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ABSTRACT

Breast cancer is the most frequently diagnosed cancer among women worldwide,
accounting for over 500,000 deaths annually. Approximately 70% of cases are luminal breast
cancers, characterized primarily by estrogen receptor expression. ER has been shown to drive
tumorigenesis through the upregulation of proteins such as cyclin D1 and various growth factors,
contributing to cell survival, tissue proliferation, and angiogenesis. Tamoxifen, a selective estrogen
receptor modulator, is the most widely used form of adjuvant endocrine therapy for ER-positive
breast cancer, having been shown to reduce recurrence by 50% and annual mortality by
approximately 30%. Despite its successful use in clinical settings, 20-40% of patients will
experience relapse or metastatic progression due to intrinsic or acquired resistance to Tamoxifen.
Over the past two decades, extensive investigation into the biological mechanisms underlying
Tamoxifen resistance have been performed, though more research is required to overcome this
important hurdle. Additionally, the optimal concentration range for Tamoxifen, and its

metabolites’ pharmacokinetic properties remain to be established in humans.

To address these gaps in knowledge, my thesis project aims to characterize and strengthen
our understanding of phenotypic profiles associated with eventual Tamoxifen resistance in order
to target them ahead of time to provide more effective anti-cancer treatment. This was achieved
via immunofluorescent staining and microscopy, single cell cloning, and flow cytometric analysis.
The relationship between hormone receptor expression and proliferation following treatment with
increasing concentrations of Tamoxifen was studied in semi-embedded MCF-7 spheroids. This
line of experimentation indicates the presence of multiple sub-populations of cells that continue to

persist, regardless of their hormone-receptor or proliferative state. The single cell cloning data
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suggests that hormone receptor expression may be transient, cycling on and off throughout the
course of treatment. Lastly, flow cytometry showed that the lower concentration of Tamoxifen
could be just as effective as the higher concentration in the induction of G1-phase cell cycle arrest.
Results from this thesis further highlight the importance of studying cellular heterogeneity in the
context of tumor therapeutic response and therapeutic failure and may advocate for the use of low-

dose Tamoxifen with similar anti-cancer benefits.
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RESUME

Le cancer du sein est le cancer le plus fréquemment diagnostiqué chez les femmes a travers
le monde, avec plus de 500 000 décés par an. Environ 70 % des cas sont des cancers du sein
luminaux, caractérisés principalement par I'expression du récepteur d’cestrogene. Il a ét¢ démontré
que le récepteur d'cestrogeéne favorise la tumorigenése en favorisant la transcription et traduction
de protéines telles que la cycline D1 et divers facteurs de croissance, contribuant ainsi a la survie
des cellules, a la prolifération des tissus et a I'angiogenése. Le Tamoxiféne, un modulateur sélectif
des récepteurs cestrogéniques, est la forme la plus répandue de thérapie endocrinienne adjuvante
pour le cancer du sein ER-positif. Il a été démontré qu'il réduit les récidives de 50 % et la mortalité
annuelle d'environ 30 %. Malgré son utilisation courant en milieu clinique, 20 a 40 % des patients
connaissent une rechute ou une progression métastatique en raison d'une résistance intrinséque ou
acquise au Tamoxiféne. Au cours des deux dernieres décennies, des recherches approfondies ont
été menées sur les mécanismes biologiques qui sous-tendent la résistance au Tamoxiféne, mais des
recherches supplémentaires sont nécessaires pour surmonter cet obstacle important. En outre, la
concentration optimale du Tamoxiféne et les propriétés pharmacocinétiques de ses métabolites
n'ont pas encore été établies chez 'Homme. Pour combler ces lacunes, mon projet de these vise a
caractériser et a renforcer notre compréhension des profils phénotypiques associés a une éventuelle
résistance au Tamoxiféne afin de les cibler a 1'avance et d'offrir un traitement anticancéreux plus
efficace. Cet objectif a été atteint grace a la coloration et microscopie immunofluorescente, au
clonage de cellules uniques et a I'analyse par cytométrie de flux. La relation entre I'expression des
récepteurs hormonaux et la prolifération suivant des traitements de Tamoxiféne, a concentrations
croissantes a ét¢ étudiée dans des sphéroides MCF-7 semi-encastrés. Cette ligne d'expérimentation

indique la présence de multiples sous-populations de cellules qui continuent a persister,
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indépendamment de 1’expression de récepteurs hormonaux ou de leur état prolifératif. Les données
de clonage de cellules uniques suggerent que 1'expression des récepteurs hormonaux peut étre
transitoire, passant d'un état actif a inactif au cours du traitement. Enfin, la cytométrie en flux a
montré que la plus faible concentration de Tamoxiféne pouvait étre tout aussi efficace que la plus
forte concentration dans I'induction de l'arrét dans la phase G1 du cycle cellulaire. Les résultats de
cette thése soulignent l'importance de 1'étude de 1'hétérogénéité cellulaire dans le contexte de la
réponse et de 1'échec thérapeutique des tumeurs, et peuvent plaider en faveur de I'utilisation d'une

faible dose de Tamoxiféne avec des bénéfices anticancéreux similaires.
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1.INTRODUCTION
1.1 CANCER OVERVIEW

The World Health Organization defines cancer as the generic term used to describe a group
of diseases characterized by abnormal cells that divide without control [1]. This uncontrolled
division is acquired through a process known as malignant transformation, during which cancer
cells undergo a series of genetic modifications that provide them with the capacity to bypass the
highly regulated cellular growth and division cycle, invade surrounding healthy tissue, induce
sustained angiogenesis, and evade apoptosis. Carcinogenesis, stimulated both by genetic
predispositions and environmental causes, has the potential to occur in every cell, tissue, and organ

of the body, though it is most likely to be epithelial in origin [2].

