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ABSTRACT

Despite progress being made in our understanding of triple negative breast cancer (TNBC),
the overall survival and disease-free survival for TNBC patients continues to be considerably
poorer than their ER/PR/HER2+ counterparts. Metastasis and chemoresistance are the pivotal
issues holding back the long-term success of TNBC treatments. In addition to the bulk tumor cells,
cancer stem cells (CSCs) have emerged as important targets for alleviating TNBC progression and
relapse.

Cisplatin, a platinum based chemotherapeutic agent, has shown promising potential for the
treatment of TNBC in clinical trials; however, cisplatin treatment is associated with tumor hypoxia
that in turn promotes CSC enrichment and drug resistance. My work is to develop a combinational
treatment to improve the long-term therapeutic potential of cisplatin that not only targeted the bulk
TNBC population but also ALDH"€" and CD44*/CD24" CSC populations.

Through clinical dataset analysis, I found that patient TNBC tumors expressed high levels
of epidermal growth factor receptor (EGFR) and hypoxia genes. A similar expression pattern was
demonstrated in cisplatin-resistant ovarian cancer. I therefore developed a combinational
therapeutic to co-inhibit EGFR and hypoxia using metformin (an AMPK activator) and gefitinib
(an EGFR inhibitor), which sensitized bulk TNBC cells to cisplatin and also led to the effective
inhibition of both CD44"/CD24" and ALDH"¢" CSCs. I obtained similar results by using clinically
relevant TNBC patient samples ex vivo. Since these drugs are already frequently used in the clinic,
this study illustrates a novel, clinically translatable therapeutic approach to improve the long-term

therapeutic outcome of cisplatin for TNBC treatment.
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1. INTRODUCTION

1.1 Breast Cancer

Cancer has now surpassed heart disease as the number one cause of mortality in developed
countries [1]. Despite continual research being performed to understand the mechanisms and
develop therapeutics to treat cancer patients, this trend has not been halted. The most frequently
diagnosed form of cancer amongst women is breast cancer, making up 1 in 4 cancer diagnosis
worldwide [2]. In 2018, there were over 2,000,000 new cases diagnosed worldwide, with 22,261
of those cases in Canada [2]. Sadly over 600,000 women die from breast cancer every year making

it the leading cause of cancer-related deaths in women throughout the world [2].

1.2 Breast Cancer Subtypes

Breast cancer has been divided into four main subtypes based on the presence or absence
of specific tumor markers, with patient prognosis varying based on the subtype, and stage of the
disease. Over 65% of breast cancer cases are estrogen receptor (ER+) positive enabling hormonal
signaling. Luminal A/B breast cancer is identified by the presence of the estrogen receptor with
+/- the progesterone receptor (PR). Over 65% of ER+ breast cancers are positive for the
progesterone receptor (PR+) [3]. ER+ breast cancer are often treated with specific selective
estrogen receptor modulators (SERMs) which block estrogen signalling, inhibit cell proliferation
and promote senescence [3].

Human epidermal growth factor receptor type 2 (HER2+) breast cancer makes up 15-20%
of breast cancer incidences and through the presence of HER2 demonstrates elevated EGFR
signalling [4]. HER2 is a type 1 transmembrane growth factor receptor which can activate a variety

of signal pathways including MAPK, STAT and P13K/AKT that are associated with disease



progression, proliferation, aggressiveness, and metastasis. HER2+ breast cancer is an aggressive
subtype; however specific monoclonal antibodies such as herceptin and tratuzumab which target
and inhibit HER2 protein and subsequent signalling has been proven to be an effective strategy [5-
71.

Triple-negative breast cancer (TNBC) is characterized by negative for ER, PR and HER2
receptors [8]. As TNBC does not possess these commonly targeted receptors, treatment is limited
to non-specific chemotherapy, surgery, and radiotherapy. TNBC is extremely aggressive. Despite
only making up 15-20% of breast cancer diagnosed, TNBC disproportionately accounts for most
breast cancer-related deaths due to lack of specific targets for effective treatment [8]. As such, the

development of targeted therapies for TNBC remains an unmet medical need.

1.3 Prognosis

Prognosis for patients diagnosed with breast cancer vary widely depending on factors such
as tumor grade, stage, and subtype. A retroactive clinicopathological by Dent et a/ studied a cohort
of over 1,600 women with breast cancer at Women's College Hospital in Toronto, where 11% had
TNBC. They found that compared to other women with breast cancer, those with TNBC had an
increased likelihood of death within 5 years of diagnosis (hazard ration (HR) 3.2; P<0.001) [9, 10].
Relative to HR+/HER2— breast cancers, women with TNBC also suffered an increase in disease
recurrence (HR 2.6; P<0.0001) [9].

Similar results were presented in a retroactive clinicopathological study by Lin ef a/ where
they reviewed over 15,000 breast cancer patients’ medical records using the (American) National
Comprehensive Cancer Network database [11]. They revealed that relative to HR+/HER2—

tumors, TNBC was associated with a higher risk of brain or lung metastases [11]. Lin et al



determined that even after adjusting for age, stage, race, grade, and delivery of chemotherapy,
ultimately women with TNBC and had worse overall survival, (adjusted HR 2.72, 95% CI 2.39—
3.10, p<0.0001) [11]. Lin et al highlighted that the difference in risk of death between TNBC and
HR+/HER2— women was most dramatic within the first two years after diagnosis (HR for OS for

0 to 2 years 6.10 [95% CI 4.81, 7.74]) [11].

1.4 Cancer Stem Cells

While chemotherapy and surgery are the current mainstays for the medical treatment of
TNBC, chemotherapy is associated with drug resistance and enrichment of cancer stem cells
(CSCs) over time which facilitate tumorigenesis and disease relapse [12]. CSCs make up the
minority of cells in a tumor and are at the top of the cellular hierarchy, maintaining stem-cell like
characteristics (self renewal and differentiation) to produce bulk tumor cells, expand tumor mass,
and influence tumor progression [13-15]. CSCs play a critical role in drug resistance, cancer
metastasis and disease relapse.

In the literature, there have been two main populations of breast cancer CSCs characterized
based on the expression of CD44"/CD24" and ALDH"¢" markers [14, 16, 17]. A major barrier
preventing long-term effective treatment of TNBC is the enrichment of these CSCs populations
following chemotherapeutic exposure. As such new strategies to circumvent chemotherapy

induced CSC enrichment is necessary for effective patient treatment.

1.4.1 CD44/CD24- CSCs
In a pioneering report in 2003, Al Hajj at al demonstrated that the fractionated

CD44"/CD24" subpopulation based on surface markers from breast cancer patients exhibited a



greater than 100 fold increase in tumorigenicity the ability to form new tumors compared to
unsorted cells [13]. Using a serial dilution assay with various subpopulations on Al Hajj et al
determined that CD44"/CD24 subpopulation was able to reconstitute it tumor with as few as 100
fractionated cells compared to the 10,000 cells from the tumor control group [13]. Further studies
have demonstrated that CD447/CD24- CSCs possess a mesenchymal phenotype, reside at the edge
of the tumor and are highly metastatic and aggressive [14].

CD44 (cluster of differentiation 44) is a cell-adhesion receptor that is found ubiquitously
throughout the body and has many processes in normal life (such as haematopoiesis) and in
pathological situations (such as cancer and metastasis) [18, 19]. CD44 has been found to be highly
expressed in many cancers including TNBC [19, 20]. It is a class 1 transmembrane glycoprotein
which act as a hyaluronic acid receptor associated with controlling mesenchymal-like processes
including cell motility, proliferation, invasion, and migration [19, 21]. In contrast, CD24+ (cluster
of differentiation 24) is associated with a more epithelial-like phenotype involved in carbohydrate
metabolism and RNA splicing [21, 22]. CD24 expression is inversely associated with CSC

enrichment and is used in CSC analysis as a marker for differentiation.

1.4.1 ALDH"¢" CSCs

Aldehyde dehydrogenase (ALDH) is an important enzyme in chemotherapeutic
detoxification and has been used in the characterization of breast CSCs [23]. ALDH was originally
used as an indicator of hematopoietic stem cells, but high expression of ALDH has been associated
with CSCs in various cancers including breast cancer [24, 25]. Increased expression of ALDH in
tumor tissue is strongly associated with significantly reduced patient prognosis, with the 5-year

overall survival rate of ALDH"" patients at just 19.8% compared to ALDH®" patients at 58.7%



[23]. In breast cancer, ALDH"€" CSCs reside within the core of the tumor and are demonstrated to
possess an epithelial-like phenotype [14].

In a 2008 landmark study, Ginester et al studied the tumorgenicity of ALDH-positive
CSCs. They fractionated ALDH-positive and ALDH-negative breast cancer cells and performed
serial dilution assay in vivo (injecting 50,000 cells; 25,000 cells; 5,000 cells; 500 cells into
immunocompromised mice after which recording the frequency of novel tumor formation) [23].
Ginester et al observed that the unsorted cells (control) were not tumorigenic even at 50,000 cells
[23]. The ALDH-positive cells saw a dramatic increased tumorgenicity, capable of reforming
tumors when implanted with more than 1,500 cells [23].

Other breast CSCs have been identified (such as CD133, EpCAM, and CD90) however,
CD447/CD24" and ALDH"¢" are the most characterized and established breast CSC markers and

as such will be the focus in this study [26-31].

1.5 Hypoxia and Cancer

Hypoxia (low concentrations of oxygen in cells or tissues) is one the most pervasive
microenvironment stresses in solid tumors and has been fundamentally linked with the
development and aggressiveness of a large variety of solid cancers, including TNBC [32]. In brief,
the cells within the tumor centre undergo necrosis due to the poor blood supply and low oxygen,
while the cells in-between oxygenation and necrosis areas are alive under hypoxic conditions.
These hypoxic cells have been found to be more resistant to chemotherapy and radiotherapy.
Hypoxia has been found to promote angiogenesis, glycolysis, influence CSC plasticity, epithelial

CSC enrichment and tumorgenicity [33-37].



1.5.1 Hypoxia-Inducible Factor (HIF) Pathway

The hypoxia-inducible factor (HIF) pathway is an ubiquitous cellular mechanism which
promotes transcriptional adaptation to hypoxic conditions [38]. In the presence of oxygen
(normoxia), HIF-prolyl hydroxylases (PHDs) and the factor inhibiting HIF (FIH) bind to HIF-a
and hydroxylate the proline residues leading to their destabilization by promoting ubiquitination
by the von-Hippel Lindau (VHL) ubiquitin ligase (Figure 1A) [39]. This targets HIF-a for
proteasomal degradation [38, 40]. Ultimately showing that in normoxic conditions, HIFs are
continuously degraded and thereby unable to induce transcription of hypoxia related genes.

The HIF transcriptional complex is made up of highly conserved transcription factors
which respond to hypoxic conditions. In hypoxia, the oxygen-dependent hydroxylation of HIF-a
subunits by PHDs and FIH is reduced. This results in an accumulation of HIF-o that dimerizes
with HIF-B and trans-locates to the nucleus to activate the transcription of genes containing
hypoxia related elements (HREs) including angiogenesis, altered metabolism (decreased reliance
on oxidative phosphorylation for energy production and increased reliance on glycolysis), and

inflammation (such as PDK1, TNF etc.) (Figure 1B) [41].
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Figure 1: Hypoxia-Inducible Factor (HIF) Pathway. The HIF-pathway is oxygen dependent.
(A) In the presence of oxygen (normoxia), HIF-prolyl hydroxylases (PHDs) and the factor
inhibiting HIF (FIH) bind to HIF-a and hydroxylate the proline residues leading to their
destabilization by promoting ubiquitination by the von-Hippel Lindau (VHL) ubiquitin ligase. This
targets HIF-a for proteasomal degradation and thereby unable to induce transcription of hypoxia
related genes. (B) In hypoxia, the oxygen-dependent hydroxylation of HIF-a subunits by PHDs
and FIH is reduced, resulting in an accumulation of HIF-a which dimerizes with HIF- and
translocate to the nucleus where it activates the transcription of genes containing hypoxia related
elements (HREs) including angiogenesis, altered metabolism, and inflammation. [Modified from
Sormendi and Wielockx. 2016 Transl Cancer Res 5:S1503-S1508 (Suppl 7) [41]]



1.5.2 Hypoxia and CSCs

HIF-1a is a transcriptional factor which is predominantly detected in hypoxic tissues and
significantly elevated HIF-1a activity has been found in the ALDH"&" CSC population in breast
cancer [42, 43]. HIF-1a may partially account for TNBCs metastatic, invasive and chemoresistant
properties as well as the Warburg effect; a metabolic change found in solid tumors where
metabolism switches to a pro-glycolytic state for energy production making conventional
inhibitors which target oxidative phosphorylation or the mitochondria, less effective [44].
Unfortunately, chemotherapeutic agents used to treat TNBC have been demonstrated to stimulate
HIF-10, making targeting the hypoxia pathway of particular interest in the hopes to use a
combinational therapy to supress the epithelial ALDH"&" CSCs to improve treatment efficacy of

TNBC [33, 45-47].

