Objective 5). This research will help define the role of E-
cadherin in breast cancer progression and provide new insights into treatment avenues.
Ultimately, | hope to eradicate tumours through targeted therapy based on E-cadherin

expression.
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2. MATERIALS & METHODS

2.1 Cell and culture conditions

MDA-MB-231 and MCF7 human breast cancer cell lines were obtained from ATCC (#HTB-
26 and #HTB-22, respectively). These are adherent epithelial cell lines derived from
metastatic adenocarcinoma. However, MDA-MB-231 is a triple negative aggressive cell line
with a spindle morphology, whereas MCF7 is an estrogen and progesterone receptor positive
line with a spherical morphology. Both cell lines were cultured at 37°C and 5% CO>
atmosphere in flasks/plates (Corning) maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM) high glucose media (Thermo Fisher) supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin (Thermo Fisher). MDA-MB-231 cells were passaged every 3
days at a 1:10 split ratio, and MCF7 cells were passaged every 7 days at a 1:4 split ratio by
dissociation with 1 mL 0.05% trypsin-EDTA (Thermo Fisher) for 3 minutes. The day on

which cells were seeded was defined as day 0.

2.2 Tet-On® Advanced Inducible Gene Expression System

MDA-MB-231 cells were transfected with pLVX-Tet-On Advanced and pLVX-Tight-Puro
according to manufacturer’s instructions (Clontech). MDA-MB-231 E-cadherin'" cells were
generated using an empty vector of pLVX-Tight-Puro, while MDA-MB-231 E-cadherin™"
cells were generated using pLVX-Tight-Puro containing an E-cadherin gene insert. Stable
clones were selected after 3 days using G418 (Clontech) at a concentration of 1000 pg/mL
for selection and 400 pug/mL for maintenance and Puromycin dihydrochloride (Thermo

Fisher) at a concentration of 1 pg/mL for selection and 0.5 pg/mL for maintenance. E-
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cadherin expression was activated by adding 1 pg/mL doxycycline hydrochloride (Thermo
Fisher) to the cell culture every 2-3 days. E-cadherin levels were examined following RNA
extraction by gPCR analysis and protein knock-down levels were examined by western

blotting.

2.3 Small interfering RNA (siRNA) transfection

MCEF7 cells in 12-well plates were transiently transfected with 20 nM Silencer Select pre-
designed E-cadherin siRNA (#4392420 Thermo Fisher) or with 20 nM Silencer Select
Negative Control #1 siRNA (#4390843 Thermo Fisher) using Lipofectamine RNAi MAX

(Thermo Fisher) as per manufacturer’s recommendation.

1 pL of siRNA were diluted in 100 pL of Opti-MEM (Thermo Fisher) and incubated at room
temperature for 5 minutes, then combined with 1 pL lipofectamine, which was also diluted in
100 pL Opti-MEM. The siRNA:lipofectamine mixture was incubated for 20 minutes at room
temperature, then added drop wise to wells containing 800 puL Opti-MEM and mixed gently
by rocking back and forth. 12 to 24 hours post-transfection, the media was replaced with
fresh Opti-MEM and the transfection process repeated for a second time. sSiRNA mediated
knock-down of E-cadherin transcript levels were examined following RNA extraction by
gPCR analysis and protein knock-down levels were examined by western blotting, 24 and 72
hours post double-transfection, respectively. Transfection efficiency was estimated by
measuring the change in expression levels with or without E-cadherin siRNA, by looking at

fold change for qPCR and densitometry (ImageJ) for Western blot.
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2.4 Inhibitor treatments

BIO — GSK-3 inhibition was achieved using BIO inhibitor (#361550 EMD Millipore) that
blocks GSK-3 mediated degradation of B-catenin. Stock solutions of BIO inhibitor were
reconstituted in DMSO (dimethyl sulphoxide) as per manufacturer’s recommendation and
stored at 10 mM concentration at 4°C protected from light. Toxicity was verified by treating
cells at various concentrations (1-7.5 puM) for 1-4 days and determined by counting live and
dead cells using a haemocytometer following trypan blue (Thermo Fisher) staining. Cells
were treated with 2.5 uM BIO every day with medium change for 4 days, with an equivalent

volume of DMSO used as a vehicle control.

NOTE: CHIR-99021 was used as a replacement for BIO as a GSK-3 inhibitor for flow
cytometry experiments, as BIO stained cells red and skewed results. Stock solutions of
CHIR-99021 inhibitor (#SML1046 Sigma-Aldrich) were reconstituted in DMSO as per
manufacturer’s recommendation and stored at 10 mM concentration at -20°C protected from
light. Toxicity was verified by treating cells at various concentrations (1-7.5 uM) for 4 days
and determined by counting live and dead cells using a haemocytometer following trypan
blue staining. Cells were treated with 5 UM CHIR-99021 every day with medium change for

4 days, with an equivalent volume of DMSO used as a vehicle control.

IQ-1 — p300 inhibition was achieved using 1Q-1 inhibitor (#412400 EMD Millipore) that
blocks the interaction between B-catenin and transcription factor p300. Stock solutions of 1Q-

1 inhibitor were reconstituted in DMSO as per manufacturer’s recommendation and stored at

17



10 mM concentration at -20°C protected from light. Toxicity was verified by treating cells at
various concentrations (2-6 uM) for 1-4 days and determined by counting live and dead cells
using a haemocytometer following trypan blue staining. Cells were treated with 5 uM 1Q-1
every day with medium change for 4 days, with an equivalent volume of DMSO used as a

vehicle control.