1.1.1 BREAST CANCER

According to the GLOBOCAN 2020 estimates, breast cancer is one of the most common
cancers and the 2" cause of cancer-related deaths worldwide among women. The World Health
Organization (WHO), states that breast cancer is the most frequently diagnosed cancer in women
worldwide, with over two million new cases in 2020, accounting for approximately 685,000
deaths. The five-year survival rate is estimated at 88%. However, this number is highly contingent
upon the afflicted individual’s geography (i.e., whether they reside in a country with a developed
health care system), socio-economic background, breast cancer classification and tumour stage,

grade, and molecular subtype [3].
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1.1.2 BREAST CANCER CLASSIFICATION

Breast cancers are generally classified based on their geographic location (e.g., duct,

lobule, nipple, etc.) and their capacity to spread to surrounding tissues, known as invasiveness.

1.1.2.1 NON-INVASIVE (IN SITU) BREAST CANCER

In situ breast cancer cells are non-invasive, meaning they have not (yet) spread beyond the
area from which they initially developed.

Ductal carcinoma in situ (DCIS) is the most common form of non-invasive breast cancer,
and accounts for approximately 20% of all new breast cancer diagnoses. It is characterized by an
accumulation of neoplastic cells confined to the mammary ducts, responsible for carrying milk
from the lobules to the nipple [4].

Lobular carcinoma in situ (LCIS) is a non-invasive lesion that arises in the terminal duct
lobules of the breast. LCIS is technically no longer considered a form of cancer and is more

accurately described as a non-obligate precursor lesion [5].

1.1.2.2 INVASIVE BREAST CANCER

Approximately 80% of all breast cancers are invasive in nature, meaning they have
breached the basement membrane and infiltrated the surrounding fatty and connective tissues
(stroma) of the breast. Following this, malignant cells may metastasize to other parts of the body
through the bloodstream or lymph nodes [6].

Invasive ductal carcinoma (IDC) (which prior to infiltration, is classified as DCIS) is the
most diagnosed and heavily researched type of breast cancer [7]. The second most common type,

accounting for 5-10% of diagnoses, begins as LCIS and may progress towards the Invasive lobular
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carcinoma (ILC) stage [8]. Other less common types of invasive breast cancer include
inflammatory breast cancer, mutinous (or colloid) carcinomas, tubular carcinomas, and Paget’s

disease of the nipple [7].

1.1.3 STAGE, GRADE AND MOLECULAR SUBTYPES

Breast cancer, like other cancers, is heterogeneous in nature, exhibiting wide variability
with regards to its histological and molecular characterization. The advent of modern medicine
and the many advancements in both clinical and basic research have culminated in a sophisticated
clinical classification system based on breast cancer molecular subtype (e.g., luminal, basal-like
and HER-2 enriched), grade (NGS grading system), and stage (TMS staging system) [7].

There also exist multi-gene prognostic tests used to provide better insight with regards to
treatment selection and response, as well as risk of relapse. For example, the Prosigna™ breast
cancer Prognostic Gene Signature Assay, (the successor to the 50-gene PCR-based PAMS0 test),
utilizes the Nanostring nCounter Dx Analysis System to provide an accurate measurement of
mRNA expression levels of up to 800 genes in formalin-fixed, paraffin-embedded (FFPE) breast
tumor tissue samples. This assay informs the healthcare team on crucial patient-specific
information, including their Risk Group (low, intermediate, or high), Risk of Recurrence (ROR)

score, and Intrinsic Subtype (Luminal A, Luminal B, HER-2-enriched, or basal-like) [9].

1.1.3.1 COMMON MOLECULAR SUBTYPES WITHIN DUCTAL CARCINOMAS

Luminal breast cancers are estrogen receptor-positive, comprising approximately 70% of
all cases of breast cancer [10]. This subtype displays upregulated luminal-associated proteins and

mRNA, as well as hormone-driven proliferative events [11]. This subtype is the least aggressive
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of all subtypes and responds relatively well to endocrine therapies. They can be further subdivided
into Luminal A and Luminal B, with differing clinical outcomes.

Luminal A tumors are characterized as estrogen receptor (ER) and progesterone receptor
(PR) positive (+) if at least 20% of cells express ER and PR (>20%). They are also Human
epidermal growth factor receptor 2 (HER-2) negative (-) and positive for Ki67 (a nuclear protein
associated with cellular proliferation) in over 14% of cells (<14%). Clinically, Luminal A are slow-
growing tumors with the best prognosis. This subtype often responds favorably to hormone therapy
(e.g., selective estrogen receptor modulators (SERMs) and aromatase inhibitors (Als)) [12].

Luminal B tumors are ER-positive, HER2-positive/negative and have at least one of the
following characteristics: Ki67 >20% and/or PR-negative or <20%. This subtype also has a high
expression of proliferation-associated genes (e.g., MKI67 and AURKA). Consequently, they tend
to grow faster than Luminal A, and do not respond as well to targeted hormone therapy [13].
However, this subtype does benefit from chemotherapy to a greater extent compared to Luminal
A [14].

The HER-2 enriched subtype accounts for 15-25% of breast cancers [15]. This group is
characterised by the high expression of HER-2-associated proliferative genes at both the RNA and
protein level. They tend to express low to intermediate levels of luminal genes (e.g., ESRI and
PGR) and basal genes [16]. The HER-2 enriched cancers are more aggressive and faster growing
than their luminal counterparts, leading to generally worse prognoses. However, the introduction
of monoclonal antibody therapies such as Trastuzumab and tyrosine kinase inhibitors, namely
Lapatinib and Neratinib, in addition to targeted chemotherapy have greatly increased recurrence-

free survival rates in recent years [17].
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Basal-like tumors represent about 15% of diagnoses and are characterized by a high
expression of basal markers such as cytokeratin 5, 6 and 17, and epidermal growth factor receptor
(EGFR) [18]. Most tumors that fall within this category are known as triple negative, as they do
not express ER, PR or HER-2. Thus, it is important to note that not all basal-like breast cancers
are triple-negative, and vice versa. Most basal-like/triple negative tumors are considered high
grade, characterized by accelerated growth and metastasis. Patients diagnosed with these subtypes
are primarily treated with chemotherapy because, for the most part, cannot benefit from endocrine

or monoclonal antibody therapies [19].