1.6 Pharmaceutical Inhibitors
1.6.1 Cisplatin

Many frontline chemotherapy treatments are effective on the bulk tumor population in
TNBC but are often ineffective on the CSC subpopulations. Cisplatin is a platinum 2 complex
capable of creating adducts, causing DNA damage, and subsequently inducing apoptosis in a
multitude of cancers (Figure 2) [48-50]. Recent clinical trials have demonstrated increased efficacy
of cisplatin combinational chemotherapy in comparison with conventional chemotherapeutic
approaches for the treatment of TNBC [51-53]. Ferreira ef a/ demonstrated in their Phase II clinical
trial that cisplatin in association with doxorubicin and cyclophosphamide was associated with a
pathological complete response rate of 19.5% in patients with principally stage III tumors;

however they found the tolerability of their treatment profile was a limitation [53]. While cisplatin



is effective at targeting the bulk tumor population, it has been demonstrated to augment hypoxia
which in turn promotes chemoresistance and the enrichment of cancer stem cells (CSCs) through

the mechanism that remains convoluted [54, 55].
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Figure 2: Mechanism of Action of Cisplatin. (A) Cisplatin passive uptake across the cell
membrane. (B) Cisplatin activation via hydrolysis. (C) DNA interaction/binding at C-G base pairs.
(D) Intrastrand DNA adduct formation. (E) Transcription inhibition resulting in apoptosis/cell
death. [Modified from Johnstone et al. 2015 Philosophical Transactions of the Royal Society A:
Mathematical, Physical and Engineering Sciences 373:2037 [49, 50]].
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1.6.2 AMPK Signalling and Metformin

The AMP-activated protein kinase (AMPK) signalling pathway is a central regulator of
cellular metabolism and plays a critical role in regulating growth, metabolism, autophagy and
cell polarity. Thus, the AMPK pathway is currently an area of active research in the field of
oncology [56, 57]. AMPK is activated when AMP and ADP levels within the cell rise in
response to physiological stresses (Figure 3). Activated AMPK negatively regulates ATP
consuming processes and stimulates ATP producing processes. Metformin, a front-line
medication for the treatment of type 2 diabetes, has been shown to directly activate AMPK
through phosphorylation at Thr-172 [58, 59]. Upstream of AMPK, liver kinase B1 (LKBI)
phosphorylates and activates AMPK. AMPK carries out key tumor suppressing functions of LKB1
including inhibiting mTORCI [56, 60]. Metformin has been shown to lower blood glucose levels
in a LKB1 dependent fashion. Moreover, it has been shown that metformin even at low
concentrations, phosphorylates LKB1 further stimulating its activity and subsequent AMPK
activation [58, 59, 61]. As such, though the precise mechanisms in which metformin activates
AMPK remains convoluted there has been substantial evidence indicating multiple pathways that
may be involved.

Metformin was recently reported to enhance the anticancer effects of cisplatin by targeting
RADS51, demonstrating decreased cell viability and metastatic effect than cisplatin alone [62].
Cisplatin and metformin were further found to exhibit a synergistic anticancer effect on an

orthotopic murine model of 4T1 breast cancer in vivo [62].
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Figure 3: AMPK Signalling Pathway. The AMP-activated protein kinase (AMPK) signalling
pathway is a central regulator of cellular metabolism and plays a critical role in regulating
growth, metabolism, autophagy and cell polarity. AMPK is activated when AMP and ADP levels
in the cells rise in response to physiological stresses or the presence of pharmacological inducers.
Liver kinase B1 (LKB1) is the upstream kinase that directly mediates AMPK in response to AMP
or ADP increase. Activated AMPK directly phosphorylates several substrates to intensely affect
metabolism and growth. [Modified from Li et al. 2015 Oncology Reports 34:6 [63]].
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1.6.3 EGFR Signalling and Gefitinib

The epidermal growth factor receptor (EGFR) is a tyrosine kinase receptor which has been
strongly implicated in many epithelial tumors and is frequently overexpressed in TNBC compared
to other breast cancer subtypes [64, 65]. Activation of the epidermal growth factor receptor
(EGFR) pathway (Figure 4) lead to the dimerization of the EGFR-receptor which causes the
phosphorylation of specific tyrosine residues. This allows the EGFR receptor to act as a docking
site for proteins with Src homology 2 and phosphotyrosine-binding residues (STAT3,
Ras/Raf/MAPK, PI3K, etc.) [65-67]. These proteins get phosphorylated, activated and can mediate
their secondary messengers. These pathways either act as direct transcriptional regulators or
indirectly to influence cell proliferation, apoptosis, migration, survival and complex processes,
including angiogenesis and tumorigenesis [65, 67].

Accordingly, targeting EGFR is now an active area of research. Gefitinib is a tyrosine
kinase inhibitor (TKI) approved by FDA in 2003. Gefitinib inhibits EGFR by binding to the ATP-
binding site of the EGFR enzyme, inhibiting ATP from being able to phosphorylate tyrosine
thereby preventing EGFR activation (Figure 4) [66]. Gefitinib has also been found to elicit anti-
hypoxic properties and has been demonstrated to overcome cisplatin-induced hypoxia resistance
through the modulation of HIF1a in ovarian cancer cell lines and non-small cell lung cancer [68,
69]. This led to gefitinib entering clinical trials for TNBC; however, gefitinib alone is prone to
resistance via stimulation of bypass signalling which in turn promotes Akt/mTORCI1 and
subsequent hypoxia, diminishing the efficacy of gefitinib for long-term treatment [64, 67, 70-
72]. Gefitinib has shown significant synergism with metformin in lung and bladder cancers [73,

74]; however, the mechanisms behind is still under investigation,
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Figure 4: EGFR Signaling Pathway and Gefitinib. (A) Activation of the epidermal growth
factor receptor (EGFR) pathway leads to the dimerization of the EGFR-receptor which causes the
phosphorylation of specific tyrosine residues. (B) The EGFR receptor acts as a docking site for
proteins with Src homology 2 and phosphotyrosine-binding residues (Ras/Raf/MAPK, PI3K, etc.).
These proteins get phosphorylated, activated and can mediate their secondary messengers (C) who
either act as direct transcriptional regulators or indirectly to influence cell proliferation, apoptosis,
migration, survival and complex processes, including angiogenesis and tumorigenesis. (D)
Gefitinib (a tyrosine kinase inhibitor) binds to the ATP-binding site of the EGFR receptor,
inhibiting ATP from binding and phosphorylating tyrosine, thereby preventing EGFR activation.
[Modified from Araki et al. 2013 Clin Med Insights Oncol 7:85 407 - 421 [66]].
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1.7 Research Rationale, Hypothesis and Objectives

1.7.1 Research Rationale

Ultimately the goal of my work was to develop a combinational treatment for TNBC that
not only targeted the bulk tumor population but also both ALDHM" and CD44%/CD24" CSC
populations. This would hopefully demonstrate an approach to improve the long-term therapeutic
potential of cisplatin for TNBC treatment, lower the chance of relapse, chemoresistance and

metastasis in TNBC patients.

1.7.2 Hypothesis
I hypothesized that the combination of EGFR inhibition and AMPK activation through
gefitinib and metformin would sensitize TNBC cells to cisplatin treatment and reverse/reduce

cisplatin-induced hypoxia and CSC enrichment.

1.7.3 Objectives

Aim 1: Identify potential therapeutic approach for the development of a combinational therapy by
using database analysis of breast cancer patients.

Aim 2: Investigate the identified combinational therapy in conjunction with cisplatin and assess
the effect of combinational (CMG) treatment on hypoxia-related gene expression.

Aim 3: Assess the combinational efficacy on cell viability/apoptosis of bulk and CD44"/CD24
and ALDH"¢" CSCs in TNBC MDA-MB 231 and SUM 149-PT cell lines.

Aim 4: Utilize a clinically translatable model (ex vivo organotypic cultures of TNBC patient tumor

samples and patient-derived xenografts) to further evaluate the treatment effects of CMG on cell

viability (Alamar Blue assays) and CD44/CD24" and ALDH"#" CSCs (flow cytometry).
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2. MATERIALS AND METHODS

2.1 Cell culture and reagents

MDA-MB-231 breast cancer cells were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and maintained in DMEM-F12 media supplemented
with 10% Fetal Bovine Serum (FBS, HyClone, Logan, UT, USA), and 1% penicillin/streptomycin.
SUM 149-PT breast cancer cells were purchased from Asterand (Detroit, MI, USA) and
maintained in Hams F-12 medium supplemented with 5 pg/mL" insulin, 10 mM HEPES, 1
uG/mL! hydrocortisone (Sigma-Aldrich, St. Louis, MO, USA), 1% penicillin/streptomycin, and
5% of Fetal Bovine Serum (FBS, HyClone, Logan, UT, USA). MCF-10A, immortalized human
mammary cell line, was purchased from ATCC and maintained in DMEM-F12 media
supplemented with 10% horse serum, 20 ng/mL! epithelial growth factor (RD Systems,
Minneapolis, MN, USA), 0.5 pg/mL"! hydrocortisone, 10 pg/mL™"! insulin, 100 ng/mL"! Cholera
Toxin (Sigma-Aldrich, St. Louis, MO, USA), and 1% penicillin/streptomycin. Cells were cultured
at 37 °C in a 5% COz incubator. Cisplatin was purchased from Caymen Chemical Company (Ann
Arbor, Michigan, USA), gefitinib from LC labs- G-4408 (Woburn, Massachusetts, USA) and

metformin from Caymen Chemical Company (Ann Arbor, Michigan, USA).

2.2 Ex vivo organotypic cultures of TNBC breast cancer tissue and patient-derived xenograft
fragments

Tumor tissues from 2 TNBC patients undergoing routine surgical procedures were
obtained. The protocol was approved by The Ottawa Hospital Research Ethics Board (Protocol#
20120559-01H). Tumor cores were sliced with a scalpel to obtain approximately 2 x 1 mm tumor
slices. The slices were randomized, placed into a well of 24-well plate and cultured in DMEM-
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F12 medium supplemented with 10% FBS, 1% penicillin/streptomycin, 1 pg/ml insulin, 0.5 ng/ml
hydrocortisol and 3 ng/ml epidermal growth factor. These primary tissue fragments were treated
with the same concentrations of inhibitors as described in the figures, followed by a viability assay
and flow cytometric analysis as previously described [75, 76]. The TNBC patient-derived
xenograft samples HCI-001, HCI-002, HCI-016 were obtained from University of Utah, cut
similarly to the patient tumor samples, and cultured in the same conditions as the clinical samples.
For flow cytometry analysis, patient tumor samples and PDX tumor cells were enzymatically
digested into single-cell suspension using 1 x collagenase/hyaluronidase in DMEM (Stem Cell
Technology).

Table 1: Brief Characterization of PDX Samples

Sample Primary Diagnosis | Pre-collection treatment Clinical Metastasis | Reference
HCI-001 | IDC; Stage 4 Paclitaxel, zometa Lung DeRose 2011
HCI-002 | IDC; Stage 3A None Lung DeRose 2011
HCI-016 | IDC; BRCA+ None n/a

2.3 Flow cytometry analysis

Cancer cells, patient tumor samples or PDX tumor cells were dissociated and then filtered
through a 40-pm strainer and suspended in PBS supplemented with 2% FBS and 2 mM/L EDTA
(FACS buffer) as previously described by our lab [76]. 1 pL of mouse IgG (1 mg/mL) was added
and incubated at 4 °C for 10 minutes. The cells were then re-suspended in 1x binding buffer
(eBioscience) and cell apoptosis was determined using Annexin-V-V450 Apoptosis Detection Kit

(BD Bioscience).

Cells were then incubated with the ALDEFLUOR Assay Buffer at 4 °C for 30 minutes.
Anti-CD44 (APC) and anti-CD24 (PE; BD Pharmingen) antibodies were added according to the

manufacturer’s instructions. ALDH activity was determined using ALDEFLUOR (Stem Cell
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Technology) with a DEAB control according to the manufacturer’s instructions. Cells were
washed twice with 7-aminoactinomycin D (7-AAD), eBioscience) was added to exclude dead

cells.

Flow cytometry was performed on a MD LSRFortessa. Gating for controls can be seen in
Supplementary Figure 4 and Supplementary Figure 6. Data was analyzed with FlowJo Software

(Ashland).