ICG-001 — CBP inhibition was achieved using ICG-001 inhibitor (#847591 EMD Millipore)
that blocks the interaction between [-catenin and transcription factor CBP. Stock solutions of
ICG-001 inhibitor were reconstituted in DMSO as per manufacturer’s recommendation and
stored at 25 mM concentration at -20°C protected from light. Toxicity was verified by
treating cells at various concentrations (5-25 uM) for 1-4 days and determined by counting
live and dead cells using a haemocytometer following trypan blue staining. Cells were
treated with 5 uM ICG-001 every day with medium change for 4 days, with an equivalent

volume of DMSO used as a vehicle control.

BC21 — TCF4 transcription factor inhibition was achieved using BC21 inhibitor (#219334
EMD Millipore) that blocks the interaction between TCF4 and p-catenin. Stock solutions of
BC21 inhibitor were reconstituted in DMSO as per manufacturer’s recommendation and
stored at 5 mM concentration at -20°C protected from light. Toxicity was verified by treating
cells at various concentrations (1-10 uM) for 1-4 days and determined by counting live and

dead cells using a haemocytometer following trypan blue staining. Cells were treated with 5
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MM BC21 every day with medium change for 4 days, with an equivalent volume of DMSO

used as a vehicle control.

Akt VIII — Akt inhibition was achieved using Akt V111 inhibitor (#124018 EMD Millipore)
that allosterically blocks Akt. Stock solutions of Akt V11 inhibitor were reconstituted in
DMSO as per manufacturer’s recommendation and stored at 9 mM concentration at -80°C
protected from light. Toxicity was verified by treating cells at various concentrations (0.5-10
M) for 1-4 days and determined by counting live and dead cells using a haemocytometer
following trypan blue staining. Cells were treated with 3 uM Akt V111 every day with

medium change for 4 days, with an equivalent volume of DMSO used as a vehicle control.

2.5 Cell counting assays

Cells were washed twice with phosphate-buffered saline (PBS) and dissociated with 0.05%

trypsin-EDTA. Live cells were counted using trypan blue staining in a hemocytometer.

Cell viability levels were determined by conducting a MTT (thiazolyl blue tetrazolium
bromide) assay. MTT (Sigma-Aldrich) diluted at 5 mg/mL in PBS was added to cells in a 96
well flat bottom plate (Corning) in a 1:10 ratio and incubated at 37°C for 4 hours. Cells were
spun down at 4000 rpm for 5 minutes (CR3i, Thermo Fisher), media removed, and
resuspended in 150 pL DMSO for 30 minutes to terminate the reaction and lyse cells.

Optical density was measured at 490 nm using the Synergy H1 (Biotek).

19



2.6 Quantitative reverse transcription PCR (RT-qPCR)

Total RNA was extracted from MDA-MB-231 and MCF7 cells using RNeasy Mini Kit
(Qiagen) and quantitated using NanoDrop 1000 (Thermo Fisher) and the RNA quality was
ensured by spectrophotometric analysis (A2so280)(NanoDrop). cDNA was generated using
500 ng of total RNA with the iScript cDNA Synthesis Kit (Bio-Rad) and GeneAmp PCR
System 2700 (R&D Systems). qPCR was performed using SYBR Green Supermix (Bio-Rad)
on MyiQ System (Bio-Rad). Approximately 10 ng of cDNA was used per individual reaction
with primer concentrations of 5 pM. Amplifications were performed using the following
conditions: 94°C, 1m30s and 40 cycles 94°C, 10s; 60°C, 30s; 72°C, 30s. All data was
normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) using the AACT
method (104). pPCR was performed using human-specific primers listed in Table 1. All
primers were designed by Deyong Jia or Anna Jesierski using PrimerQuest from Integrated

DNA Technologies.

Table 1. List of primer sequences.

Primer Sequence Product Size

GAPDH Forward: 5’-ACAGTCAGCCGCATCTTCTT-3’ 259
Reverse: 5’-GACAAGCTTCCCGTTCTCAG-3’

E-cadherin Forward: 5’-TGCCCAGAAAATGAAAAAGG-3’ 225
Reverse: 5’-GGATGACACAGCGTGAGAGA-3’

p21 Forward: 5’-GGACAGCAGAGGAAGACCATGTG-3’ 164
Reverse: 5’>-GATCAGCCGGCGTTTGGAGTGGTA-3’

Caspase-3 Forward: 5>-TGATGATGTGGAAGAACTTAGG-3’ 943
Reverse: 5>-ACGGCTCCGCACCTGCTGAGGC-3’
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2.7 Western blot assays

Cells were washed with ice-cold PBS and lysed directly on the tissue culture plate with
TNEN lysis buffer containing 1X protease inhibitors (Sigma-Aldrich). Samples were
normalized with protein assay dye (Bio-Rad) using a spectrophotometer measuring at 595X\
(Beckman DU-600), then diluted 4:1 with 5X loading buffer for a total loading volume of 30
pL. Samples were run on a 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(80 volts for 1 hour then 120 volts for 1 hour) alongside a PageRuler Plus protein ladder
(#26619 Thermo Fisher), and transferred to a polyvinylidene difluoride membrane (Bio-Rad)
using a wet transfer apparatus (Bio-Rad) at 300 mA for 2 hours at 4°C. Membranes were
blocked with 5% skim milk (Santa Cruz) or 5% bovine serum albumin (BSA) (Thermo
Fisher) in TBST (tris-buffered saline containing 0.1% Tween-20, Sigma-Aldrich)) for 1 hour
at room temperature and incubated with primary antibodies overnight at 4°C with gentle
rocking. Cell lysates were assessed using E-cadherin mouse mAb (#1416 Abcam, 1:1000),
poly ADP ribose polymerase-total (PARP-T)/PARP-cleaved (PARP-C)(Asp214)-rabbit mAb
(#9532/5625 Cell Signaling, 1:1000), c-Myc rabbit mAb (#5605 Cell Signaling, 1:1000),
Oct3/4 rabbit pAb (#137427 Abcam, 1:1000), KIf4 rabbit pAb (#72543 Abcam, 1:1000),
Akt-phospho (Ser473)/Akt-total rabbit mAb (#4060/9272 Cell Signaling, 1:1000), and a-
tubulin mouse mAb (#T9025 Sigma-Aldrich, 1:5000) as a loading control were diluted in
TBST containing 5% skim milk or 5% BSA. Membranes were washed 3X for 15 minutes per
wash in TBST. Secondary antibodies, goat anti-rabbit (#170-6515 Bio-Rad) and goat anti-
mouse IgG-HRP-conjugates (#HAF007 R&D Systems), were diluted in 5% skim milk or 5%
BSA (1:10000) and the membranes were incubated for 1 hour at room temperature with

gentle rocking. Membranes were washed 3X for 15 minutes per wash in TBST. Membranes