1.1.3.2 GRADE

The Nottingham Grading System (NGS) is a three-tiered grading system used to assess the
degree to which invasive carcinomas resemble normal breast epithelial cells. It is based on the
assessment of three morphological features: degree of tubule formation, nuclear pleomorphism
and mitotic count. For example, grade 1 tumors are well differentiated, and demonstrate a mild
degree of pleomorphism and low mitotic count. At the other extreme, grade 3 tumors are poorly

differentiated, have significant cellular pleomorphism, and are highly proliferative [20].

1.1.3.3 STAGE

The tumor, node, metastasis (TNM) staging system is an internationally recognized system
used to determine the extent of disease progression and provide insight on prognosis and treatment
options [21]. It classifies tumors based on the primary tumor type (invasive or in situ), their size
(T), the state if lymph node involvement (N) and the presence or absence of distant metastases

(M). The overall anatomic stage is determined based on the combination of T, N, and M
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parameters. In short, it is comprised of stages 0 through IV (with increasing severity and worse

prognosis), where ductal carcinoma in situ (DCIS) is considered stage 0 and metastasis as [V [22].

1.2 MAMMARY GLAND DEVELOPMENT AND MATURATION

The mammary gland is an exocrine gland that has evolved from apocrine-like glands
associated with hair follicles and primitive sweat glands [23]. They are unique to mammals and
are arranged in organs such as breasts in primates (e.g., humans and chimpanzees) and udders in

ruminants (e.g., cows and goats) with the primary function of feeding young offspring [24].

1.2.1 EMBRYOLOGICAL ORIGINS

Human breast development is initiated during embryonic life, arising from the ventral
epidermal ridges (milk lines) in a five-week embryo [25]. More specifically, these bilateral ridges
disappear during normal fetal development, except for a pair of thickenings formed by epithelial
buds that surround condensed mesenchymal tissue. Columns of epithelial cells grow bilaterally
downward, branch, and transform into ducts that will result in lobules. These lobules form a lobe,

eventually becoming the breast [26].

1.2.2 BIRTH AND PRE-PUBERTAL YEARS

At birth, the breast is made up of 10-12 primitive ductal structures lying just below the
nipple and areola, that can be easily distinguished by their unique appearance and histologic
organization. During these pre-pubertal years, the elementary ducts undergo slow and progressive

growth and branching [27].
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1.2.3 PUBERTY

Puberty is the first step in rapid glandular maturation. In females, puberty begins in
between the ages of 10-12 years old, initiated and regulated through the release of hypothalamic
gonadotropin-releasing hormone (GnRH) [28]. This stage of mammary gland development is
primarily regulated by growth hormone (GH), insulin-like growth factor 1 (IGF-1) and estrogen
[29].

During puberty, the hypothalamus secretes growth hormone-releasing hormone (GHRH),
stimulating the release of GH from the pituitary gland. GH binds to growth hormone receptors
(GHR) on mammary stromal cells, triggering the release of IGF1. In parallel, circulating GnRH
promotes the release of luteinizing hormone (LH) and follicle stimulating hormone (FSH) from
the pituitary gland, driving the secretion of estradiol (E2) (as well as progesterone (P4)) in the
ovaries and the commencement of the menstrual cycle [30]. Both Ez and IGF1 induce rapid cellular
proliferation and ductal elongation via the stimulation of terminal end buds (TEBs), club-shaped
structures responsible for the formation of mature cells and the ductal tree. Additionally, E>
triggers branching of mammary ducts via epidermal and fibroblast growth factors (EGF and FGF
respectively). More specifically, E> binds to ERa, prompting the release of amphiregulin (AREG,
a member of the EGF family), which binds to EFG receptors (EGFRs) on stromal fibroblasts [31].
EGEFR then induces the expression of FGF to stimulate cell proliferation and branching through

FGF receptor 2 (FGFR2), found on mammary epithelium [32].
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1.2.4 PREGNANCY AND LACTATION

The mammary gland undergoes important structural changes in preparation for pregnancy
and lactation. These changes are primarily under the control of P4 and prolactin (synthesized in the
anterior pituitary gland). The binding of P4 to its receptor PR is thought to upregulate tumor
necrosis factor ligand superfamily member 11 (TNFSF11), also known as RANKL. RANKL
stimulates proliferation and lateral side branching through the upregulation of target genes such as
Cyclin delta 1 (Ccendl) via binding to its receptor, RANK, on the surface of neighboring cells [33].
P4 also synergizes with prolactin to promote alveologenesis, initiating the differentiation of
proliferating mammary stem cells into alveoli, capable of synthesizing and secreting milk during

the process of lactation [34].

1.2.5 INFANT WEANING: FIRST INVOLUTION

Weaning of the infant induces mammary gland involution and remodelling to a pre-
pregnancy state. The first stage of involution is reversible and is mediated by the signal transducer
and activator of transcription (STAT) family of proteins [35]. This stage is marked by apoptosis,
an increase of shed cells in the lumen, and alveolar cell detachment. The second stage of involution
is irreversible and is characterized by extracellular matrix (ECM) breakdown and a second wave
of apoptosis, leading to the replacement of secretory epithelial units by adipocytes. This stage is

regulated by serine proteases and matrix metalloproteases [36].

1.2.6 MENOPAUSE: SECOND INVOLUTION

During menopause, lobular involution occurs, provoking the replacement of glandular

epithelium and interlobular connective tissue with fat. At this stage, the number of functional acini
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and ducts are significantly reduced. The reduction in mammary epithelial tissue alongside the
increase in adipose tissue is thought to have a protective effect from epithelial-derived

carcinogenesis [37].

1.3 STEROID MOLECULES AND THEIR RECEPTORS: SIGNALING
MECHANISMS AND LINK TO BREAST CANCER

Steroid hormones are all derived from cholesterol and are synthesized in the mitochondria
and smooth endoplasmic reticulum of cells in the adrenal cortex, gonads, and placenta. Their
lipophilic nature makes them insoluble in blood plasma and other fluids, rendering them reliant on
transport proteins for transport and distribution within the body. Steroid hormones mediate their
effects through the binding of intracellular nuclear receptors (and membrane receptors, to a lesser
extent), forming a complex that will ultimately result in gene transcription [38]. Estrogen and
Progesterone and their receptors are instrumental in the regulation of biological processes, such as

cholesterol mobilization, maintenance of bone density, and sexual organ development [39].