2.4 Quantitative real-time PCR

Total RNAs were extracted using RNeasy kit (QIAGEN) and real-time qPCR (RT-qPCR)
analysis was performed using Bio-Rad MyiQ (Bio-Rad, Hercules, CA, USA) as previously
describe by our lab [75]. The conditions for RT-qPCR reactions were: one cycle at 95°C for 20
seconds followed by 45 cycles at 95°C for three seconds and annealing at 60°C for 30 seconds.
Results were normalized to the housekeeping gene 18S ribosomal RNA (18S) or glyceraldehyde
3-phosphate dehydrogenase (GAPDH). Relative expression level of genes from different groups
were calculated with the 2AACT method and compared with the expression level of appropriate
control cells. Specific primer sequences for individual genes are listed in Table 1. All primers were

obtained from Eurofin genetics.

Table 2: List of primer sequences.

Genes Forward Reverse

18S AACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG
GAPDH ACAGTCAGCCGCATCTTCTT GACAAGCTTCCCGTTCTCAG
PDK1 CAACAGAGGTGTTTACCCCC ATTTTCCTCAAAGGAACGCC
LDHI1 GGCCTGTGCCATCAGTATCT GGAGATCCATCATCTCTCCC
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2.5 Luciferase Reporter

MDA-MB-231 TNBC cells were seeded into 24-well plates and transfected with 500 ng of
a ODD-Luciferase-pcDNA3 (Addgene Plasmid # 18965, a gift from William Kaelin) [77], or
HRE-luciferase (Addgene Plasmid # 26731, a gift from Navdeep Chandel) [78] constructs in
conjunction with 500 ng Renilla pRL-SV40P (Addgene Plasmid #27163, a gift from Dr. Ron
Prywes) [79] construct using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. After 18 hours, cells were treated with either DMSO (vehicle) cisplatin (5uM),
metformin (25uM), gefitinib (5uM) and their combinations for 24 hours, after which cells were
lysed and both Firefly and Renilla luciferase activity was quantified using a Dual-Luciferase

Reporter Assay System (Promega) following the manufacturer's instructions.

2.6 Cell viability Assays

MDA MB-231 or SUM 149-PT cells were seeded into 24 well plates (5x10* cells/well).
After 120 hours of treatment, viability analysis was performed by incubating 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT, 1 mg/ml) for 4 hours. Absorbance

was read at 570 nm.

For patient tumor samples and PDX tumors, tumor fragments were incubated in 24-well
plates (i.e., organotypic slice culture). After 144 hours of treatment, Alamar blue viability analysis
was performed by incubation with 10% Alamar blue reagent (Thermo Fisher Scientific) for 4

hours. Florescence was measured at 560 nm excitation and 590 nm emission.
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2.7 Clinical database analysis
Gene Expression Omnibus2R database [80, 81] was used to analyze various datasets.
Dataset: GSE38959 was used to compare 30 TNBC patient samples to 13 normal mammary tissue

samples  [82]:  https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE38959.  Dataset:

GSE15709 was used to compare cisplatin resistant and sensitive ovarian cancer cell lines [83]:

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE15709.

2.8 Western blot analysis

Cells were harvested, washed with PBS, and lysed with lysis buffer supplemented with
protease inhibitors (Roche, Sainte-Agathe-Nord, QC, Canada). After the protein concentrations
were determined using a Bio-Rad DC Protein Assay Kit (Bio-Rad, Hercules, CA, USA), samples
were then normalized and denatured. The samples were then loaded into an 8% polyacrylamide
gel and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed by
transference to a poly difluoride membrane. Proteins were identified by incubation with primary
antibodies followed by horseradish peroxidase-conjugated secondary antibodies and an enhanced
chemiluminescence solution (Thermo Scientific, Waltham, MA, USA). Antibodies used in this
study include the following: AMPKa (1 : 1,000, Cat: 2532; Cell Signalling Technologies),
Phospho-AMPKa (Thr172) (1 : 1,000, Cat: 2535; Cell Signalling Technologies) and anti-a-tubulin

monoclonal antibody (1 : 500, Cat: T9026; Sigma-Aldrich).
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2.9. Statistical analysis

For all clinical database data, the log rank test was performed to determine whether
observed differences between groups were statistically significant. Data are expressed as means
+/-Standard Deviation (SD) or Standard Error (SE). Statistical significance was determined using
ANOVA or Student's t test wherever appropriate. Results were considered significant when * p <

0.05, ** p <0.01, or *** p <0.001.
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3. RESULTS

3.1 TNBC patient tumor samples vs normal breast tissue gene expression
Through a database of 30 TNBC and 13 normal mammary tissue samples, I assessed gene

overexpression in TNBC, attempting to identify some potential targets related to my hypothesis.

3.1.1 TNBC patient tumor samples overexpress hypoxia related genes in comparison to normal
breast tissue

Using the NCBI Gene Expression Omnibus (GEO2R), I found that EGFR and hypoxia
related genes were overexpressed in the majority of TNBC samples compared to normal mammary
tissue samples (Figure 5). AKTI (protein kinase B) encodes the serine/threonine protein kinase
which accelerates cell proliferation while also inhibiting cell motility (thereby supressing tumor
metastasis) [84-87]. As expected, higher levels of EGFR and phosphorylated Akt were found in
TNBC cells than in non-TNBC cells (Figure 5A) [88].

Downstream of EGFR, the STAT3 transcription factor (signal transducer and activator of
transcription 3) drives cell proliferation and survival, and plays an important role as a transcription
modulator for mitochondrial respiration and oxidative metabolism [89-91]. Using the GEO2R
dataset, I found that the majority of TNBC samples have enriched STAT3 signalling compared to
normal mammary tissue (Figure 5A).

Hypoxic conditions activate the hypoxia signalling cascade which is primarily governed
by hypoxia-inducible factor 1 alpha (HIF1A4) [92]. HIF1A promotes primary tumor growth,
maintains CSCs and regulates CD44, which is associated with cancer aggressiveness and

metastasis [93-95]. 1 found that HIF 1A expression was elevated in TNBC patient samples
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compared to normal mammary tissue (Figure 5B). This result was expected as HIF1A has been

historically linked to local tumor hypoxia [96].

3.1.2 TNBC is associated with apoptosis resistance compared to normal breast tissue
Apoptosis is an orchestrated cellular process which allows the body to balance cell division
and cell death [35]. When defects occur along the pathways involved with apoptosis, cancer and
other pathological conditions can form [35]. Abnormal increases in the levels of anti-apoptotic
BCL-2 proteins (BCL-2, MCL-1 or BCL-XL) prevent apoptosis, thus promoting cancer and allows
resistance to cancer therapy-induced cell killing [97, 98]. I found MCL-1 expression to be elevated
in TNBC patient samples compared to normal mammary tissue demonstrating that TNBC tumors

are not undergoing apoptosis (Figure 5C).
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Figure 5: Upregulated EGFR and hypoxia signalling and apoptosis-resistance related gene
expression in TNBC tumors in comparison to normal breast tissues. The relative expression
levels (A.U arbitrary unit) of genes in 30 TNBC and 13 normal mammary tissue samples using
the NCBI Gene Expression Omnibus (GEO2R). GSE38959 samples were assessed using the
GPL4133 Agilent-014850 Whole Human Genome Microarray 4x44K and genes relating to (A)
EGFR, (B) Hypoxia and (C) Apoptosis were assessed.
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3.1.3 TNBC is associated with increased stemness and CSC related genes compared to normal
breast tissue

To look at CSC gene expression in TNBC and normal mammary tissues, [ analyzed ALDH
and CD44. Aldehyde dehydrogenase (ALDH) is an important enzyme in chemotherapeutic
detoxification and has been used in the characterization of breast CSCs [23-25]. ALDHI18A41 and
ALDHIB]I are two isomers of ALDH1 and both were upregulated in TNBC in the GEO2R dataset
(Figure 6A-B). CD44 is a CSC marker and associated with mesenchymal-like processes including
cellular adhesion, invasion, and migration [19]. As expected, I found that CD44 was highly
expressed in TNBC (Figure 6B) [19].

I also observed that high expressions of EGFR and hypoxia genes were correlated with
increased CSC-related genes (Figure 5 and Figure 6). As cisplatin is a first line inhibitor for
ovarian cancer, results from a dataset of cisplatin-sensitive and cisplatin-resistant A2780 ovarian
cancer cells were compared. Similar to the TNBC samples the cisplatin-resistant ovarian cancer
samples were found to overexpress EGFR and hypoxia related genes, suggesting an association
between EGFR/hypoxia and cisplatin resistance (Supplementary Figure 1). As such, I reasoned

that the inhibition of EGFR and hypoxia may sensitize to cisplatin treatment.
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Figure 6: Upregulated CSC gene signalling in TNBC. The relative expression levels (A.U:
arbitrary unit) of genes in 30 TNBC and 13 normal mammary tissue samples using the NCBI
Gene Expression Omnibus (GEO2R). GSE38959 samples were analyzed using the GPL4133
Agilent-014850 Whole Human Genome Microarray 4x44K.
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3.2 Combination of metformin and gefitinib effectively represses cisplatin-induced
hypoxia in TNBC

Results from the analyses of clinical datasets (TNBC and ovarian cancer) suggest that gene
expressions of hypoxia and stemness are upregulated, which is associated with cisplatin-resistance.
The goal of this study was to develop a new therapy to be used in conjunction with cisplatin for
effective treatment of TNBC bulk and CSC populations. Cisplatin has been used to treat a variety
of cancers due to its ability to cause DNA damage and cell apoptosis. However, while cisplatin is
effective on inhibiting the bulk tumor population, it has been shown to promote hypoxia, which

may in turn promotes chemoresistance and spares growth of CSC [99].

Based on literature and the aforementioned results, I speculated that a combinational
therapy of gefitinib (an EGFR inhibitor) and metformin (an AMPK activator) at clinically relevant
concentrations [100-102]. I assessed how hypoxia-related gene expression was altered by cisplatin
and the combinational therapy in MDA MB-231 cells using luciferase assays and qPCR analysis.
MDA MB-231 cells were transfected with either ODD-luciferase or HRE-luciferase plasmids in
concurrence with a Renilla SV40 construct using Lipofectamine 2000. After 18 hours, cells were
treated with either DMSO (vehicle), cisplatin (5uM), metformin (25uM), gefitinib (5uM) or
different combinations for 24 hours. After that, cells were lysed and both Firefly and Renilla

luciferase activity was quantified using a Dual-Luciferase® Reporter Assay System.

As expected, I found that cisplatin upregulated hypoxia-related gene expression (Figure
7A-B). Hypoxia response element (HRE) expression increased with the luciferase assay by 1.5-
fold after MDA MB-231 TNBC cells were treated with cisplatin (Figure 7A). Oxygen dependent

deprivation (ODD) luciferase expression was also increased over 20% (Figure 7B).
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For RT-gqPCR analysis, I treated MDA MB-231 cells for 48 hours and then extracted the
mRNA, converted mRNA to cDNA using RT transcriptase. After normalization and quantification
of cDNA samples, I performed RT-qPCR analysis using primers for PDK/ and LDH]I to assess
hypoxia in the treated and control groups and normalized the samples to the housekeeping gene
18S ribosomal RNA (18S) or GAPDH. PDK1 expression increased nearly 2-fold (Figure 7C) and

LDH]1 increased 1.5-fold (Figure 7D).

To inhibit cisplatin-upregulated hypoxia and CSCs, gefitinib was incorporated [102].
Gefitinib is an EGFR inhibitor which elicits anti-hypoxic properties and has been demonstrated to
overcome cisplatin-induced hypoxia resistance through the modulation of HIF1a in ovarian cancer
cell lines [68, 69], although little are known in TNBC. I found that gefitinib reduced cisplatin-
upregulated hypoxia on TNBC MDA MB-231 cells (Figure 7B). Metformin was also incorporated
into the combinational therapy as it has been shown to enhance the anticancer effects of cisplatin
[62] and exhibit synergy with gefitinib in lung and bladder cancers [73, 74]. Our luciferase result
showed that metformin also exhibited the anti-hypoxic effects in MDA MB-231 cells (Figure 7A-

B).