21



were detected using the enhanced chemiluminescence system (ECL) (Select™, GE
Healthcare). The ECL signal was detected using autoradiography film (Denville Scientific)

and cassette.

2.8 Flow cytometry

Cells were dissociated into a single cell suspension, washed with PBS (GE Healthcare),
counted with trypan blue and 1x10° cells were resuspended in 100 pL fluorescence-activated
cell sorting (FACS) buffer in 96-well U-bottom plates. Cells were incubated with 1.5 puL IgG
(block Fc receptor) for 5 minutes at 4°C then stained with 1.5 uL CD44/CD24 (BD
Biosciences) surface markers, as well as apoptosis marker Annexin V (eBioscience) for 30
minutes at 4°C in the dark. Plates were centrifuged at 4000 rpm for 4.5 minutes at 4°C and
washed 3x with 200 pL FACS buffer. The samples were kept at 4°C in 200 uL FACS buffer
and protected from light for O to 3 hours. Before analysis, 1.5 pL of viability stain 7-amino-
actinomycin D (7-AAD) (eBioscience) was added then incubated for 10 minutes in the dark.
Samples were then transferred to FACS tubes and 0.5 mL of isotone sheath fluid was added
before flow cytometry with Beckman Cyan flow cytometer measuring 15000 events using
FL2, 8, 5, and 4 channels, respectively, and analysis with Kaluza software (Beckman

Coulter).
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2.9 Colony formation assays

Cells were trypsinized, strained (Corning), and normalized to 5000 cells per well in a 12 well
plate. The base layer consisted of 0.6% agarose (Sigma-Aldrich) plus 1X DMEM with
supplements and cooled at room temperature for 5 minutes to allow agarose to solidify. Cells
were added to the top layer, which consisted of 0.35% agarose plus 1X DMEM with
supplements. Plates were incubated at 37°C for 21 days and fed with 300 uL DMEM media
every 2-3 days. Cells were counted under a light microscope by adding 200 pL MTT/well

and only including spheres that measured > 100 pm in size.

2.10 Statistical analysis

Results are expressed as mean * Standard Error (SE). Statistical significance was determined
using a Student’s t-test or ANOVA wherever appropriate. Results were considered
significant when p < 0.05 (one asterisk) or < 0.01 (two asterisks). All experiments have at

least three biological repeats (n=3).
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3. RESULTS

3.1 Overexpression or knock-down of E-cadherin results in opposing outcomes when

treated with Wnt inhibitors.

Protein fluctuation levels are common among cells depending on activity level, function,
stress, etc., and E-cadherin is no exception. To emulate the fluctuating levels of E-cadherin
in cancer cells undergoing EMT-MET, | used two commercially available cell lines, MDA-
MB-231 and MCF7, which are derived from human breast cancer patients. MDA-MB-231 is
a triple negative mesenchymal-like cell line with very low baseline levels of E-cadherin. In
contrast, MCF7 is an estrogen/progesterone receptor positive epithelial cell line with high
baseline levels of E-cadherin. To achieve differing E-cadherin levels within the same cell
line, MDA-MB-231 cells were transfected with a Tet-On plasmid that activates E-cadherin
expression when exposed to doxycycline (Figure 4) and MCF7 cells were knocked down
with E-cadherin specific sSIRNA. Thus providing E-cadherin high systems, herein referred to
as MDA-Ecad"'9" and MCF7-scrambled, and E-cadherin low systems, herein referred to as
MDA-Ecad" and MCF7-si-Ecad. E-cadherin expression was assessed at the transcript level

(Figure 5A) and protein level (Figure 5B) for both cell lines.

Currently, there is no clear role for Wnt signalling in promoting or preventing cancer growth,
and signalling outcomes have been found to be largely cancer stage-specific and type-
specific. Therefore, MDA-MB-231 cells were tested against various Wnt pathway inhibitors
to determine if a mesenchymal or epithelial phenotype, as represented by MDA-Ecad'®" and

MDA-Ecad"%", respectively, would alter the cell’s response to Wnt signalling (Figure 6).
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B-catenin/p300 inhibitor 1Q-1 caused very little to no cell death in either cell line (cell
counting data not shown). B-catenin/CBP inhibitor ICG-001 caused moderate cell death in
MDA-Ecad"" cells (cell counting data not shown). Lastly, TCF4 inhibitor BC21 showed
marked differences in the survival between E-cadherin low and E-cadherin high cells.
Therefore, focus was placed on TCF4 inhibition and the mechanism behind differing survival