1.3.1 ESTROGEN RECEPTOR

The mammalian estrogen receptor (ER) is a family of ligand-dependant transcription
factors responsible for the regulation of numerous physiological processes, such as the
development of the female reproductive system, maintenance of bone mass and the differentiation
of axons and dendrites in the central and peripheral nervous systems [40]. ER is divided into two
subtypes, ERa and ER, discovered and subsequently characterized in the 1960s and 1990s,
respectively [41]. These subtypes are encoded by two distinct genes and are expressed either
together or separately, at varying levels, depending on the tissue [42]. ERa is encoded by ESRI

and resides on chromosome 6 [43]. ERf is encoded by ESR2 and resides on chromosome 14 [44].
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ERa is present in the mammary glands, adipose tissue, and in both female and male reproductive
tracts, whereas ERP exerts its effects in the liver, bladder, colon, and multiple organs of the
immune system. Both subtypes are expressed in the cardiovascular and central nervous systems
[41].

Estrogen Receptors, depicted in Figure 1, have six distinct functional domains: A, B, C, D,
E and F [45]. Both isoforms contain a hypervariable A/F domain, subdivided into activation
function (AF) -1 (A/B domain), with a transcriptional activation function and ligand-independent
transactivation, as well as AF-2 (E/F domain), which facilitates transcriptional activation of the
receptor, located in the COOH terminus of the ligand binding domain (LBD, E domain) [46]. The
DNA binding domain (DBD, C domain) facilitates ER binding to DNA and contains two zinc
finger structures that aid in receptor dimerization and binding to specific DNA sequences [47]. It
also mediates the interaction with heat shock proteins and induces conformational changes in the
receptor that determine gene activation or repression [48]. The hinge domain (D domain) contains
the nuclear localization signal and links the DBD to the LBD. The LBD is a globular region that

contains a hormone-binding site and dimerization interface [49].
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Figure 1: Structural organization of estrogen receptors. Functional domains A/B, C, D, E/F are depicted. Domains A and F are hypervariable and
can be subdivided into AF-1 (A/B) responsible for ligand-dependent and independent activation and AF-2 (E/F), which aids in transcriptional
activation of the receptor. C is the DNA binding domain, and D is the hinge domain, containing the nuclear localization signal. Used with

permission from [50].

1.3.1.1 MECHANISM OF ESTROGEN SIGNALLING

17B-estradiol (E») is the most prevalent and highly selective source of endogenous estrogen
in the body [51]. Its physiological functions are mediated through its association with the estrogen
receptor and the subsequent formation of the E»-ER complex, acting as a cytoplasmic and nuclear
signal that generates a multitude of cellular processes, most notably cell proliferation [52].
Estrogen signaling can be divided into two mechanistically distinct pathways: the genomic and the
non-genomic pathway, depicted in Figure 2:

a) Genomic/Classical Pathway: A free hydrophobic steroid molecule, such as E,, will
passively diffuse through the plasma membrane and bind to cytoplasmic ER with high affinity.
This binding results in a conformational change in both tertiary and quaternary structures of the
receptor, leading to homodimerization and an active ligand-receptor (E2-ER) complex [53]. The
complex is now capable of translocating into the nucleus where it can trigger nuclear-initiated

steroid signaling (NISS) via binding of sequences of DNA called estrogen response elements
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(ERE; present in the promoter regions of specific target genes) [54]. The activated transcriptional
complex can recruit (depending on the position of ER helices, such as Helix 12) neighboring
coregulator proteins [55]. Coregulators can either have an excitatory (coactivators-CoA), or an
inhibitory (corepressors-CoR) effect on the ER transcription complex, influencing ER target gene
expression through post-translational modification of transcription factors and the binding affinity
of RNA polymerase II in estrogen-responsive cells, often resulting in increased cellular
proliferation [56, 52].

b) Nongenomic (extranuclear)/Non-Classical Pathway: Estrogen molecules incapable of
traversing the lipid bilayer (often due to being coupled to high molecular weight substances) bind
to membrane bound estrogen receptors [57]. Once bound, membrane-initiated steroid signaling
(MISS) commences via the recruitment of membrane and/or cytosolic signaling elements such as
Ca®" and nitric oxide (acting as secondary messengers), IGF receptorl (IGF-1R), EGFR (with
receptor tyrosine kinase activity), G protein coupled receptors (GPCRs), and various protein
kinases, such as phosphatidylinositol-3’kinase (PI3K), mitogen-activated protein kinase (MAPK)
family members, and protein kinase A and C [58]. The vast and highly variable extranuclear
pathway, like its genomic counterpart, has the capacity to influence breast tissue growth through

control of apoptosis, protein synthesis and cellular proliferation.
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Figure 2: Overview of Estrogen Signaling Pathways: Genomic and non-genomic. The genomic pathway involves ligand diffusion through the
membrane, and the translocation of the E>-ER complex into the nucleus, where it binds to EREs to trigger NISS. The non-genomic pathway involves
membrane-bound receptors forming a complex with a ligand incapable of traversing the lipid bilayer. Once the complex has formed, MISS occurs

following recruitment of downstream signaling elements. Used with permission from [54].

1.3.2 PROGESTERONE RECEPTOR

The mammalian progesterone receptor (PR), also a member of the steroid receptor family
of ligand-dependant transcription factors, is a key player in many biological processes, such as the
thickening of the endometrium following ovulation, and the maintenance of metabolic homeostasis
via the regulation of insulin and leptin secretion, as well as glucose and lipid metabolism [59].

PR has two predominant isoforms, PRa and PR, discovered in 1970 by O’Malley et al.
[60]. These isoforms are transcribed from the same gene, PGR (located on chromosome q22-q23
of chromosome 11), differing in their molecular weight [61]. The PR isoform is considered a full-
length receptor, as it contains an additional 164 amino acids at the N-terminal region called the B-

upstream segment (conferring AF-3 activity), which is absent in PRa [62].
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The PGR gene can be activated by E> due to ERE half-sites found in proximity to its SP1
binding sites [63]. Additionally, PR has long been used as a marker of ER activity because
transcription of PR is partly driven by ERa-mediated events [64]. However, more recent, albeit
inconsistent data has emerged demonstrating that PR may act as an ER binding partner and
modifier of downstream ER gene targets [65].