While cisplatin increased the transcriptional activity of HIF-1 through HRE, the
combination of metformin and gefitinib (MG) inhibition reduced HIF-1 activity. Moreover, the
three drug combination (CMG) effectively inhibited HIF-1 activity (Figure 7A). Similarly, ODD
expression was reduced 50% by the combination treatment CMG (Figure 7B). Similar findings
were observed for the inhibition of PDK/ and LDH1 gene expression following CMG treatment
(Figure 7C-D). Overall, I found that the combination of metformin and gefitinib was able to
prevent cisplatin-upregulated hypoxia in TNBC cells, which has not yet been reported (Figure 7A-

D).
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Figure 7. Combination of metformin and gefitinib effectively represses cisplatin-upregulated
hypoxia in TNBC. (A) Relative Luciferase Reporter Expression of HRE in MDA MB-231 TNBC
cells after 24 hours of treatment. Cells were transfected with HRE-Luciferase and normalized with
the pRL-SV40P Renilla construct. Cells were exposed to the following concentrations: SuM of
cisplatin, 25uM of metformin and/or SuM of gefitinib, the control was treated with DMSO vehicle
(n=3). (B) Relative Luciferase Reporter Expression of ODD in MDA MB-231 TNBC cells after
24 hours of treatment. Cells were transfected with ODD-Luciferase and normalized with the pRL-
SV40P Renilla construct. Cells were exposed to the following concentrations: SuM of cisplatin,
25uM of metformin and/or SuM of gefitinib, the control was treated with DMSO vehicle. (C) RT-
qPCR analysis and comparison of relative mRNA levels of hypoxia gene PDK1 48 hours post
treatment with DMSO vehicle control or the following drugs in different combinations: SuM of
cisplatin, 25uM of metformin and/or 5uM of gefitinib (n=3). (D) RT-qPCR analysis and
comparison of relative mRNA levels of hypoxia gene LDH1 48 hours post treatment with SuM of
cisplatin, 25uM of metformin and/or SuM of gefitinib, the control was treated with DMSO (n=3).
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3.3 CMG Combination reduces viability of TNBC cell lines

Cell viability is frequently assessed using the MTT assay. In a MTT assay, the yellow
tetrazolium MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) is metabolized
by live cells, resulting in formation of intracellular purple formazan, which is then dissolved and
quantified using a spectrometer [103]. To evaluate CMGs effects on cell viability, I conducted a
MTT analysis and performed cell counting using a hemocytometer and trypsin blue exclusion dye
on the two different TNBC cell lines, MDA MB-231 and SUM149-PT (inflammatory TNBC cell

line) are both highly aggressive and invasive TNBC cell lines, frequently used in TNBC research.

MDA MB-231 and SUM 149-PT were seeded into 48-well plates (500 cells/well) and
treated with individual drug, double drugs, or triple drug CMG (CMG = cisplatin SuM, metformin
25uM, gefitinib 5uM) at 0 hours and 72 hours. After 120 hours of treatment, MTT was added and
absorbance was read at 570 nm. The individual treatments (cisplatin, metformin or gefitinib alone)
as well as the double-dug treatments (CM, CG and MG) only moderately decreased cell viability
(Figure 8). The combination of CMG, however, showed a significant decrease in cell viability
(Figure 8C). MDA MB-231 cells treated with CMG showed a decrease by over 60% in cell
viability compared to the control (Figure 8A) and SUM 149-PT treated cells showed a decrease of

over 75% (Figure 8B).
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Figure 8: CMG combination reduces viability on TNBC cell lines. (A) Cell viability of MDA
MB-231 cells after 120 hours of exposure to DMSO vehicle control or the following drugs in
different concentrations: SuM of cisplatin, 25uM of metformin and/or SuM of gefitinib. Drugs
were added at 0 hours and 72 hours (n=3). (B) Relative cell viability (measured by cell counting
using a hemocytometer and trypsin blue exclusion dye) of the CMG combinational treatment on
SUM 149-PT cells after 144 hours of exposure with the same concentrations as above, drugs were
added at 0 hours, 72 hours and 120 hours. (n=3). (C) Representative photos 120 hours after CMG
treatment on MDA MB-231 cells. Scale bar representing 100um. Photos taken at 10x
magnification.
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3.4 CMG combination promotes apoptosis of TNBC cell lines

From the literature and my own findings (Figure 5C), altered apoptosis in TNBC increases
drug resistance [35]. I asked whether the CMG combination was able to enhance apoptosis in
MDA MB-231 and SUM149-PT cells. This was assessed using flow cytometry. Within the early
stages of apoptosis there are changes that occur at the surface of the cell, one of the key changes
is the translocation of phosphatidylserine from the inner side of the plasma membrane to the
external surface of the cell [104]. Staining cells with Annexin V allows for the detection of
phosphatidylserine on the surface of the cell and is used as a marker of apoptosis [104, 105]. 7-
AAD is a DNA intercellular dye which penetrates and stains cells when there has been a loss of
the integrity of the plasma membrane (i.e. cell death) thereby indicating cell death [106, 107].
CMG-treated MDA MB-231 cells were stained with Annexin V and 7-AAD and assessed via flow
cytometry, and then divided into four categories (A) dead (7-AAD+/Annexin V-), (B) late
apoptosis (7-AAD+/Annexin V+), (C) alive (7-AAD-/Annexin V-), and (D) early apoptosis (7-
AAD-/Annexin V+) (Figure 9E).

Using flow cytometric analysis, I found the combination of CMG had the most significant
increase in early apoptosis (7-AAD-/Annexin V+) with a 24-fold increase (Figure 9D), and late
apoptosis (7-AAD+/Annexin V+) with an almost 6-fold increase (Figure 9B). None of the
individual treatments showed significant effect on apoptosis. The double treatments with CG, CM,

and MG induced early apoptosis and apoptosis respectively (Figure 9B and 9D).
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Figure 9: CMG combination induces apoptosis in TNBC cell lines. Relative fold profile of cell
death and apoptosis analyzed by flow cytometry. Based on Annexin-V/7-AAD staining, (A) dead
(7-AAD+/Annexin V-), (B) late apoptosis (7-AAD+/Annexin V+), (C) alive (7-AAD-/Annexin
V-), and (D) early apoptosis (7-AAD-/Annexin V+). MDA MB-231 cells were treated with DMSO
vehicle control or the following drugs in different combinations for 144 hours prior to flow
cytometric analyses: SuM of cisplatin, 25uM of metformin and/or SuM of gefitinib. Drugs were
added at 0-hour, 72 hour, and 120 hr (n=3). Annexin V conjugated with V450 fluorophore and 7-
AAD were added to the cells, followed by analysis using the BD LSRFortessa. (E) Legend of the
gating strategy for apoptosis. Diagram adapted from https://bitesizebio.com/28356/locating-your-
cellular-apoptosis-squad-annexin-v-staining-assays/
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3.4 Combination of hypoxia and EGFR inhibition with cisplatin (CMG) suppresses the
CD44%/CD24- CSC population in TNBC cell lines

CD447/CD24" CSCs play a critical role in drug resistance, cancer metastasis and disease
relapse in TNBC [14, 16, 108]. A major challenge preventing long-term effective treatment of
TNBC is the enrichment of CSC populations following chemotherapy. An important focus of this
study was to investigate whether the CMG combination was able to significantly reduce the
CD447/CD24" CSC subpopulation in TNBC. I analyzed the CMG effects on CD44"/CD24
subpopulation in MDA MB-231 and SUM149-PT cells using flow cytometry. The cells were
treated with single, double and CMG combination for 120 hours, then stained with PE and APC
conjugated anti-CD24 and anti-CD44 antibodies, respectively, followed by flow cytometric

analysis.

3.4.1 Combination of hypoxia and EGFR Inhibition with cisplatin (CMG) supresses the
CD447/CD24- CSC population in MDA MB-231 cells

The absolute living CD44"/CD24 CSCs in MDA MB-231 cells decreased from 36.14x10*
to 2.8x10*cells following 120 hours of CMG treatment (Figure 10A). While the double treatments
were moderately effective (23.5 x10* cells, 29.5 x10* cells, and 14.8x10* cells for CM, CG and
MG respectively), the triple combination of CMG was the most effective for suppressing
CD447/CD24" subpopulation in MDA MB-231 cells (Figure 10A). Metformin alone was more
effective than other single drug treatments, although cisplatin also showed moderate inhibitory

effect on CD44"/CD24" subpopulation in MDA MB-231 (Figure 10A).
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Figure 10: CMG combination reduces CD44"/CD24- CSCs in MDA MB-231 cells. (A)
Absolute living CD447/CD24 CSC subpopulation in MDA MB-231 cells after 120 hours of
exposure to DMSO vehicle control or the following drugs in different combinations: S5uM of
cisplatin, 25uM of metformin, and/or SuM of gefitinib. Drugs were added at 0- hour, and 72-hour.
At 120-hour, the cells were stained with PE- or APC-conjugated anti-CD24 and/or anti-CD44
antibodies, and analyzed using the BD LSRFortessa (n=3). (B) Representative flow plots of MDA
MB-231 cells after 120 hours of treatment with the drug combinations listed above. Controls and
gating for MDA flow plots were showed in Supplementary Figure 4.
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3.4.2 Combination of hypoxia and EGFR Inhibition with cisplatin (CMG) suppresses the
CD44%/CD24- CSC population in SUM 149-PT cells

To exclude cell line specificity for CMG treatment, I treated a different TNBC cell line
SUM 149-PT cells and found a similar trend. The absolute living CD44/CD24~ CSCs in SUM
149-PT cells decreased from 5.87x10* cells to 0.20x10* cells following 120 hours of CMG
treatment (Figure 11A). The double treatments (CG and MG) on SUM 149-PT cells were more
effective than the MDA MB-231 counterparts for the inhibition of CD44"/CD24 CSCs (14.8x10*
cells, and 6.8x10* cells for CG and MG respectively). In contrast to what we saw with MDA MB-
231 cells, gefitinib as a single treatment was the most potent single-therapy for the inhibition of
CD44"/CD24  CSCs in comparison to cisplatin and metformin (9.5x10%, 40.2x10%, and 38.0x10*
cells respectively) (Figure 11A). However, although the double treatment of MG and single
treatment of gefitinib reduced the absolute numbers of living CD44"/CD24 CSC subpopulation in
SUM 149-PT cells, the triple combination of CMG was the most significant treatment (Figure

11A).
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Figure 11: CMG combination significantly reduces CD44+/CD24- CSCs in SUM 149-PT
cells. (A) Absolute numbers of living CD44"/CD24" CSC subpopulation in SUM 149-PT cells
after 120 hours of exposure to DMSO vehicle control or the following drugs in different
combinations: SpM of cisplatin, 25uM of metformin and/or SuM of gefitinib. Drugs were added
at 0 hour and 72 hours, and then stained with PE- and APC-conjugated anti-CD24 and anti-CD44
antibodies, followed by flow cytometric analysis using the BD LSRFortessa (n=3). (B)
Representative flow plots of percentages of CD44/CD24 CSCs in SUM 149-PT cells after 120
hours of exposure to the drug combinations listed above.
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3.5 Combination of hypoxia and EGFR Inhibition with cisplatin (CMG) suppresses the
ALDHP"h CSC population in TNBC cell lines

ALDH"g" CSCs play a critical role in drug resistance, cancer metastasis and dramatic
increased tumorgenicity in TNBC [23-25]. To investigate whether the CMG combination was able
to significantly affect the ALDH"€" subpopulation in MDA MB-231 and SUM149-PT cells flow
cytometric analysis was utilized. The cells were treated with single, double and CMG combination
for 120 hours, then then incubated with ALDEFLUOR assay buffer +/- a DEAB control followed

by flow cytometric analysis.