patterns.
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Figure 4. Generation of E-cadherin expression in MDA-MB-231 cell line. Schematic of
the lentivirus used to generate MDA-MB-231 Tet-On E-cadherin'’ (MDA-Ecad'") and Tet-
On E-cadherin"9" (MDA-Ecad"9") cells.
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Figure 5. E-cadherin levels in transfected MDA-MB-231 and MCF7 cell lines. (A) RT-
gPCR showing E-cadherin transcript levels in MDA-WT, MDA-Ecad'”, and MDA-Ecad"¢"
cells, and MCF knock-down cells. mRNA levels are normalized to GAPDH and graphed as
average fold of expression £ SE when compared to the control. (B) Western blotting showing
E-cadherin protein expression in MDA-Ecad'®" and MDA-Ecad"9" cells, as well as MCF7
knock-down cells. MDA-Ecad"9" shows a 300% increase in E-cadherin protein levels
compared to control. MCF7-si-Ecad shows an 87% decrease in E-cadherin protein levels
compared to MCF-scrambled. Values for protein level changes were measured using ImageJ.
E-cadherin mouse mAB was used to detect E-cadherin protein levels and a-tubulin mouse
mAB was used as a loading control.
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Figure 6. Opposing effects of different Wnt inhibitors on MDA-MB-231 cells expressing
high versus low levels of E-cadherin. MDA-Ecad'" (left panel) and MDA-Ecad"9" (right
panel) treated with vehicle for 4 days (first row); 5 uM p300/B-catenin inhibitor 1Q-1 (second
row) 5 UM CBP/B-catenin inhibitor ICG-001 (third row); 5 uM TCF4 inhibitor BC21 (fourth
row). Images were taken at 5x magnification and bar represents 200 pm.
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3.2 E-cadherin high cells are more resistant to TCF4 inhibitor BC21 than are E-cadherin

low cells.

To validate the initial results observed with TCF4 inhibition, cells were treated with 5 uM
BC21 or vehicle control for 4 days and harvested on day 5. MDA-Ecad"" cells showed a
robust decrease in live cells compared to vehicle control when counted with trypan blue
staining, whereas MDA-Ecad"9" cells only had a slight decrease in live cell numbers (Figure
7A). Results were confirmed with an MTT assay measuring metabolic activity (Figure 7B).
A similar pattern to MDA-Ecad"'9" was seen in MCF7 wild-type cells treated with 5 pM
BC21 (Figure 7A and B), however knock-down conditions showed only a slight decrease in
MCF7-si-E-cad cell numbers compared to MCF7-scrambled (data not shown). In addition,
MDA-Ecad"9" cells were treated with BC21 every day for 12 days to confirm that cells were
able to survive and proliferate passed the standard 4 day treatment (Figure 7C). After initial

cell death and slowed proliferation, cells were able to recover back to typical growth rates.
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Figure 7. E-cadherin expression increases resistance to Wnt/TCF4 inhibitors. E-
cadherin low cells are more susceptible to cell death induced by TCF4 inhibition than are E-
cadherin high cells as shown by trypan blue staining (A) and MTT assays (B). Similar results
are obtained when MCF7 cells (expressing high levels of E-cadherin) are treated with TCF4
inhibitor BC21. (C) MDA-Ecad™" cells recover and continuously proliferate after initial
treatment with 5 uM BC21. Bar graph represents average cell count + SE (trypan blue) or
percentage of live cells + SE as compared to vehicle control (MTT). Results are considered
significant when p < 0.05.
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3.3 Cell death in MDA-Ecad'" cells caused by Wnt inhibitor is associated with apoptosis.

The mechanism of cell death for MDA-Ecad'¥ cells was determined using various apoptotic
markers. Transcript levels for p21, a cyclin-dependent kinase inhibitor that prevents
progression at the G; and S phase, were increased 2.5-fold in MDA-Ecad'®" cells treated with
5 uM BC21 (Figure 8A). Similarly, transcript levels for caspase-3, a protein that plays a
central role in the execution of apoptosis, were increased 70-fold in treated cells (Figure 8A).
PARP detects single-strand DNA breaks from metabolic, chemical or radiation-induced
damage and signals for repair. When damage is too severe, PARP is cleaved by caspase-3
during programmed cellular death to prevent ATP depletion. Cleaved PARP protein levels
increased in BC21 MDA-Ecad"" cells compared to control, indicating programmed cell
death (Figure 8B). Lastly, Annexin V staining in flow cytometry detects cells that express
phosphatidylserine on the cell surface, an event seen in apoptosis and other forms of cell
death. 7-AAD is a fluorescent intercalator that has a strong affinity for DNA and undergoes a
spectral shift upon association. Thus, 7-AAD is generally excluded from live cells and acts
as a viability stain. When MDA-Ecad'" cells were stained with Annexin V and 7-AAD, half
of the BC21 treated population stained positive for Annexin V/7-AAD or 7-AAD alone
(Figure 8C). The mean frequency of cells stained positive for Annexin V/7-AAD or 7-AAD

alone is 4.39% in control cells and 20.8% in cells treated with 5 uM BC21.
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Figure 8. TCF4 inhibitor BC21 causes MDA-Ecad'" cells to undergo apoptosis. (A) RT-
gPCR of p21 (associated with cell cycle arrest) and caspase-3 (downstream effector protein
in cell death, including apoptosis) genes in MDA-Ecad'" cells treated with 5 uM BC21.
MRNA levels are normalized to GAPDH and graphed as average fold of expression when
compared to the control. (B) Western blot of PARP (left panel). Increased cleavage of PARP
(PARP-C) in MDA-Ecad"" cells treated with 5 uM BC21 suggest activated caspase enzymes
associated with apoptosis. PARP rabbit mAb was used to detect total levels of PARP
(PARP-T), PARP cleaved at Asp 214 rabbit mAb was used to detect PARP-C, and a-tubulin
mouse mAb was used as a loading control. ImageJ was used to measure the density of the
Western blot bands, which were then normalized to a-tubulin (right panel). (C) Flow
cytometry showing an increased number of BC21 treated cells stained positive for both
Annexin V and 7-AAD, indicating increased cell death through apoptosis. Results are
considered significant when p < 0.05.
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3.4 High E-cadherin in combination with Wnt targeting drugs enhances phenotypes

associated with breast CSCs.