Both receptors, illustrated below in Figure 3, share identical C-terminal LBD, central
DNA-binding domains, and amino-terminal domain (NTD), save for the 164 amino acids
mentioned prior. PR has two main transcriptional AFs, that allow for interactions with coregulatory
proteins such as SRC-1/2/3 and p300-CPB [66]: AF-1 in the NTD and AF-2 in the LBD [67].
Depending on the target gene, AF-1 and AF-2 can function independently or may operate in
synergy via intra-molecular interactions. This additional cooperative activation function is known

as AF-3 and can only occur in PR} via its B-upstream segment [68].
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Figure 3: Structural organization of progesterone receptors. PRf and PRa share identical C-terminal ligand- binding domains (LBD) and central
DNA-binding domains (DBD). The amino-terminal domain (NTD) of PR contains an additional 164 amino acids, called the B-upstream segment,

conferring AF-3 activity. Used with permission from [69].
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1.3.2.1. MECHANISM OF PROGESTERONE SIGNALLING

Progesterone (P4) is the most prevalent and high affinity endogenous ligand for the
progesterone receptor (PR) [70]. Its physiological functions are mediated through its association
with the progesterone receptor and the formation of the P4-PR complex, acting as a cytoplasmic
and nuclear signal that generates a multitude of cellular processes involved in mammary gland
development and menstrual cycle regulation [71]. Progesterone signaling, like estrogen signaling,
is divided into two mechanistically distinct pathways: the genomic (classical) and the non-genomic
(non-classical) pathway, outlined in Figure 4.

a) Classical signaling: Similar to ERs, classical PRs are part of the nuclear receptor family of
transcription factors. In the absence of a ligand, PRs are inactive due to the binding of
multiple chaperone protein complexes [72]. When a hydrophobic P4 molecule diffuses
through the plasma membrane, it binds to its receptor with high affinity, forming a P4-PR
complex. This process provokes conformational changes in the receptor, leading to
chaperone remodelling and receptor dimerization, followed by translocation into the
nucleus where it binds to progesterone response elements (PREs). The newly activated
transcriptional complex can now interact with coregulatory proteins that will regulate PR-
target gene expression [73].

b) Non-Classical signaling: Recent human studies have demonstrated the ability for P4 to
participate in rapid progestin-activated signaling through cell-surface receptors [74]. In this
instance, P4 binds to membrane-bound PRs with high affinity, rather than diffusing through
the lipid bilayer. More specifically, these surface receptors are a class 7 transmembrane
domain proteins, called progestin and ADIPOQ receptors (PAQRs), which are similar in

organization to G protein-coupled receptors [75]. The P4-PAQR binding eventually results
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in various signal transduction cascades involving intracellular CA%*, MAPKs and ERk1/2

[76].
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Figure 4: Overview of Progesterone Signaling Pathways: Genomic and non-genomic. The genomic pathway involves ligand diffusion through the
membrane, and the translocation of the P+-PR complex into the nucleus, where it binds to PREs (Progesterone Response Elements) to trigger NISS.
The non-genomic pathway involves membrane-bound receptors forming a complex with a ligand incapable of traversing the lipid bilayer. Once

the complex has formed, MISS occurs following recruitment of downstream signaling elements. Used with permission from [73].

In normal healthy adult breast tissue, PR isotypes PRa and PRf are expressed equally.
However, in breast cancer, PR regulates the expression of more genes than PRa and is the primary
mediator of Ps-induced proliferation [77]. Additionally, PRB predominantly mediates the
extranuclear signaling actions of PR, due to PRa’s inability to efficiently mediate rapid activation
of protein kinase signaling pathways [78]. Lastly, in breast cancer cell lines, PRa has proven to be

necessary for appropriate responsiveness to P4 [79].
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1.4 STEROID HORMONES AND BREAST CANCER INITIATION

It has been well established that the steroid hormone estradiol plays a key role in both the
initiation and progression of breast cancer. Its effects are mediated through the formation of the
E>-ERa/B  complex. Interestingly, recent evidence suggests that ERP expression has
antiproliferative (tumor suppressive) properties in breast tissue [80].

The problem, however, lies in ERa’s equally important role in breast cancer initiation and
progression. Dysfunctional estrogen receptor signaling joins BRCA1/BRACA2, PTEN and TP53
mutations, exposure to HRT or carcinogens, and obesity as noteworthy risk factors for neoplastic
disease [81].

Researchers have recently highlighted 2 major mechanisms responsible for estrogen-
induced carcinogenesis and subsequent progression. The first mechanism involves the
deregulation of the cyclin D1/CDK4/6 pathway. Specifically, estrogen plays a key role in the
transition from G1 to S-phase of the cell cycle through the activation and binding of cyclin D1 to
dimerized CDK4/6, increasing rates of cellular division, and opportunities for further genetic
damage [82]. This is accomplished through the downstream induction of growth factors that
directly affect cellular proliferation through the activation of specific nuclear transcription factors,
such as AP-1 [83].

The second mechanism highlights the relationship between estrogen metabolism and
genotoxicity. [84] Recent in vitro studies suggest that the metabolism of estrogens can lead to the
formation of DNA depurinating adducts such as catechol estrogens, quinones, free radicals, and
reactive oxygen species, all of which contribute to the accumulation of mutations and the induction

of neoplastic transformation in breast tissue [85].
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Recent mouse model data suggest that endogenous P4 promotes pre-neoplastic progression
via paracrine stimulation of normal breast epithelium and/or mammary stem cell pools [86]. It has
also been shown that a switch from paracrine to autocrine regulation of Ps-induced proliferation is
a feature of early breast cancer progression [39]. However, it is important to note that currently,
there is no conclusive evidence indicating that P4 has the capacity to initiate tumors through
activation of oncogenes or via inducing proteins and enzymes involved in nucleic acid synthesis

[65].