3.5.1 Combination of hypoxia and EGFR Inhibition with cisplatin (CMG) suppresses the
ALDH"g CSC population in MDA MB-231 cells

Following MDA MB-231 cells treatment with cisplatin, the ALDH"&" CSC subpopulation
increased 50% (Figure 12A). This increase was opposite to the results found of the CD44"/CD24
CSCs population where cisplatin inhibited them (Figure 10A). As single therapies metformin and
gefitinib reduced the ALDH™" population to 38% and 45% respectively (Figure 12A). The double
therapies were more effective than the single therapies with a reduction to 36.4%, 38.7% and 9.2%
for CM, CG and MG respectively. Significantly, the CMG treatment demonstrated over a 90%

reduction in ALDH"&" CSC MDA MB-231 cells (Figure 12).
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Figure 12: CMG combination significantly reduces ALDH"g" CSCs whereas cisplatin
increases ALDHMe" CSCs in MDA MB-231 cells. (A) Relative living ALDHM&" CSC
subpopulation in MDA MB-231 cells after 120 hours of exposure to DMSO vehicle control or the
following drugs in different combinations: SuM of cisplatin, 25uM of metformin and/or SuM of
gefitinib. Drugs were added at 0 hour and 72 hours, and then incubated with ALDEFLUOR assay
buffer +/- DEAB, followed by flow cytometric analysis using the BD LSRFortessa (n=3). DEAB
Control is depicted in Supplementary Figure 4 (B) Representative flow cytometry plots of
ALDH"#" CSC subpopulation (percentages) in MDA MB-231 cells after 120 hours of exposure to
the drug combinations listed above.
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3.5.2 Combination of hypoxia and EGFR Inhibition with cisplatin (CMG) suppresses the
ALDHP"h CSC population in SUM 149-PT cells

Again, to exclude cell line specificity, I treated SUM 149-PT cells with the CMG
combinational treatment. On SUM 149-PT cells, cisplatin did not increase the ALDH"€" CSC
subpopulation but also did not show any inhibitory effect, equal to the vehicle control with 28x10*
absolute living ALDH"¢" CSCs (Figure 13A). Following the same trend as seen on the MDA MB-
232 cells, metformin and gefitinib were fairly potent as single therapies against the ALDH"2" CSC
subpopulation with 13.1x10% and 9.2x10* cells respectively. The double therapies of CM and MG
were more effective than CG (3.1x10* cells, 4.8x10* cells and 9.5x10* cells respectively).
Significantly, the CMG treatment was the most effective, reducing ALDH"&" CSC in SUM 149-

PT cells from 28.1x10* to 1.2x10* cells (Figure 13).
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Figure 13: CMG combination reduces ALDHMg" CSCs in SUM 149-PT cells. (A) Absolute
living ALDH"#" CSC subpopulation in SUM 149-PT cells after 120 hours of exposure to the
DMSO vehicle control or following drugs in different combinations: SuM of cisplatin, 25uM of
metformin and/or SuM of gefitinib. Drugs were added at 0 hour and 72 hours, and then incubated
with ALDEFLUOR assay buffer containing DEAB control and reagent, followed by flow
cytometric analysis using the BD LSRFortessa (n=3). (B) Representative flow cytometry plots of

ALDH"g" CSC subpopulation (percentages) in SUM 149-PT cells after 120 hours of exposure to
the drug combinations listed above.
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3.6 CMG Combination reduces viability of organotypic cultures prepared from TNBC patient-
derived xenografts and patient samples

To verify the aforementioned in vitro findings using conventional TNBC cell lines for
potential clinical translation, I moved to an ex-vivo patient-derived xenograft (PDX) model. PDXs
are tumor fragments removed from patient tumors, followed by directly implantation into
immunodeficient mice. This model allows the tumors to retain their structures, micro-
environments and heterogeneous cell populations [109]. PDX tumors can be cut into thin slices

and cultured ex-vivo (i.e. organotypic culture) for short term experiments.

I utilized the Alamar Blue to analyze cell viability after drug treatment of organotypic
cultures of PDX and patient tumor samples. Alamar blue (resazurin), a blue and nonfluorescent
dye, was added to three TNBC PDX samples and two patient TNBC tumor samples freshly
obtained from The Ottawa Hospital. The resazurin was metabolised by live cells in the medium
and turned to pink and highly fluorescent resorufin [110, 111]. I then used a spectrometer to
measure the fluorescence and determine the baseline viability of the PDX and tumor samples prior
to drug treatment. The samples were treated with drugs in different combinations at 0 hour, 72
hours and 120 hours. The Alamar Blue analysis was then preformed at 144 hours to determine
drug effect on the viability of PDX and tumor samples and normalized with the initial baseline

prior to drug treatments (Figure 14, Supplementary Figure 6).

Cisplatin and metformin alone had little to no effect on all five PDX and tumor viability
(Figure 14, Supplementary Figure 6). Depending on the sample gefitinib reduced viability of
PDX/tumor organotypic cultures between 10% to 40% but was statistically insignificant in

comparison to vehicle control. In concordance with our in vitro cell line viability results, the
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combination of CMG was the only treatment to significantly decrease viability of in the

PDX/tumor organotypic cultures up to 60% (Figure 14, Supplementary Figure 6).
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Figure 14: CMG combination significantly reduces viability of organotypic cultures of
TNBC PDX and patient samples. Relative Alamar blue viability analysis of two primary patient
TNBC tumors (CRDCA and SEM-1 samples) and three patient-derived xenograft samples (HCI-
001, HCI-002, HCI-016) after 144 hours of exposure to the DMSO vehicle control and drugs in
different combinations: SuM of cisplatin, 25uM of metformin and/or SuM of gefitinib. Drugs were
added at 0 hour and 72 hours. Tumor samples were cut into approximately 2 x 1 mm tumor slices
and cultured ex vivo. Alamar Blue (resazurin) was added and the resazurin is metabolized by live
cells in the medium and turned to pink and highly fluorescent resorufin that was measured using a
spectrometer at 560 excitation and 590 emission. Viability was calculated based on OD values at
144 hours — OD values at 0 hour.
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3.7 CMG Combination inhibits the CD44*/CD24- CSC population in TNBC PDX and patient
samples

I further assessed the CD447/CD24™ CSCs population after drug treatment using flow
cytometry. PDX and patient tumor samples were cut into thin slices and cultured ex-vivo (i.e.
organotypic culture) and treated for 144 hours with DMSO vehicle control or the drug in different
combinations (adding drugs at 0 hour, 72 hours and 120 hours). After 144 hours, the tumor samples
were disassociated into a single cell suspension and stained with PE- and APC-conjugated anti-

CD24 and anti-CD44 antibodies.

The flow cytometric data showed that the CMG combination significantly reduced the
CD447/CD24 CSC population (Figure 15A). In the representative flow plots of PDX/clinical
samples, we reveal that CMG significantly reduced the CD44"/CD24” CSC subpopulation from
15.8% to 8.17% in the SEM-1 tumor after treatment for 144 hours (Figure 15B). Metformin
moderately decreased CD44+/CD24- CSCs without inhibiting the viability of PDX and patient

samples (Figure 15).
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Figure 15: CMG combination effectively reduces CD44"/CD24- CSCs in TNBC PDX and
patient samples. (A) the CD44"/CD24" CSC populations in SEM-1, CRDCA, HCI-016 and HCI-
001 TNBC tumor samples after ex vivo organotypic culture and exposure to DMSO vehicle control
or the following drugs in different combination for 144 hours: S5uM of cisplatin, 25uM of
metformin and/or SuM of gefitinib. Drugs were added at 0 hour, 72 hours and 120 hours. After
that, the cells were mechanically and enzymatically disassociated into single cells and then stained
with PE- and APC-conjugated anti-CD24 and anti-CD44 antibodies, followed by flow cytometric
analysis using the BD LSRFortessa (n=3). (B) Representative flow plots of the CD44/CD24 CSC
subpopulations (percentages) in SEM-1 cells after treatment with drug in different combinations.
Controls and gating for PDX flow plots were showed in Supplementary Figure 7.
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3.8 CMG combination more effectively inhibits the ALDH"'" CSC subpopulation in TNBC PDX
and patient samples

Consistent with the results obtained from the MDA MB-231 cell line (Figure 12), cisplatin
alone significantly increased the ALDH"2" population in all four PDX and patient samples (Figure
16A). In the representative plots of the HCI-001 PDX sample, cisplatin increased the ALDHMe"
population from 17% to 37% (Figure 16B). This is in contrast to the in vitro data from SUM 149-

PT cells where cisplatin did not significantly impact the ALDH"&" population (Figure 13).

Both metformin and gefitinib were able to reduce the ALDH"&" CSC population in contrast
to the cisplatin-induced increase of ALDH"" CSCs (data not shown). This also supports in vitro
data from both MDA MB-231 and SUM 149-PT lines where we saw metformin and gefitinib

reduce the ALDH™2" population (Figure 12, Figure 13).

Importantly, the CMG combination significantly reduced the ALDH"¢" population in all
four PDX and patient tumor samples up to 93% (from 47% to 93%) (Figure 16A). In the
representative flow plots of PDX/clinical samples, we reveal that CMG reduced the ALDH""CSC
subpopulation in the HCI-001 PDX tumor from 25.1 % to 16.4% in 144 hours (Figure 16B). This
data reinforces the in vitro results from both MDA MB-231 cell and SUM 149-PT lines where the
combination of CMG was the most significant treatment group at reducing the ALDHMe"

population (Figure 12 and Figure 13).
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Figure 16: CMG combination reduces ALDH"g" CSCs in TNBC PDX and patient samples.
Flow cytometric data of the ALDH"&" CSC populations in SEM-1, CRDCA, HCI-016 and HCI-
001 TNBC tumors (cultured ex vivo) 144 hours after exposure to the following concentrations:
SuM of cisplatin, 25uM of metformin and/or SuM of gefitinib, the control was treated with
DMSO. Drugs were added at 0 hr, 72 hr and 120 hr, tumor slices were then disassociated and were
then incubated with ALDEFLUOR assay buffer from which an aliquot was incubated with DEAB
(an ALDH inhibitor) and analyzed using the BD LSRFortessa (n=3). DEAB controls depicted in
Supplemental Figure 7. (B) Representative flow plots of the ALDH"&" CSC subpopulations in
HCI-001 cells after 144 hours of treatment with the combinational therapy.
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4. DISCUSSION

In 2020, Canada is projected to have 27,000 women diagnosed with breast cancer and sadly
over 5,000 women will pass away from the disease [112]. Triple negative breast cancer (TNBC)
is an extremely aggressive subtype of breast cancer which does not possess the target receptors
used to treat other subtypes of breast cancer (estrogen, progesterone and HER2 receptors) and
therefore treatment for patients with TNBC is limited to non-specific chemotherapy, surgery and
radiotherapy. Despite making up only 15-20% of breast cancer diagnosis’, TNBC
disproportionately for the majority of breast cancer deaths. Even after adjusting for age, stage,
race, grade, and delivery of chemotherapy, Lin et a/ found that ultimately women with TNBC were
2.72 times more likely to die of the disease than their ER+ counterparts [11]. As such, the

development of targeted therapies for TNBC remains an unmet medical need.

4.1 CMG combination reduces viability on TNBC cell lines and induces apoptosis

One of the most fundamental hallmarks of cancer cells involves its ability to sustain chronic
proliferation [113]. Chemotherapy treatments generally work by killing these highly proliferative
and regenerative cells [114]. Proliferation and apoptotic assays are some of the primary
methods/experiments utilized to test if a treatment will be able to successfully kill the type of
cancer being tested.

To evaluate how the CMG combinations would affect the viability of TNBC cells in vitro
MTT assays were performed MDA MB-231 cells (mesenchymal-phenotype) and SUM 149-PT
(epithelial-phenotype) TNBC cell lines. Following 120 hours of treatment (cisplatin 5uM,
metformin 25uM and/or gefitinib SuM) viability was moderately affected by the individual and

double treatments (Figure 8 and Figure 9). In contrast, the CMG combination significantly reduced
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cell viability in both TNBC cell lines, in MDA MB-231 cells viability decreased 50% and in SUM
149-PT cells viability decreased 70% (Figure 8). Notably, concentrations of cisplatin, metformin
and gefitinib used in these experiments were clinically relevant, suggesting a tangible therapeutic
approach to kill TNBC cells [13, 100-102].

MCF-10A cells has been often used in breast cancer research as a model for normal
mammary epithelial cells function and transformation; however recent literature has reported that
MCF-10A cells exhibit different profiles compared to normal mammary tissue bringing into
question the suitability of this model [115, 116]. MTT analysis on MCF-10A cells treated with
CMG found that compared to the MDA MB-231 and SUM 149-PT TNBC cells, gefitinib (5uM)
as an individual treatment significantly reduced viability (Supplementary Figure 2). Subik et al
analyzed breast cancer cell lines with immunohistochemistry and found that MCF-10A cells that
EGFR expression is strongly present compared to MDA MB-231 cells [117]. It is reasonable to
conclude that because gefitinib is an EGFR inhibitor and MCF-10A cells are so high in EGFR,
gefitinib would affect MCF-10A cells viability more dramatically. Ultimately, from the literature
and our own data, we judged that MCF-10A cells are not a viable model of general normal cell
toxicity when being treated with gefitinib or other EGFR inhibitors [116].

Apoptosis is an orchestrated cellular process that balances cellular turnover, cell division
and cell death [118]. In cancer, the mechanism of apoptosis has been found to be altered allowing
for a pathological imbalance of cell death and division and increase in drug resistance [35].
Campbell er al used cBioportal analysis on 816 breast cancer patient samples generated by The
Cancer Genome Atlas (TCGA) and observed that gene amplification of anti-apoptotic gene (MCL-
1) was found in 20% of breast cancer cases [17]. Campbell et al/ also found that high MCL-1

protein expression was correlated with poorer patient survival in 420 patients [97]. My database
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results found that TNBC has an abnormal increase in anti-apoptotic gene expression (MCL-1)
compared to normal mammary tissue (Figure 5C), associated with apoptotic-resistance [97, 98].
Annexin V allows for the detection of phosphatidylserine which is found on the surface of
the cell as a marker of apoptosis [104, 105] and 7-AAD is a DNA intercellular dye which penetrates
and stains cells when there has been cell death [106, 107]. CMG had the most significant increase
in early apoptosis (7-AAD-/Annexin V+) with a 25-fold increase (Figure 9D) and dead by
apoptosis (7-AAD+/Annexin V+) population, with an almost 6-fold increase (Figure 9B). None of
the individual treatments were shown to meaningfully effect apoptosis, and of the double
treatments CG was the most substantial at inducing early apoptosis and apoptosis with a 14.7- and
3.5-fold increase respectively (Figure 9B, Figure 9D). Again, it is noteworthy that CMG at

clinically relevant dosages was able to significantly induce apoptosis of MDA-MB-231 cells.