Similar to induced pluripotent stem cells (iPSCs), cancer stem cells show increased
expression of a core set of transcription factors (Oct3/4, KIf4, Sox2, c-Myc). These
transcription factors are responsible for the stem cell-like characteristics seen in CSCs,
including self-renewal and proliferation (105-107). Therefore, a western blot was used to
determine whether the surviving cells in the MDA-Ecad™%" population expressed higher
levels of these core transcription factors (Figure 9A). Indeed, MDA-Ecad"9" cells treated
with 5 uM BC21 for 4 days showed increased protein expression for c-Myc, Oct3/4, and
KIf4 compared to vehicle control. To confirm that BC21 induces a CSC phenotype in MDA-
Ecad"9" cells were analyzed with flow cytometry to determine if treated cells showed an
increased CD44"9"/CD24'"Y profile. CD44 is a class | transmembrane glycoprotein that is
critical in regulating stem cell-like characteristics, such as proliferation, growth, survival,
migration, and angiogenesis. Alternatively, CD24 is a glycoprotein that is anchored to the
cell surface by glycosyl-phosphotidyl-inositol and is associated with a differentiated
epithelial phenotype. Flow cytometry of E-cadherin high cells revealed a distinct population
of cells with a CD44"9"/CD24'° profile, which was increased after BC21 treatment (Figure
9B). The mean frequency of cells stained positive for CD44"9"/CD24'°" is 1.64% in control
cells and 3.19% in cells treated with 5 uM BC21. These results are considered significant (p
< 0.05) and further suggests the up-regulation of a CSC population as indicated with western

blotting
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Figure 9. TCF4 inhibition promotes a CSC phenotype in E-cadherin high cells. (A)
Western blot analysis of cancer-promoting proteins in MDA-Ecad™9" cells treated with 5 uM
BC21 (left panel). c-Myc rabbit mAb, Oct3/4 rabbit pAb and KIf4 rabbit pAb were used to
detect protein levels and were compared to a-tubulin mouse mAb as a loading control.
ImageJ was used to measure the density of the Western blot bands, which were then
normalized to a-tubulin (right panel). Results are considered significant when p < 0.05. (B)
Flow cytometry analysis showing an increased CD44+/CD24- profile in MDA-Ecad™9"
treated cells.
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3.5 Additional activation of Wnt by GSK-3 inhibitor BIO, further enhances effects seen

with BC21.

As previously mentioned, GSK-3 functions as an inhibitor of the Wnt pathway through its
role in the destruction complex for cytoplasmic -catenin. To account for fluctuating levels
of Wnt signalling in living systems, 2.5 uM of GSK-3 inhibitor BIO was added daily to cell
cultures to mimic increased Wnt activation. BIO alone caused minimal cell death (Figure
10B), however, when added with 5 uM BC21 robust cell death was seen only in MDA-
Ecad'" cells and survival was 3x lower than BC21 alone (Figure 10A and B). MDA-Ecad"9"
cells, on the other hand, displayed no significant cell death when counted with trypan blue
(Figure 10B) and formed clustered spheres in culture (Figure 10A). When MDA-Ecad'®"
cells were analyzed for cell death, 95% of the cells treated with CHIR-99021 (an alternative
GSK-3 inhibitor) and BC21 were stained positive for Annexin V/7-AAD or 7-AAD alone,
compared to 1% treated with CHIR-99021 alone or 50% with BC21 alone (Figure 10C). The
mean frequency of cells stained positive for Annexin V/7-AAD or 7-AAD alone is 4.38% in
control cells, 20.8% in cells treated with 5 uM BC21, and 60% in cells treated with 5 uM
CHIR and 5 pM BC21. (Note: CHIR-99021 replaced BIO during flow cytometry

experiments due to fluorescent interference.)

The propensity for MDA-Ecad™9" cells to form spherical cultures was investigated by colony
formation assays, which measures the ability of a single cell to grow anchorage-
independently and to give rise to a colony, an indicator of CSC properties (108, 109). Only
spheres that exceeded 100 um in diameter and stained positive with MTT (live cells) were

considered to be colonies (Figure 11A) (110, 111). For all treatment conditions, there was a
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decrease in colony numbers for MDA-Ecad'" cells, compared to vehicle control (Figure
11B). Conversely, both BIO alone and BIO + BC21 treatments led to an increase in
clonogenic capacity in MDA-Ecad™9" cells, with BIO + BC21 having the highest colony

numbers and largest spheres (Figure 11A and B).
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Figure 10. Addition of GSK-3 inhibitor BIO with BC21 treatment enhances cell death
in MDA-Ecad'"" cells without significant effect in MDA-Ecad"o" cells. (A) MDA-Ecad'"
cells treated with 2.5 uM BIO + 5 pM BC21 for 4 days (left); MDA-Ecad™" cells treated
with 2.5 pM BIO + 5 pM BC21 for 4 days (right). Images were taken at 5x magnification
and bar represents 200 pm. (B) Live cell count using trypan blue staining on MDA-Ecad'*¥
and MDA-Ecad"" cells with 2.5 uM BIO and/or 5 uM BC21 for 4 days. Bar graph
represents average cell count + SE and results are considered significant when p < 0.05. (C)
Flow cytometry showing a further increase in apoptotic cells in MDA-Ecad'®" with the
addition of 5 uM CHIR-99021 (replacement for BIO) to 5 pM BC21. Patterned bars ()
indicate data previously shown.
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Figure 11. Activation of Wnt using BIO enhances physical CSC characteristics when
combined with BC21. (A) Depiction of a 21 day colony formation assay in MDA-Ecad""
cells with vehicle control (top left); 2.5 uM BIO (top right); 5 uM BC21 (bottom left); 2.5
MM BIO + 5 uM BC21 (bottom right). Cell viability in colonies was determined by positive
MTT staining (dark blue). Images were taken at 5x magnification and bar represents 200 pum.
(B) Count of spheres (=100 pum) from colony formation assays initially treated with 2.5 uM
B1O and/or 5 uM BC21. Bar graph represents average sphere count + SE of live cells as
indicated through MTT staining. Results are considered significant when p < 0.05.
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3.6 E-cadherin high cells express increased levels of activated Akt, and therefore blockage
of Akt is needed to effectively arrest the growth of breast cancer cells expressing high

levels of E-cadherin.