1.5 ER AND BREAST CANCER THERAPY

The 19 century saw the beginning of modern, systematic treatment of breast cancer.
Observations by the German physician Rudolf Virchow helped solidify the notion that cancer was
cellular in nature (dismissing previous humoral theories from physicians of past) and that
dissemination via blood and lymphatic vessels is at the core of metastasis [87]. The improvements
in surgical and aseptic technique alongside the development of anesthesia allowed pioneers such
as American surgeon William Halsted to develop the radical Halsted mastectomy, which involved
the removal of the breast, underlying pectoral muscle, lymphatic vessels, and axillary lymph nodes
[88]. In 1896, British surgeon Thomas Beatson observed that advanced breast tumours in animal
models regressed significantly following oophorectomy. These findings would be corroborated
approximately 100 years later, when Bocchinfuso et al. demonstrated that mammary glands of
ERa deficient mice (aERKO mutants) did not undergo ductal elongation, nor did they form
terminal end buds [89].

Beatson’s observations launched the investigation of the relationship between sexual

hormones and the onset and progression of breast cancer [90]. The second half of the 20" century
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saw the rapid development of a multimodal breast cancer treatment approach involving surgery,
radiotherapy, chemotherapy, and endocrine therapy [87].

The discovery of the estrogen receptor in 1967 by Dr. Elwood Jensen and colleagues
highlighted the importance of this protein as a diagnostic tool and kickstarted the rapid
development of oestrogen-modulating drugs, known as Selective Estrogen-Receptor Modulator
(modifiers), or SERMs [91].

SERMs are a relatively new class of therapeutic agents that demonstrate tissue-selective
effects. For example, they display an agonistic effect in bone and liver tissue, antagonistic effect
in breast and neural tissue, and a mixed effect in uterine tissue [92]. The first SERM to be approved
in the United States was Clomiphene, used for the treatment of infertility in women who suffered
from ovulatory dysfunction. It would require another ten years before Tamoxifen would be
approved for the treatment of metastatic breast cancer in both women and men. Other SERMs,
such as Toremifene and Raloxifene, would be approved in subsequent years, catering more
specifically to postmenopausal women [93].

Our understanding of the molecular mechanism of action of SERMs in breast cancer is
well documented due largely to numerous laboratory and clinical studies on Tamoxifen and
Raloxifene, dating back to the 1980s. To this day, of all the currently approved SERMs, Tamoxifen
remains the standard of care for hormone therapy of breast tumors [94].

Endocrine therapy is the gold standard for treatment of ER-positive breast cancer.
Currently, there exist three classes of endocrine therapy that are at the physician's disposal:
SERMS, such as TAM, selective estrogen receptor down regulators (SERDs), such as Fulvestrant,
and aromatase inhibitors (Als) such as Lentrozole and Anastrozole. Since its approval in the

1970s, TAM remains to this day the most wildly used and first line form of adjuvant therapy for
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ER-positive breast cancer. TAM has proven to reduce breast cancer recurrence by 50% and annual

mortality rate by 31% [95].

1.6 TAMOXIFEN
1.6.1 PHARMACOLOGY AND METABOLISM

Tamoxifen (TAM) is a non-steroidal SERM, marketed as a single trans isomer of p-p3-
dimethylaminoethoxy-1,2-diphenylbut-1-ene [96]. It is primarily used in the prevention and
treatment of estrogen-receptor positive breast cancer.

TAM is a pro-drug, meaning its active metabolites (N-desmethyltamoxifen, 4-hydroxy-N-
desmethyltamoxifen, and 4-hydroxytamoxifen) must first be generated in the liver via the hepatic
cytochrome P450 (CYP) system. These metabolites have high affinity for the estrogen receptor,
competing with circulating estrogens, inhibiting tumour growth [97].

Metabolism occurs through 4-hydroxylation and N-demethylation pathways, resulting in
the potent secondary metabolite, 4-hydroxy-N-desmethyltamoxifen, known as Endoxifen [98].
The 4-hydroxylation pathway catalyzed primarily by CYP2D6, results in 4-hydroxytamoxifen (4-
OHT), a metabolite that has been shown to be 30 to 100 times more potent than TAM itself.
However, this pathway only accounts for 7% of TAM metabolism [99, 100]. On the other hand,
the N-demethylation pathway, catalyzed by CYP3A4 and CYP3AS5, contributes to approximately
92% of TAM metabolism [101, 99]. It results in N-desmethyltamoxifen, which is further oxidized
to many metabolites, the most important being Endoxifen [102, 98].

With regards to antiestrogenic activity, 4-OHT and Endoxifen exhibit similar potencies of
effect. However, plasma concentrations of Endoxifen are commonly 10-times higher than that of

4-OHT in patients receiving Tamoxifen therapy [103]. Lastly, of the three most common
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metabolites, Endoxifen has the unique capacity to target ERa for proteasomal degradation, thus

decreasing its protein levels [104].

1.6.2 MECHANISM OF ACTION OF TAMOXIFEN

All ERa ligands bind to the C-terminal of the ligand binding domain (E domain). The LBD
recognises a variety of molecules (differing in terms of molecular weight, three-dimensional
structure, as well as agonist/antagonist properties), and undergoes specific conformational changes
depending on the ligand in question [105]. When an agonist molecule (depicted in Figure 5a), such
as estradiol, accesses and binds the LBD, the carboxyl-terminal a-helix of Helix 12 (H12) folds
and presses against H3, H5/6 and H11, partially obscuring the ligand binding pocket like a lid,
effectively trapping the ligand [106]. This conformational shift allows the AF-2 region of the LBD
to be more effectively recognized by transcriptional coactivators that will subsequently mediate
transcriptional activation of agonist-dependent target genes, resulting in cellular proliferation and

differentiation [55].
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Figure 5: The NR BOX II Peptide/DES-LBD Interface and Helix 12/4-OHT-LBD Interface. This illustrates the differences in ligand-
binding domain (LBD) organization when bound to diethylstilbestrol (DES) (mimicking estradiol) (Figure 5A.) versus bound to 4-hydroxytamoxifen

(4-OHT) (Figure 5B.) Used with permission from [55].