4.2 Cisplatin increases hypoxia in TNBC cell lines but metformin and gefitinib reduce it

Cisplatin is a chemotherapeutic agent which has been found to be effective at targeting the
bulk tumor population of multiple types of cancer including TNBC; however, cisplatin has been
demonstrated to enrich for hypoxia which promotes chemoresistance and the enrichment of CSCs
[33, 34, 36, 37]. Though the mechanism through which this effect is mediated through remains is
not fully understood [54, 55]. In my study, I looked to reduce/reverse cisplatin’s hypoxia
enrichment so as to better capitalize on its ability to reduce the bulk tumor population.

Gefitinib (an EGFR inhibitor) has been demonstrated to overcome cisplatin-induced
hypoxia; however resistance has been seen through the stimulation of bypass signalling

promoting Akt/mTORCI1 and subsequent hypoxia [64, 67-72]. Metformin (an AMPK activator)
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has been found to overcome cisplatin resistance in TNBC through the downregulation of RADS1
[62] and has shown synergism with gefitinib in lung and bladder cancer [73, 74].

As was supported from the literature and in conjunction with my database work (Figure
5B), cisplatin was found to increase the transcriptional activity of HIF-1 related gene expression
(Figure 7A-B). This is important because cisplatin’s substantial increase in hypoxia signalling is
detrimental as it hinders clinician’s ability to use it as a single-treatment therapy for TNBC as

resistance is rapidly generated.

While Rho et al reported that gefitinib reduced cisplatin-induced hypoxia, our results for
the combination of CG show a less robust anti-hypoxia response (Figure 7); however, Rho et al
found results at 30uM which is 6 times higher than the clinically relevant concentration of SuM
that we utilized [68]. Increased hypoxia has been reported to be promote gefitinib resistance [71].
As anti-hypoxic effects were not seen at our clinically relevant dosage of CG and our goal for
clinical translation, supports the addition of metformin to the combinational treatment. The
combination of metformin and gefitinib, but neither individually, significantly reduced the

cisplatin increased HIF-1 transcriptional activity (Figure 7A).

Similar findings were demonstrated in PDK/ and LDH1 gene expression following CMG
treatment (Figure 7C-D). Where cisplatin alone increased HIF-1 related gene expression, CMG
ablated this resulting in a significant reduction in HIF-1 activity compared to the control (Figure
7B). Overall, 1 observed that the combination of metformin and gefitinib was able to prevent

cisplatin-induced hypoxia in TNBC, which has not yet been reported (Figure 7A-D).
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4.3 Cisplatin increases ALDH"¢" CSCs in TNBC cell lines and PDX tumors but metformin and
gefitinib reduce/reverse it

Aldehyde dehydrogenase (ALDH) has been used in the characterization of breast CSCs in
TNBC with increased ALDH expression being strongly associated with significantly reduced
patient prognosis (5-year OS rate: 19.8% ALDH"#" vs 58.7% ALDH!*%) [23-25]. ALDH"€" CSCs
are found within the core of breast cancer tumors and have an epithelial-like phenotype [14]. Silva
et al found when treating SKOV3 ovarian cancer cells with cisplatin, that as the bulk tumor
population (absolute number) was reduced as a result of increasing concentrations of cisplatin
(1pg/mL - 3ug/mL), the percentage of ALDH"¢" SKOV3 cells increased dramatically from 5% to
30% [31]. This correlates with our flow cytometry data which revealed that MDA MB-231 cells,
SUM 149-PT cells and our clinical/PDX samples treated with cisplatin (5uM) alone demonstrated
significant increases in the ALDH"#" population relative to the DMSO treated control (Figure 12A,
Figure 13A, Figure 16A).

The gold standard of studying the tumorgenicity of a population is through in vivo serial
dilution assay in immunocompromised mice. Through this method, Ginester ef a/ detected ALDH-
positive cells capable of reforming tumors with more than 1,500 cells compared to the unsorted
cells (control) which were not tumorigenic even at 50,000 cells [23], gives us further evidence that
the ALDH"¢" CSC population is directly associated with a dramatic increased in tumorgenicity
[23].

Importantly, the ALDH™&" CSC population in breast cancer has been found to have
elevated HIF-1 activity [42, 43], and as we have seen with our previously discussed results,
chemotherapeutic agents used to treat TNBC including cisplatin stimulate HIF-1 [33, 45-47].

Zhang et al shed light on the mechanisms through which cisplatin mediates CSC enrichment via
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enrichment of IL-6. HEk293 cells upon exposure to IL-6 using a luciferase assay (HRE-luc)
demonstrated potent upregulation [119]. They put forward a potential mechanism where IL-6
mediates cisplatin induced hypoxia and associated ALDH"" CSC enrichment. They proved their
mechanism through siRNA-IL6 knockdowns [119]. Our results support their hypothesis where
cisplatin induces hypoxia and associated ALDH"2" CSC enrichment (Figure 7, Figure 12A, Figure
13A, Figure 16A), which is why the addition of specific inhibitors in, conjunction with cisplatin,
are essential to prevent this response which is responsible for increased hypoxia.

Metformin (an AMPK activator) has been found to significantly reduce the growth of
ovarian cancer cell lines [120]. Shank et a/ studied its effect when in conjunction with cisplatin
treatment in vitro with SKOV3 and A2780 ovarian cancer cell lines, and in vivo using both tumor
cell lines and ALDH(+) CSC tumor xenografts. Their in vitro FACS analysis revealed that
metformin (1mM) alone reduced the ALDH(+) CSCs from 0.39% to 0.17%, cisplatin (1.5pg/mL)
increased to 2.13%, and cisplatin with metformin reduced the ALDH(+) CSCs to 0.33% [120]. My
results show very similar trends among TNBC cell lines when looking at the ALDH"€" population
in MDA MB-231 and SUM 149-PT cells treated with cisplatin with/without metformin (Figure 12
and Figure 13). Shank et a/ then injected 1,000 fractionated ALDH(+) or ALDH(-) SKOV3 cells
into nude mice and treated them. They found the combination of metformin and cisplatin on the
ALDH(+) tumors led to a significant reduction in tumor growth and importantly the FACS analysis
of these tumors demonstrated that the combination of metformin and cisplatin demonstrated a 4.4
fold reduction in ALDH(+) cells [120]. While our project did not include an in vivo study, our ex
vivo model shows a reduction in ALDH™&" populations within the broad-spectrum patient

samples/PDX tumors (Figure 16).
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Gefitinib has been demonstrated to enhance tumor inhibition when combined with cisplatin
short-term through concurrent EGFR inhibition [121]. However, it has also been reported that
gefitinib and cisplatin antagonize each other in regards to drug treatment in NSCLC tumor models
[122]. To explain such apparent contradiction; a study by An et al demonstrated that gefitinib
similarly to cisplatin mediates hypoxia and HIF1a enrichment through the secretion of IL6 [123].
This is similar to the mechanism of cisplatin induced hypoxia and ALDH enrichment. Thus this
may explain why short-term gefitinib treatment with cisplatin is effective but prone to resistance.
Our results show elevated PDKI gene expression upon gefitinib exposure, supporting this
mechanism of hypoxia resistance over time (Figure 7C). Our results with short-term cisplatin +
gefitinib (CG) are effective; however, from the above literature; long-term treatment via IL6
secretion may mediate resistance. Thus metformin is required to combat the generation of
resistance and increase anti-tumor efficacy through AMPK activation [120]. Additionally, research
by Mishra et al further highlighted the ability of metformin to suppress IL6 mediated hypoxia and
ALDH enrichment [124]. Such findings suggest that through the inhibition of metformin, the anti-
tumorigenic properties of gefitinib may be maintained for long-term treatment and the cisplatin
mediated hypoxia and ALDH enrichment can be ablated.

Our results demonstrate that the combination of CMG was successful at inhibiting the
ALDH"#" population at clinically relevant dosages (Figure 12, Figure 13, Figure 16). Overall, the
results of CMG on TNBC cell lines were optimistic enough to move forward to a more clinically

translatable model.
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4.4 Combinational treatment of cisplatin, metformin and gefitinib significantly reduce the
CD44+/CD24- subpopulation of TNBC cell lines and PDX tumors

Wang et al studied tumor samples from a cohort of 145 TNBC patients who had not been
treated with radiotherapy, chemotherapy, targeted therapy or adjuvant endocrine treatment prior
to surgery, and tumor samples underwent double-staining immunohistochemistry with antibodies
for CD44 and CD24 [125]. Notably, for patients with a CD44/CD24™ phenotype, the risk of death
was increased over 4-fold compared with patients with the CD447/CD24" counterparts (est HR:
CD447/CD24™ in CD44/CD24 status 4.38 (95% CI, 1.57-12.18))[125]. Based on our knowledge
of the highly tumorigenic properties of CD44"/CD24 " subpopulation in TNBC from the pioneering
work by Al Hajj ef al, the significant increase in mortality found in Wang ef al’s work can be
reasoned, highlighting the intense need for TNBC treatments which are capable of targeting the

CD447/CD24 population [13].

Our flow cytometry data revealed that the combination of CMG led to a robust decrease in
the CD44"/CD24 CSC subpopulation of both MDA MB-231 and SUM 149-PT TNBC cells
(Figure 10, Figure 11). While the individual treatments of cisplatin, metformin and gefitinib were
able to slightly reduce the CD44"/CD24  as single treatments, and the double treatment
combinations saw further moderately improved results (CM, CG, MQ), it was only when all three

drugs were used in combination that the effects were so magnified.

Variations in results between TNBC cell lines were found in the double treatments. For
example in the combination of metformin and gefitinib (MG) reduced the CD44"/CD24~ CSCs in
MDA MB-231 to 40%, but in SUM 149-PT cells the MG combination reduced it to 12% (Figure
10A, Figure 11A). These variations are not surprising among these two cell lines, SUM 149-PT

cells are often used to characterize epithelial-like TNBC cells and MDA MB-231 cells
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mesenchymal-like [20]. These difference in the single and double treatments between the two cell
lines emphasizes the important of looking at multiple cell lines when researching a more consistent

treatment.

4.5 Patient derived xenograft (PDX) and ex vivo slice culture is a more clinically translatable
model to assess drug efficacy and CSC targeting

In vitro and in vivo preclinical research has for decades commonly used dozens of different
TNBC cancer cell lines to study cancer pathogenesis, progression, and drug effectiveness [109].
Recent literature has shone a light on the growing disconnection between results generated using
TNBC cell lines and what has been observed in clinical trials [109, 126-128]. This is not to say
that there are not benefits to cell line work during preclinical research, in fact it is a productive
first step, however in vitro cell lines have limitations as preclinical models because culturing cells
selects for cell types that can grow in these foreign and artificial environments long term [109,

128].

Patient derived xenograft (PDX) models are an excellent resource available to researchers.
PDXs are generated by transplanting patients’ tumor tissue into an immunocompromised mouse,
and from there they are expanded and serially passaged in mice [109, 129]. Unlike cell lines which
lead to a loss of tumor architecture and heterogeneity, the PDX model can preserve tumor
heterogeneity, architecture, stromal and extracellular components of the original patient tumor
[109]. Zhang et al found that TNBC in comparison to hormone-receptor positive breast cancer
worked particularly well at engrafting to the PDX model (53.8% vs. 15.6%, p = 0.02) [130, 131].
PDX tumors can be passaged and expanded 4-5 times, after that point the tumor stroma has been

found to be replaced by the host mouse stroma which can influence results [127, 132].
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Short-term ex vivo cultured PDXs have had success when used for pre-clinical drug
screening, Bruna et al/ demonstrated that of 40 ex vivo cultures PDX tissues, over 80% were
verified by in vivo PDX models [133]. These short-term ex vivo cultured PDXs retained the tissue
architecture, as well as molecular and genetic features of the in vivo PDX models [133]. Our lab

has previously found substantial result using both in vivo and ex vivo PDX models [108].