Given that Wnt inhibitors are ineffective against cells with high levels of E-cadherin, |
explored the possibility that another major pathway was activated in E-cadherin high breast
cancer cells. Previous research has indicated that high levels of E-cadherin enhance PI3K
signalling, therefore | tested MDA-Tet-On cells for differential Akt activation, a protein
kinase downstream of PI3K. Indeed, MDA-Ecad"¢" cells showed increased phosphorylated
Akt (Akt-P) compared to MDA-Ecad'®” cells (Figure 12A), indicating activated Akt
correlates with high E-cadherin expression. MDA-Ecad'®", MDA-Ecad™9", and MCF7 were
then treated with 3 uM Akt VIII inhibitor for 4 days. There was significantly more cell death,
as measured with trypan blue staining and MTT viability assays, in MDA-Ecad"9" and
MCF7 cells, whereas MDA-Ecad'" cells were largely unaffected (Figure 12B and C). Again,
there was very little difference between MFC7-scrambled and MCF7-si-Ecad (data not

shown).
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Figure 12. Blockage of Akt enhances cell death in cells previously unaffected by TCF4
inhibition. (A) Western blot analysis of activated Akt (Akt-P) in MDA-MB-231 cells (left
panel). Total Akt was detected using Akt rabbit mAb, activated Akt was detected using Akt-
phospho on Ser473 rabbit mAb, and results were compared to a-tubulin mouse mAb as a
loading control. ImageJ was used to measure the density of the Western blot bands, which
were then normalized to a-tubulin (right panel). Cell count using trypan blue staining (B)
and cell viability using MTT (C) on MDA-Ecad™%", MDA-Ecad'", and MCF7 cells treated
with 3 uM Akt VIII inhibitor. Bar graph represents average cell count £ SE (trypan blue) or
percentage of live cells = SE as compared to vehicle control (MTT). Results are considered
significant when p < 0.05.
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4. DISCUSSION

E-cadherin is a major cell-cell contact adhesion molecule, and for the most part, it has been
implicated as a tumour suppressor in various human epithelial tumours. However, there are
an increasing number of studies that indicate a promoting role for E-cadherin in tumour
progression (56-58, 112—-114). In accordance with this data, my current study indicates that
fluctuating levels of E-cadherin, indicative of EMT/MET interconversion, alters the

signalling profile of breast cancer cells, resulting in changes to therapeutic susceptibility.

4.1 Establishing the influence of E-cadherin levels on Wnt signalling

MDA-MB-231 breast cancer cells normally express very low levels of endogenous E-
cadherin, and are accordingly classified as an invasive, mesenchymal cell line.
Overexpression of E-cadherin in this cell line, as introduced through a lentiviral Tet-On
system, led to a more drastic spindle-like morphology and increased proliferation, as
observed through a light microscope (data not shown). To determine if the differences
between the low and high E-cadherin cell lines extended beyond observable changes, MDA-
Tet-On cells were treated with various Wnt inhibitors. The canonical Wnt signalling pathway
has been extensively researched in cancer progression, however, due to its numerous
interactions and differential outcomes during activation, it is unclear whether Wnt will
promote or inhibit tumour progression in a given cell type. The role of Wnt signalling in
breast cancer was assessed in MDA-MB-231 cells using inhibitors that targeted -catenin’s
interaction with transcription factors p300 (1Q-1), CBP (ICG-001), and TCF4 (BC21).

Whereas 1Q-1 was largely ineffective in bringing about cellular changes (data not shown),
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ICG-001 (data not shown) and BC21 treatments resulted in cell death only in MDA-Ecad'®"
cells, with greater disparity between MDA-Ecad' and MDA-Ecad™" cell survival with
BC21 treatments (Figure 7A and B). Although these inhibitors all target the Wnt pathway,
differing outcomes indicate that CBP and TCF4 are more heavily involved in the
transcription process than are other transcription factors, such as p300, due to efficacy of
inhibitors or biological response of cells. This conclusion is partly explained by a model
proposed by Teo and Kahn, which states that the divergent activities of Wnt signalling can
be attributed to the coactivators CBP and p300 (115). Their model explains that CBP/p-
catenin mediated transcription is critical for stem cell/progenitor cell maintenance and
proliferation, whereas p300/B-catenin initiates differentiation. Since MDA-MB-231 cells are
an aggressive, mesenchymal cell type, my research coincides with the model in that these
cells emphasize CBP. On a similar note, the transcription factor TCF4 has been shown to
promote cancer initiation and progression when associated with B-catenin, while exhibiting a
tumour suppressor function when the Wnt pathway is inactive (116-119). Focus was placed
on TCF4 inhibitor BC21 because of its controversial role in promoting or inhibiting breast
cancer. Treatments with this inhibitor resulted in the largest disparity between MDA-Ecad'*¥
and MDA-Ecad"9" cells, and further research into the reason behind this discrepancy could

explain TCF4’s role as both a tumour promoter and repressor.
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4.2 Does cell death resulting from TCF4 inhibition in E-cadherin low cells occur through
apoptosis?