SERMs such as Tamoxifen demonstrate mostly ER antagonist activity in breast tissue like
that of pure anti-estrogens. Similar to estradiol, TAM binds to ERa at the core of the ligand binding
domain (see Figure 5b). The difference lies in the conformational response of the estrogen receptor
following ligand binding. Specifically, when 4-OHT (the active metabolite of tamoxifen in vivo)
binds the LBD, Helix-12 repositions itself to bind and obstruct the coactivator-binding groove,
effectively blocking AF-2 transcription and preventing nuclear receptor box recognition [55]. This
allows TAM to function as an estrogen receptor antagonist of proliferative genes dependant on
AF-2 activation. Also, the TAM-ER complex recruits co-repressor proteins such as nuclear
receptor co-repressor (NCoR)/ thyroid hormone and retinoic acid receptor co-repressor 1
(TRAC-1) and nuclear receptor co-receptor 2 (SMRT), that function in synergy to deregulate
transcription factors via the recruitment of histone deacetylase 3 and transducin b like protein 1

(TBL1) [107].
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Briefly put, in estrogen-sensitive breast cancer, Tamoxifen’s high affinity for the ERa
allows it to compete with free-estrogen for receptor binding, inhibiting estrogenic effects.
Additionally, once bound, TAM forms a complex with the ER, preventing the transcription of
proliferative genes associated with cellular growth and proliferation and recruits co-repressor

proteins that assist in the down regulation of proliferative gene expression.

1.6.3 TAMOXIFEN RESISTANCE AND BREAST CANCER RECURRENCE

Approximately 20-40% of ER-positive breast cancer tumors are resistant to TAM
treatment. This resistance was either present before drug administration or developed throughout
the 5 to 10 years of hormone therapy. Consequently, many patients who have received adjuvant
TAM therapy will experience relapse or progress towards advanced metastasis within
approximately 5-10 years following initial treatment [108].

TAM resistance has been extensively studied over the last two decades, though its precise
molecular mechanism remains unclear. This is likely due to an incomplete understanding of the
complex array of signal transduction pathways and their interplay with cellular components
responsible for proliferation, survival, and apoptosis. Antiestrogen resistance can be divided into
two categories:

A. de novo resistance, found in cells that are intrinsically non-responsive to TAM therapy
from the beginning of treatment. This has been demonstrated in ER-positive cells lines transfected
with the HER-2 gene, inducing tumor growth in xenograft mice despite TAM treatment [109].
However, this form of resistance has also been shown in unaltered, parental breast cancer cell lines.

B. acquired resistance, in which ER-positive cells that had initially responded to
antiestrogens fail to do so after long-term therapy [110]. Resistant cells may be completely

unresponsive to TAM or may exhibit TAM-dependent/stimulated growth while still expressing
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ER. This is well documented in xenograft experiments, during which MCF-7 cells were injected
into athymic ovariectomized mice treated with TAM. Initially, most of the tumors cease
proliferating. However, after approximately a year of treatment, some tumors continued to grow,

despite still being on TAM [111].

1.6.4 TAMOXIFEN DELIVERY AND DOSAGE OPTIMIZATION
CHALLENGES

Tamoxifen (TAM) is a selective estrogen receptor modulator used to treat Estrogen
receptor-positive breast cancer tumors. FDA-approved indications include:
e Treatment of breast cancer in both females and males [112].
e Treatment of female patients with ductal carcinoma in situ post-surgery/radiation to reduce
the risk of invasive ductal carcinoma [113].
e Adjuvant treatment of breast cancer after patients have successfully completed primary
treatment (surgery and radiation therapy) [114].
e Breast cancer risk reduction in patients considered to be at elevated risk (i.e., 1.67% 5-year
risk, according to the Gail Model) [115].
TAM is prescribed in tablet form (10mg or 20mg) or as an oral solution (10mg/5 mL)
[116]. The American Society of Clinical Oncology (ASCO) proposes a set of guidelines that vary
depending on the patient’s needs, risk factors and physical status. For adjuvant endocrine therapy
of hormone-receptor positive breast cancer, ASCO recommends a dose of 20mg daily following
the completion of chemotherapy. The duration of Tamoxifen treatment may last 5 to 10 years,
depending on the patient's menopausal status and progression [117]. Patients with DCIS are
instructed to take 20mg daily by mouth for a period of five years following tumor excision and X-

ray therapy [118].
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A wider range of doses are prescribed when tackling metastatic breast cancer. More
specifically, the ASCO recommends 20 to 40 mg of TAM daily, though clinical benefits have not
been consistently demonstrated for doses above 20 mg daily [116].

Currently, oral TAM administration is still based on the one-dose-fits-all approach, despite
on-going interest and experimentation surrounding its therapeutic index, active metabolites, and
refining systems of delivery (e.g., localized therapy, such as topical transdermal creams and
intraductal injections) [119].

The optimal concentration range for TAM has not yet been established, and the tissue
distribution and effects of its metabolites have not been well documented in humans. The
biological consequences of varying TAM concentrations at the tissue and cellular level have
equally not been well studied either [120]. According to a study by Kisanga et al. (2004), the
tamoxifen concentration at 20 mg daily over a period of 2 years ranged from 0.56-6.88 pM in
breast cancer tissue [121]. Factors, such as liver and renal function, interactions with other drugs,
menopausal status, as well as polymorphisms in TAM-metabolizing enzymes likely contribute to
the frequently observed inter-patient variabilities [120].