To verify my in vitro results from CMG treated cells in MDA MB-231 and Sum 149-PT
cells T performed ex vivo organotypic slice cultures with different combinations on three TNBC
patient-derived xenograft tumor fragments (HCI-001, HCI-002 and HCI-016) as well as two TNBC
patient tumors (CRDCA and SEM-1) obtained from The Ottawa Hospital (Protocol# 20120559-01H)
(Table 1). These specific PDX samples were selected to represent a range of patient drug sensitivity
including: paclitaxel-resistant HCI-001 (obtained from a paclitaxel-treated patient with disease
progression and paclitaxel-resistance) and paclitaxel-sensitive HCI-002 and HCI-016 (obtained
from patient without prior exposure to chemotherapy). Tumor histology/immunohistology, clinical
markers, drug treatment and response, whole exome sequencing, RNA sequencing, RPPA
analysis, and growth curve for HCI-001, HCI-002 and HCI-016 have been described in detail in

the spreadsheet on PDXNet [134] and in the supplemental results published elsewhere [135].

Cell viability results showed that neither cisplatin or metformin had much effect on any of
the PDX and tumor samples viability (Figure 14, Supplementary Figure 6), while gefitinib as a
single treatment demonstrated a decrease in viability depending on the sample but was not
significant. Corresponding with our in vitro results, CMG effectively inhibited viability in all five

of the slice cultures from TNBC patients (Figure 14).

To continue assessing CMG’s effects on TNBC the more a clinically translatable model, I
measured CSC enrichment following treatment on PDX and patient tumor ex vivo samples via
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flow cytometry. CMG was able to inhibit the CD44"/CD24 and ALDH"#" CSC population
consistently across all patient tumor samples and PDX tumor fragments while single inhibitors
demonstrated varied results. Conversely to the cell line results which demonstrated moderate
efficacy of single inhibitors (Figures 10-13); the results generated between the models highlights
key differences between 2D homologous cell line culture and 3D ex vivo tumor fragment response
to CMG, highlighting the heterogeneity of clinical cancer tumors and the importance of using
patient tumor samples for in vitro analyses to improve applicability. It is reasonable to expect that
the future of preclinical work will include massive PDX libraries as described by Gao ef al in 2015
with the Novartis Institutes for Biomedical Research patient-derived tumor xenograft encyclopedia
(NIBR PDXE) of over 1,000 PDX samples [136]. Researchers have also begun using the predictive

power of PDX models in co-clinical trials and personalized medicine [127].
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5. CONCLUSION AND PERSPECTIVES

Despite progress being made in our understanding of triple negative breast cancer (TNBC),
the overall survival and disease-free survival continues to be poorer than ER/PR/HER2+ breast
cancer patients. Metastasis and chemoresistance are the pivotal issues holding back the long-term
success of TNBC treatments. Over the past two decades, our understanding on the mechanisms
behind chemoresistance and metastasis have expanded greatly. Cancer stem cells (CSCs) have
emerged as major players in these mechanisms, making them important targets to destroy in
addition to the bulk tumor cells during patients’ first-line treatment. My work focused on
demonstrating a combinational treatment approach to improve the long-term therapeutic potential
of cisplatin for TNBC patients that not only targeted the bulk tumor population but also ALDHM2"
and CD44"/CD24 CSC populations.

Using database analysis, I identified hypoxia as a potential target as it was upregulated in
TNBC compared to normal mammary tissue as well as in cisplatin-resistant ovarian cancer (Figure
5B and Supplementary Figure 1). I confirmed that hypoxia was upregulated following cisplatin
treatment through gene analysis on treated MDA MB-231 cells (Figure 7). Consulting the
literature, metformin (an AMPK activator) and gefitinib (an EGFR inhibitor) were added together
and the combination was able to significantly reduce the cisplatin-induced hypoxia (Figure 7).

Viability analysis on TNBC cell lines (MDA MB 231 and SUM 149-PT) demonstrated that
the triple-combination treatment of CMG (cisplatin S5uM, metformin 25uM, gefitinib SuM)
significantly reduced viability (Figure 4). Based on the literature and my database analysis TNBC
has upregulated anti-apoptotic gene expression compared to normal mammary tissue (Figure 5C);
however through flow cytometry analysis for Annexin V and 7-AAD I confirmed that CMG

significantly induced apoptosis in vitro (Figure 9).
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These viability and apoptosis findings were important in showing CMG’s ability to kill
bulk tumor cells, however to determine if CMG was able to target both epithelial and mesenchymal
CSC populations. Using flow cytometry on SUM 149-PT and MDA MB-231 cells following
treatment with CMG demonstrated potent inhibition of CD44+/CD24- CSCs populations. As
previous reports have linked hypoxia to ALDH"#" CSC enrichment, it was not surprising that this
finding was demonstrated in TNBC cells following cisplatin treatment leading to the enrichment
of ALDH"#" cells (Figure 12 and Figure 13). The addition of metformin and gefitinib to the
cisplatin reduced the ALDH"€" population demonstrating that CMG was not only killing the bulk
tumor cells but it was also targeting the two main CSC populations identified in TNBC.

Upon our optimistic in vitro results using TNBC cell lines (MDA MB-231 and SUM 149-
PT), I employed a patient derived xenograft (PDX) model and conducted viability and CSC
analysis ex vivo on three PDX tumor slices and two patient tumor samples. In an ex vivo short-
term experiments, I demonstrated that CMG significantly reduced the viability of all 5
PDX/clinical samples (Figure 14, Supplementary Figure 6). Flow cytometry showed that the
CD44%/CD24" and ALDH"#" populations were significantly reduced. These positive results are
important as these samples represent the heterogeneity and variations between patients’ response
to treatment.

Future experiments could include an in vivo PDX mouse experiment where a serial dilution
assay is performed following treatment as this is the gold standard to prove a reduction in
tumorgenicity. An in vivo experiment would also be an improved model to assess CMGs effects
on normal mammary cells as MCF-10A cells possessed substantially elevated EGFR protein
expression making them unsuitable to be an appropriate control. Conducting further protein

expression analysis, sSiRNA to knockdown EGFR and alternative AMPK activation agents (ex.
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AICAR) would potentially facilitate our understanding of the mechanism behind how EGFR
inhibition and AMPK activation together are able to reduce cisplatin induced hypoxia.

Overall, my project demonstrated both in vitro and ex vivo that cisplatin with the addition
of metformin and gefitinib (CMG) was able to successfully kill the bulk tumor cells and target the
CD44"/CD24 and ALDH"2" CSC populations, demonstrating a potential approach to improve the
long term-therapeutic potential of cisplatin, lowering the chance of relapse, chemoresistance and

metastasis which could lead to increased patient prognosis for TNBC patients.
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Supplementary Figure 1: Cisplatin resistance is associated with an enrichment of hypoxia,
EGFR, stemness and anti-apoptosis related gene expression in ovarian cancer. (A-D) The
relative expression levels (A.U arbitrary unit) of genes in 5 cisplatin sensitive and 5 cisplatin
resistant A2780 Ovarian cancer samples were compared using the NCBI Gene Expression
Omnibus (GEO2R). The GSE15709 samples were analyzed using the GPL570 Affymetrix
Human Genome U133 Plus 2.0 Array and the values were profiled in a heat map with green
representing the row minimum and red representing the row maximum per gene analysis.

88



MCF10A normal mammary cell line

0
£ 1-
2
o
>
(0]
=
T 06=-
L]
o
.
;
0 = =
- %
N - RN Gt

Supplementary Figure 2: CMG combination effect on viability of MCF-10A normal
mammary cell line. Cell viability of MCF-10A normal mammary cell line after 120 hours of
exposure to DMSO vehicle control or the following drugs in different concentrations: SuM of

cisplatin, 25uM of metformin and/or SuM of gefitinib. Drugs were added at 0 hours and 72 hours
(n=3).
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Supplementary Figure 3: Metformin induces AMPK and this is magnified in the
combination treatment of CMG. Representative western blots of AMPK and p-AMPK
expression in MDA MB-231 cells after 48 hours of exposure to the DMSO vehicle control and
drugs in different combinations: SuM of cisplatin, 25uM of metformin and/or SuM of gefitinib.
Drugs were added at 0 hour and 72 hours.0
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Supplementary Figure 4: Flow gating of MDA MB-231 cell line. Representative flow gating
plots of MDA MB-231 cells after 120 hours of treatment with single, double or CMG
combinations. Cells were single stained with PE- or APC-conjugated anti-CD24 and/or anti-CD44
antibodies and analyzed using the BD LSRFortessa.
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Alamar Blue Analysis
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Supplementary Figure 5: CMG combination significantly reduces viability of organotypic
cultures of TNBC PDX and patient samples. Relative viability of three patient-derived xenograft
samples (A) HCI-001, (B) HCI-002, (C) HCI-026, and two primary patient TNBC tumors (D)
CRDCA, (E) SEM-1. Relative Alamar blue viability analysis after 144 hours of exposure to the
DMSO vehicle control and drugs in different combinations: SuM of cisplatin, 25uM of metformin
and/or SuM of gefitinib. Drugs were added at 0 hour and 72 hours. Tumor samples were cut into
approximately 2 x 1 mm tumor slices and cultured ex vivo. Alamar Blue (resazurin) was added
and the resazurin is metabolized by live cells in the medium and turned to pink and highly
fluorescent resorufin that was measured using a spectrometer at 560 excitation and 590 emission.
Viability was calculated based on OD values at 144 hours — OD values at 0 hour.
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Representative Flow Gating
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Supplementary Figure 6: Flow gating of PDX/clinical samples. Representative flow gating plots
of CRDCA clinical sample after 120 hours of treatment with single, double or CMG combinations.
Cells were single stained with PE- or APC-conjugated anti-CD24 and/or anti-CD44 antibodies and
analyzed using the BD LSRFortessa.

93



8. APPENDIX

8.1 Curriculum Vitae

EDUCATION

Master of Science, Biochemistry, University of Ottawa, Ottawa, 2018-present
- Thesis: Inhibition of Hypoxia Sensitizes TNBC to Cisplatin and Promotes Bulk and CSC
Inhibition
- Supervisor: Dr. Lisheng Wang

Master of Arts, History, Wilfrid Laurier University, Waterloo, 2015
- Major Research Project: Everyday ‘Martyrs’ of the Great War: The Moral Regulation of
War Widows in Ontario, 1914 - 1938
- Supervisor: Dr. Cynthia Comacchio

Bachelor of Arts with Honours, History, Carleton University, Ottawa, 2014
- Undergraduate Project: A Tightrope Walk Towards the Easter Rising Centenary in 2016:
Northern Ireland and the Republic of Ireland Debate the Issues Through Newspapers
- Supervisor: Dr. Aleksandra Bennett

RESEARCH EXPERIENCE

Graduate Researcher
University of Ottawa, Faculty of Medicine, Ottawa
Primary Investigator: Dr. Lisheng Wang
2018 to present
- Adept at cell culture, patient derived xenograft culture, primary patient tumor cultivation,
western blotting, and qPCR experiments to generate data in triple negative breast cancer
models.
- Experienced with transfection for gene enrichment/knockdown as well as reporter
analysis.
- Trained and proficient at intraperitoneal, subcutaneous and intravenous tail injections in
mice (both immunocompetent and immunocompromised)
- Capable of cell line and patient derived xenograft implantation mice surgery.
Additionally, preformed autopsies, took biopsies and performed in vivo perfusion.
- Experienced in Flow Cytometry preparation, FACs sorting, and in vivo imaging system
(IVIS) for fluorophore detection in vivo.

Visiting Graduate Researcher
Dr. Guang Ji, Longhua Hospital, Shanghai
May- June 2019
- Collaborated with Dr. Ji, Dr. Han and Dr. Song in establishing a clinically relevant liver
and breast cancer models in vivo.
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- Worked to engraft current patient tumors into immunocompromised mice for the
development of patient derived xenograft models.

- Mentored graduate students in various laboratory procedures (eg. Mouse dissections,
tumor implantations, plasmid extractions, transfection, FACs, etc)

- Delivered two seminar presentations to discuss current research and the field of oncology
and graduate life in Canada

Volunteer Lab Member

University of Ottawa, Faculty of Medicine, Ottawa
Supervisor: Andrew Sulaiman

Primary Investigator: Dr. Lisheng Wang
2015102018

- Assisted in primary breast cancer stem cells research in vitro through qPCR, western blot,
FACS preparation, viability analysis and transfection.

- Aided in literature search, project design and data interpretation.

- Provided editing and feedback for manuscripts in preparation of submission.

- Assisted in in vivo experimentation through organ excision, dissection, FACS preparation
of organs and tumors, weighing tumors. Aid in preparation for IVIS analysis of
flourophores within mouse organs/tumors.

- Trained and supervise the work of undergraduate honors students and volunteers

- Conducted screening and interviews for potential undergraduate thesis and volunteer
candidates

- Presented research at conferences.