When under severe stress, cells may undergo programmed cell death, such as apoptosis, or
non-physiological cell death, such as necrosis. During apoptosis, death factors bind to
tumour necrosis factor receptors that result in a signalling cascade leading to the activation of
initiator caspases (2, 8 — 12) that proteolytically cleave effector caspases (3, 6, 7). Effector
caspases carry out apoptosis through degradation of intracellular proteins (120, 121).
Necrosis occurs as a result of infection, toxins, or trauma that leads to ruptures in the cell
membrane and release of its contents. The inflammatory response that ensues prevents
phagocytosis and the environment becomes toxic to surrounding healthy tissue (122, 123).
Transcript levels in MDA-Ecad'" cells treated with BC21 showed a 2.5-fold increase in p21,
a cyclin-dependent kinase inhibitor that regulates cell cycle progression at the G1 and S
phase, and a 70-fold increase in caspase-3, compared to vehicle control (Figure 8A).
Similarly, western blots detected cleaved PARP in treated MDA-Ecad'" cells, but not in
control (Figure 8B). Lastly, flow cytometry analysis revealed a 26% increase in Annexin
V*/7-AAD* and a 22% increase in 7-AAD* populations in MDA-Ecad'®" cells treated with
BC21 (Figure 8C). As previously mentioned, Annexin V is used to detect cells expressing
phosphatidylserine on their surface, an event seen during apoptosis, and 7-AAD is used as a
viability stain. Taken together, these results indicate that cell death in MDA-Ecad'" cells
treated with BC21 is due to programmed cell death, specifically apoptosis, and is not a result

of necrotic death.
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4.3 Enhanced CSC characteristics seen in E-cadherin high cells through Wnt inhibition

Unlike MDA-Ecad'®" cells, BC21 had little to no effect on MDA-Ecad"" cells. Indeed,
MDA-Ecad"9" cells were able to recover and continue to proliferate alongside constant BC21
treatment (Figure 7C). One characteristic of cancer stem cells is resistance to traditional
chemotherapeutic drugs, allowing for recolonization of a tumour population. Pioneering
research by Takahashi and Yamanaka first revealed what we now refer to as the “core
transcription factors” that confer stemness and can be used in to reprogram epithelial cells
into iPSCs (105). To determine if treatment with BC21 leads to a CSC phenotype, and in
turn, confers BC21 resistance in MDA-Ecad"%" cells, cells were treated with 5 uM BC21 for
4 days and analyzed with western blot (Figure 9A) and flow cytometry (Figure 9B). Western
blot reveals a 2-3 fold increase in c-Myc, Oct4 and KIf4 protein levels and flow cytometry
shows a 2% increase in CD44%/CD24 cell populations in MDA-Ecad"9" treated with BC21
compared to vehicle control. CD44/CD24 cell surface proteins are common markers used in
breast cancer to distinguish potential CSC populations. Taken together, these results indicate

an increased CSC population in MDA-Ecad™" cells after treatment with BC21.

Just as E-cadherin levels in a given cell are not constant, activation or inhibition of a
particular pathway will vary in order to adapt to changing environmental conditions.
Therefore, to determine if further activation of Wnt signalling, which is often seen in breast
cancer cells, would enhance cellular effects already seen, cells were treated with GSK-3
inhibitor BIO, theoretically leading to an increase in free -catenin available in the cytoplasm
and allowing for interaction with E-cadherins at the membrane or transportation into the

nucleus to activate transcription. BIO and BC21 treatment led to almost complete cell death
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in MDA-Ecad"", as indicated by trypan blue counting (Figure 10B) and flow cytometry
analysis with Annexin V and 7-AAD (Figure 10C). Conversely, BIO and BC21 treatment
resulted in MDA-Ecad™9" cells forming sphere-like structures in standard cell culture
conditions (Figure 10A). A colony formation assay confirmed that treatment of MDA-
Ecad"9" cells with both BIO and BC21 significantly increased the number (Figure 11B) and
size (data not shown) of tumorspheres in culture. | hypothesize that E-cadherin low cells, the
cell rely heavily on Wnt signalling through TCF4, and consequently, an increase in the
amount of B-catenin available for transcription through GSK-3 inhibition will lead to a more
detrimental effect when BC21 is used to inhibit TCF4. BIO at 2.5 uM is not toxic to cells
when treated alone. In contrast, E-cadherin high cells are resistant to cell death with BC21
and additionally show CSC characteristics when BIO and BC21 inhibitors are combined. In
this manner, BIO and BC21 work synergistically. Previous research into TCF4 and its
apparent disparity as both a tumour suppressor and promoter, somewhat accounts for what |
have seen with BC21 in MDA-Ecad"" versus MDA-Ecad"" cells. In E-cadherin low cells,
Whnt is active causing TCF4 to theoretically act as a tumour promoter and therefore inhibition
of TCF4 leads to widespread cell death. Conversely, in E-cadherin high cells, Wnt is inactive
causing TCF4 to act as a tumour suppressor and inhibition by BC21 leads to tumour
progression. Inhibition of GSK-3 with BIO also supports this theory, as it allows for
increased [-catenin/TCF4 interaction to carry out transcription and promote carcinogenesis.
However, if this were completely true, addition of BIO and BC21 would mitigate this effect,
and I should see either no effect compared to vehicle control, an up-regulation of CSC
characteristics that is not as robust as B1O alone, or an increase in cell death that is not as
robust as BC21 alone in E-cadherin low cells. Since the combinational treatment of BIO and

BC21 shows the greatest amount of CSC phenotypes and the least cell death, two
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possibilities can be concluded; E-cadherin high cells place equal emphasis on Wnt, but less
emphasis on TCF4 and instead use other transcription factors (LEF1, TCF1, TCF3), and/or
E-cadherin expression induces a shift from Wnt signalling to another signalling pathway that
regulates survival and CSC properties. Due to there being both cell death resistance and CSC
phenotypes in MDA-Ecad"9" cells, a combination of the above two hypotheses are likely to

be in effect.
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4.4 Whnt is not alone

Given the ineffectiveness of Wnt signalling inhibitors in repressing E-cadherin high breast
cancer cells, |1 wanted to look at the possibility of another pathway being activated in E-
cadherin high cells. If I could identify an alternative pathway that was activated, it could lead
to a subtype-specific therapy by using a Wnt/TCF4 inhibitor to target cells with low E-
cadherin (EMT) and another signalling pathway inhibitor to target cells with high E-cadherin
(MET). Akt is a serine/threonine kinase that mediates downstream processes such as cell
survival, growth, apoptosis, migration and angiogenesis (85-88). Not only is aberrant
activation of Akt observed in many types of cancer, but E-cadherin has been shown to
activate PI3K, a kinase upstream of Akt (56-58). Therefore, focus was placed on identifying
whether MDA-Ecad™9" cells expressed higher levels of activated Akt than MDA-Ecad'®"
cells. Western blot confirmed increased levels of activated Akt (Akt-P) in MDA-Ecad"'9"
cells, but not MDA-Ecad'®" (Figure 12A). | then wanted to determine whether an Akt
inhibitor (Akt VI1I) would be able to successfully induce cell death in E-cadherin high cells.
As expected, 3 pM Akt VIII caused cell death in about 70% of the population in both MDA-
Ecad"9" cells and MCF7 cells, according to trypan blue counting (Figure 12B) and MTT
assay (Figure 12C). In addition, the same concentration of Akt V111 induced little to no cell
death in MDA-Ecad'®" cells. These results further strengthen the theory that E-cadherin
levels influence the primary signalling pathway in breast cancer cells, where low E-cadherin
expression relies more heavily on the Wnt/TCF4 pathway and high E-cadherin expression
relies mostly on the Akt pathway for cell survival (Figure 13). Further work will be needed
to determine whether E-cadherin high cells also rely on Wnt, but place emphasis on

transcription factors other than TCF4.
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Figure 13. Proposed relationship between cellular E-cadherin levels and Wnt/Akt
activation/inhibition. (A) In low E-cadherin cells, canonical Wnt signalling is the main
pathway for cell survival, and therefore, targeting of this pathway using TCF4 inhibitor
BC21 would be the most effective means of eliminating low E-cadherin breast cancer cells.
(B) In high E-cadherin cells, less reliance is put upon Wnt signalling and more emphasis is
on the Akt pathway. Targeting TCF4 is largely ineffective and increases CSC phenotypes,
therefore inhibiting Akt signalling would be the most effective means of eliminating high E-
cadherin breast cancer cells. (1) Proposed thesis findings. (2)(3) Modified from Howard et
al. 2003 Bmc Musculoskelet Disord 4:16 (84) and Vivanco and Sawyers. 2002 Nat Rev
Cancer 2:489 (88)
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4.5 Concluding remarks

Despite progress being made into the effect that E-cadherin levels have on cell survival and
cancer progression, a considerable amount of research is still required to confirm this trend
and to determine the exact mechanism behind it. Minor work includes finishing repeats for
experiments associated with apoptosis in MDA-Ecad"" cells. Additionally, although a
general trend similar to MDA-Ecad"'9" cells was confirmed for BC21/Akt VII treatment in
MCEF7 cells, which normally express high levels of E-cadherin, knock-down of MCF7 with
E-cadherin siRNA yielded insignificant results, although showing a similar trend to MDA.-
Ecad'®" cells. After analyzing results obtained from gPCR and western blot (Figure 5A and
B), it was concluded that a knock-down efficiency of 80% was not sufficient enough to elicit
global signalling changes within the cell, as baseline E-cadherin levels were still high. To
solve this, our lab is looking into using CRISPR/Cas9 knock-out reagents as a more effective
means of removing E-cadherin expression or repeating experiments with another breast
cancer cell line that normally expresses very low to no E-cadherin within the cell (similar to
MDA-MB-231 wild-type). Results regarding BC21 would also need to be confirmed with
TCF4 si-RNA, to ensure that BC21 is in fact specifically targeting TCF4 and there are not
any off-targets influencing the results. Next, for results to be applicable to the clinical field,
treatments will be repeated using clinical samples and mouse models. Lastly, it is clear that
Akt plays a significant role in either the survival or cancer progression in E-cadherin high
cells treated with BC21, it is however unclear how much of a role Wnt or Akt plays and if
any other signalling pathways are involved. Knock-outs and various pathway inhibitors will

initially help in identifying areas of importance. In order to develop effective breast cancer
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treatments, it will become imperative to determine the mechanism behind E-cadherin’s

influence on activating or inhibiting Wnt, Akt, and potentially other signalling pathways.

In summary, this report has shown that the susceptibility of cancer cells to therapeutic drugs
relies, at least partially, on the expression level of E-cadherin. There is an increasing amount
of evidence suggesting that CSCs undergo both EMT to invade from the primary tumour site
into surrounding tissue and a reversion back to MET to colonize at the secondary location.
My research suggests that effective eradication of CSCs will require different inhibitors
targeting either the epithelial or mesenchymal state. Here, | looked at MDA-MB-231
transfected with a Tet-On expression system for either E-cadherin or vehicle control, and
MCF7 breast cancer cell lines. Treatment with Wnt/TCF4 inhibitor BC21 resulted in robust
cell death in low E-cadherin cells (MDA-Ecad'®") and little to no effect in high E-cadherin
cells (MDA-Ecad"9" and MCF7), with MDA-Ecad"9" cells also showing a shift towards a
CSC phenotype. In contrast, treatment with Akt V111 inhibitor resulted in extensive cell death
in high E-cadherin cells and very little to no cell death in MDA-Ecad' cells. Further
research will focus on confirming these effects in both clinical samples and in vivo mouse
models, as well as determining the mechanisms behind E-cadherin’s influence on the cell’s
signalling pathways. Ultimately, treatment of breast cancer with a combination of BC21 and
Akt V111 looks to be a promising therapeutic avenue to eradicate cancer cells and cancer stem

cells, thus preventing future recurrence.
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6. APPENDICES

Map of the pLVX-Tet-On Advanced Vector.
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