Master of Arts (History) Candidate

Wilfrid Laurier University, Waterloo

Supervisor: Dr. Cynthia Comacchio

2014 to 2015

- Conducted graduate level research on various topics including, but not limited to: class

and gender as it pertained to the moral regulation of First World War widow pensions,
race and psychiatry in nineteenth-century American and Canadian asylums, gender and
the Temperance movement, the civilian evacuation of Britain during the Second World
War, and Waterloo regions experiences during the First World War

Co-Leader, Researcher and Social Media Coordinator
Waterloo Region During the First World War Website, Waterloo
Supervisor: Dr. Heather MacDougall
2015
- Responsible for co-leading a group of graduate students, setting objectives, priorities,
managing resources, preparing briefing material and summaries
- Conducted individual research on Waterloo Region war dead from 1915 and wrote short
summaries on each for the new “Commemoration” section of the website
- Consulted with the media on a news article containing my original research

- The group was the recipient of the Waterloo Regional Heritage Research Award, worth
$3000
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Research Assistant
Laurier Centre for Military Strategic and Disarmament Studies, Waterloo
Supervisor: Dr. Mark Humphries
2014 to 2015
- Transcribed handwritten diaries of a First World War Medical Officer for the SSHRC-
funded “Through Veterans’ Eyes” project
- Attended presentations given by guest lecturers on a variety of military history research
topics

LEADERSHIP EXPERIENCE

Research Supervisor
Dr. Lisheng Wang Lab, University of Ottawa, Faculty of Medicine, Ottawa
2018 to 2020

- Train and supervise an undergraduate thesis students’ honors project

Vice President of Finance

BMIGSA, University of Ottawa, Faculty of Medicine, Ottawa

2018 to 2020
- Ensure that BMIGSA funds are spent responsibly and in the best interests of the students
- Organize and plan both academic and social events for BMI students
- Represented graduate students at the Faculty of Medicine meeting in September 2018

Graduate Research Assistant
University of Ottawa, Faculty of Medicine, Ottawa
2019
- Conducted research for the Faculty of Medicine Alumni Trajectory Project under the
supervision of the Biochemistry Program Director

Undergraduate Thesis Student Recruitment
University of Ottawa, Faculty of Science, Ottawa
2016
- Presented at Student Recruitment Seminar
- Conducted screening and interviews for potential candidates

PUBLICATIONS
Peer Reviewed Publications

1. Sarah McGarry*, Andrew Sulaiman*, Jason Chambers, Emil Al-Kadi, Alex Phan, Li Li,
Karan Mediratta, Jim Dimitroulakos, Christina Addison, Xuguang Li and Lisheng Wang.
Inhibition of Hypoxia Sensitizes TNBC to Cisplatin and Promotes Inhibition of Bulk
Cancer Cells and Cancer Stem Cells. International Journal of Molecular Sciences 2020;
doi: 10.3390/ijms21165788. Impact Factor 4.1

2. Andrew Sulaiman, Sarah McGarry, Sara El-Sahli, Li Li, Jason Chambers, Alexandra
Phan, Emil Al-Kadi, Zaina Kahiel, Eliya Farah, Guang Ji, Seung-Hwan Lee, Krishna K
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Inampudi, Tommy Alain, Suresh Gadde, Lisheng Wang. Retardation of TNBC PDX
Tumors growth and diminution of Tumorigenesis via Nanotherapy. Advanced
Therapeutics 2020; doi: 10.1002/adtp.202000123.

Andrew Sulaiman, Sarah McGarry, Xianghui Han, Sheng Liu, Lisheng Wang. CSCs in
TNBC - One Size Does Not Fit All: Therapeutic Advances in Targeting Heterogeneous
Epithelial and Mesenchymal CSCs. Cancers 2019; 11(8), 1128, doi:
10.3390/cancers11081128. Impact Factor 6.162

Andrew Sulaiman, Sarah McGarry*, Sara El-Sahli*, Li Li, Greg Cron, Christina
Addison, Jim Dimitroulakos, Zemin Yao, Xuguang Li, Suresh Gadde® and Lisheng Wang®.
Co-Targeting Bulk Tumor and CSCs in Clinically Translatable TNBC Patient-Derived
Xenografts via Combination Nanotherapy. Molecular Cancer Therapeutics 2019;
18:1755-64 doi: 10.1158/1535-7163.MCT-18-0873. Impact Factor 4.9

. Andrew Sulaiman, Sarah McGarry, Sara El-Sahli, Ka Mien Lam, Jason Chambers,

Shelby Kaczmarek, Li Li, Christina Addison, Jim Dimitroulakos, Angel Arnaout, Carolyn
Nessim, Zemin Yao, Guang Ji, Haiyan Song, Suresh Gadde, Xuguang Li, Lisheng Wang.
Co-inhibition of mMTORCI1, HDAC and ESR1a Regards the Growth of Triple Negative
Breast Cancer and Suppresses Cancer Stem Cells. Cell Death and Disease 2018; 9(8): 815
doi: 10.1038/s41419-018-0811-7. Impact Factor 5.9

Andrew Sulaiman, Sarah McGarry, Li Li, Deyong Jia, Sarah Ooi, Christina Addison, Jim
Dimitroulakos, Angel Arnaout, Carolyn Nessim, Zemin Yao, Guang Ji, Haiyan Song,
Suresh Gadde, Xuguang Li, Lisheng Wang. Dual inhibition of Wnt and YAP signaling
retards the growth of both mesenchymal and epithelial TNBC. Molecular Oncology, 2018,
12(4):423-440. Impact Factor 5.3

Andrew Sulaiman, Brandon Sulaiman, Lara Khouri, Sarah McGarry, Carolyn Nessim,
Angel Arnaout, Sean Xuguang Li, Christina Addison, Jim Dimitroulakos, and Lisheng
Wang. Both bulk and CSC subpopulations in TNBC are susceptible to Wnt, HDAC and
ERa co-inhibition. FEBS Letters, 2017;590(24):4606-4616. Impact Factor 3, 20
Citations

Sarah E. McGarry, A Tightrope Walk Towards the Easter Rising Centenary in 2016. The
Mirror, 2015.

PRESENTATIONS

Oral Presentations

Sarah McGarry. (May 2020) “Inhibition of Hypoxia Sensitizes TNBC to Cisplatin and
Promotes Bulk and CSC Inhibition.” University of Ottawa Faculty of Medicine, Seminar
Day (Virtual). Ottawa, ON. Canada.

Sarah McGarry. (June 2019) “Graduate School: Perspectives from a New MSc Candidate
from the University of Ottawa, Canada." Longhua Hospital Research Seminar Series,
Shanghai, China.

Sarah McGarry. (May 2019) “Triple Negative Breast Cancer: Cancer Stem Cells and
Development of Novel Approaches to Target Both Bulk and CSC Populations." Longhua
Hospital Research Seminar Series, Shanghai, China.

Sarah McGarry. (February 2019) “Sensitizing TNBC to Cisplatin Treatment via EGFR and
Hypoxia Inhibition." University of Ottawa Faculty of Medicine, Seminar Day. Ottawa, ON.
Canada.
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- Sarah E. McGarry. (March 2015) "Caging the Leprechaun: Criminally Insane and
‘Lunatic’ Irish Patients Admitted to Rockwood Asylum from 1857-1878." Tri-U
Collogquium: From Shattered Nerves to Shell Shock. Waterloo, Canada.

- Sarah E. McGarry. (March 2015) “Deconstructing Ideal Widowhood: A Sample Analysis
of Canadian Veterans’ Widows Pension Files.” New Trajectories in War and Society: A
Graduate Student Colloguium. Waterloo, Canada.

- Sarah E. McGarry. (April 2014) “A Tightrope Walk Towards the Easter Rising Centenary
in 2016: Northern Ireland and the Republic of Ireland Debate the Issues Through
Newspapers.” Underhill Undergraduate Colloquium. Ottawa, Canada.

Poster Presentations (* indicates presenting author)

A. Sulaiman, J. Chambers*, S. McGarry, S. Gadde, L. Wang. (May 2019) “Targeting both
Mesenchymal and Epithelial TNBC via Dual Inhibition of Wnt and YAP Signaling in
Clinically Translatable PDX Models” OISB Scientific Meeting, 2019. Ottawa, Canada

- Sarah McGarry*, Andrew Sulaiman, Dr. Wang. (November 2018) “Co-Inhibition of
Metabolic Pathways to Re-Sensitize Triple Negative Breast Cancer Bulk and CSC
Populations to Chemotherapeutic Agents." Journee Pharee. Bromont, Canada.

- Andrew Sulaiman, Sarah McGarry*, Dr. Wang. (May 2018) “Dual Inhibition of Wnt and
YAP pathways retards the growth of both mesenchymal and epithelial TNBC.” BMI
Scientific Symposium, Montebello, Canada.

- Sarah McGarry*, Dr. Wang. (November 2017) “Targeting HDACs, mTORcl1, and ESR1

to Target Triple Negative Breast Cancer Cancer Stem Cells." Journee Pharee. Bromont,

Canada.

Sarah McGarry*. (May 2017) “An autocrine inflammatory loop after chemotherapy

withdrawal facilitates the repopulation of drug-resistant breast cancer cells." 60th annual

Canadian Society for Molecular Biosciences conference. Ottawa, Canada

Andrew Sulaiman, Sarah McGarry*. (November 2016) "Modeling epithelial and

mesenchymal conversion in TNBC to identify sensitivities within breast cancer stem cell

populations." University of Ottawa, Student Recruitment Seminar. Ottawa, Canada.

CONFERENCES ATTENDED

- Journee Pharee. Bromont, Canada. 2018

- BMI Scientific Symposium, Montebello, Canada. 2018

- Journee Pharee. Bromont, Canada. 2017

- 60th annual Canadian Society for Molecular Biosciences Conference. Ottawa, Canada.
2017.

- University of Ottawa Student Recruitment Seminar. Ottawa, Canada. 2016.

- World Life Science Conference. Beijing, China. 2016.

- Tri-U Colloquium: From Shattered Nerves to Shell Shock. Waterloo, Canada. 2015.

- New Trajectories in War and Society: A Graduate Student Colloquium. Waterloo, Canada.
2015.

- Graduate & Professional Studies Symposium. Waterloo, Canada. 2014.

- Underhill Undergraduate Colloquium. Ottawa, Canada. 2014.
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HONOURS AND AWARDS

- Nominated for Thesis Award, 2020
- Charles Sean Alger Memorial Scholarship Fund, 2019 $1,500

- Recognized as publishing one of the Top 20 Most Read Manuscript in Molecular
Oncology, 2019

- Admission Scholarship, University of Ottawa, 2018-2020 $14,000
- Admission Scholarship, University of Ottawa, 2018 $7,500
- Heritage Research Award, Waterloo Regional Heritage Foundation, 2015 $3,000
- North American Conference on British Studies Undergraduate Essay Contest, North
American Conference on British Studies, 2014 $100
- Admission Scholarship, Wilfrid Laurier University, 2014 $3,000
- J. Carlisle Hanson Award, Carleton University, Department of History, 2014 $1,500
- Underhill Undergraduate Colloquium Award, Carleton University, 2014 $150
- Admission Scholarship, Carleton University, 2009 $4,000

- Ontario Scholar, St. Joseph’s Catholic High School, 2009
- Canada Cord Award, Girl Guides of Canada, 2007

VOLUNTEER EXPERIENCE

- Vice President of Finance, BMIGSA, University of Ottawa, Faculty of Medicine. 2018 to
2020

- Graduate Student Mentee, BMIGSA Graduate Student Mentorship Program, University
of Ottawa Faculty of Medicine. 2018 to 2019.

- Volunteer Lab Member, University of Ottawa, Faculty of Medicine. 2015 to 2018.

- Volunteer Notetaker, Paul Menton Centre Notetaking Services for Students with
Disabilities. 2013.

- Varsity Athlete, Carleton University Rowing Team. 2010.

- Assistant Coach, St. Joseph’s High School Rowing Team. 2010.

WORK EXPERIENCE

- Graduate Research Assistant, University of Ottawa, Faculty of Medicine, Ottawa, 2019.

- Ward Clerk (casual), The Ottawa Hospital. 2015 to 2018.

- Administrative Assistant (casual), The Robin Easey Centre, The Ottawa Hospital. 2016 to
2018.

TEACHING EXPERIENCE

Teaching Assistant

Wilfrid Laurier University, History Department, Waterloo

Course Title: Science in the Modern World, 1800 to the Present (HP202)

Supervisor: Dr. Suzanne Zeller
2015

- Organized and guided weekly tutorial discussions on topics in the history and philosophy
of science
- Graded term papers, tutorial participation, and final examinations
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Teaching Assistant

Wilfrid Laurier University, History Department, Waterloo

Course title: History of Vikings (HI299)J)

Supervisor: Dr. Alicia Mackenzie

2014

- Attended weekly lectures and assisted the Professor and fellow teaching assistants in

facilitating active learning exercises within the lecture hall
Graded midterms, reflection papers, and final exams
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