Pharmacokinetic properties of TAM are also poorly understood. Generally, after having
entered the systemic circulation, a drug is distributed to the body’s tissues. Unfortunately,
distribution is often not uniform due to differences in regional pH, permeability of cell membranes,
tissue binding affinity (e.g., contingent upon local lipid content) and blood perfusion [122]. It goes
without saying that this constitutes a noteworthy hurdle for both clinicians and researchers,

especially when it pertains to a highly variable and rapidly evolving disease such as breast cancer.
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1.7 MODELS USED TO STUDY RESISTANCE
1.7.1 IN VITRO MODELS

To investigate the biological intricacies of anti-hormone resistant breast cancer cells,
populations of ER-positive cell lines such as T47D, BT-474, ZR-75-1 and MCF-7, have been
engineered to adapt to various anti-hormone (e.g., TAM-rich) environments [123]. For example,
the Lombardi Cancer Center generated TAM resistant MCF-7 cell line via selection by increasing
the concentration of TAM up to 1uM as MCF-7 cells become resistance [124]. In vitro models
have provided researchers with indispensable research tools for studying cellular mechanisms

associated with drug resistance and alterations in metabolism and proliferation.

1.7.2 IN vIVO MODELS

The transition towards in vivo cancer models commenced shortly after the introduction of
their in vitro counterparts. With regards to drug resistance models, MCF-7 human breast models
(e.g., MCF-7/RAL, MCF-7/LCC2, MCF-7/LCC9, and MCF-7: TAM) were transplanted into
athymic, ovariectomized mice to investigate acquired resistance to SERMs as early as the 1980s
[123].

More recently, patient-derived xenograft (PDX) models are being used to provide a more faithful
understanding of the cellular mechanisms driving TAM resistance. The patient-derived tumor
tissue is thought to better conserve original tumour heterogenous histology, architecture and
vasculature, clinical biomolecular signature, and malignant phenotype compared to the cell line-

based in vivo models mentioned previously [125].
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1.8 MOLECULAR MECHANISMS OF RESISTANCE

Examples of mechanisms of resistance, such as those depicted in Figure 6, include loss of
ER expression, involving a switch from an initial ER-positive phenotype to ER-negative, likely
due to transcriptional repression of ESRI via hypermethylation of CpG islands or histone
deacetylation [126]. The proliferation of ER-negative cancer stem cells over their arrested ER-
positive counterparts may also contribute to the transition from ER status from positive to negative
[127]. Impaired ER function due to mutations in ESR/, negative feedback regulations of ER
protein expression, and abnormal splicing may contribute to the of loss TAM’s main molecular
target [128]. Additionally, crosstalk between ER and HER-2, along with elevated expression of
nuclear receptor coactivator 3 (SRC3) is associated with switching the TAM-ER complex from an
antagonistic configuration to an agonistic architecture [129]. There is also evidence that
upregulation of certain growth factor receptors such as EGFR, FGFR and IGFIR and alterations in

PI3K-PTEN/AKT/mTOR pathway are also implicated in resistance [130].
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Figure 6: Overview of mechanisms of Tamoxifen resistance in estrogen receptor-positive breast cancer. Examples of proposed

mechanisms of resistance include loss of ER expression, impaired ER function, upregulation of growth factors, and altered coregulatory protein

expression. Used with permission from [128].

In brief, the body of knowledge pertaining to mechanisms of TAM resistance increases

year after year. It is important to note that it is highly unlikely that a single mechanistic pathway

or gene is responsible for TAM resistance. Additionally, mechanisms of resistance likely vary

within tumors and across patients due to heterogeneity of breast tissue and external environmental

factors, respectively.
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2. PROJECT OVERVIEW

2.1 PROJECT DESCRIPTION AND RATIONALE

Breast cancer is the most common cancer among women specifically and the second
leading cause of death within this group [2]. Of those affected, approximately 70% will have
estrogen-receptor positive cancers [3]. Tamoxifen is the oldest and most prescribed form of
hormone therapy, having been shown to reduce the risk of developing breast cancer by 50% and
to slow the progression of metastatic hormone receptor-positive cancer in both pre- and
postmenopausal women [95].

Unfortunately, approximately 1/3 of those diagnosed with ER-positive tumors will
experience some form of recurrence despite undergoing extensive and carefully monitored
hormone therapy [108]. Current literature suggests that recurrence is due to sub-populations of
cancer cells that exhibit intrinsic resistance or have the capacity to acquire resistance to TAM
throughout treatment. Molecular mechanisms of TAM resistance have been and continue to be
elucidated, both in clinical and laboratory settings. However, there are currently few studies aiming
to uncover the cellular profile of cells that ultimately grant the ability to undergo the
aforementioned mechanistic changes leading to TAM resistance. This project aims to characterize
and strengthen our understanding of the specific phenotypic profiles associated with future
resistance in order to target them ahead of time to provide more effective and long-lasting anti-

cancer treatment.
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2.2 HYPOTHESIS

Breast cancers exhibit cellular heterogeneity that influences acute responses to

Tamoxifen at clinically relevant concentrations.

2.3 PROJECT AIMS
23. 1AM 1

Characterize changes in cell cycle activity in relation to hormone receptor expression (ER
and PR) of persistent cells that emerge following acute TAM exposure in MCF-7 semi-embedded
spheroid model.

ER-positive MCF-7 breast cancer cells were plated in wells coated with basement
membrane extract and incubated with varying concentrations ([]) of Tamoxifen and synthetic
nucleoside analogs. Hormone receptor expression and proliferation were assessed using
immunofluorescent staining and microscopy. Additionally, cell-cycle analysis was performed

using flow cytometry.

23. 1AM 2

Characterize clonal expression of hormone receptor ER and PR.

ER expression is heterogeneous between cells in many ER-positive cancers. It is not well
understood if there are different populations of ER-positive and ER-negative cells, or if cells can
transiently express ER. MCF-7 cells were sparsely plated in cell culture dishes and incubated with
varying TAM concentrations. Cloning rings were used to isolate single cell clones from parental

populations. Immunofluorescence was used to visualize and compare hormone receptor status.
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3. EXPERIMENTAL DESIGN AND
METHODOLOGY

3.1 REAGENTS AND MATERIALS
3.1.1 CELL LINES

MCEF-7 cells were obtained from ATCC. MCF-7 cells were cultured in DMEM (Wisent
BioProducts, 319-005-CL) supplemented with 10% Fetal Bovine Serum (FBS) (Wisent
BioProducts, 080-150). Media was changed every 2-3 days. Cells were cultured in a humidified
chamber at 37°C with 5% COx.

MCEF-7 cell lines are a prototypic in vitro model used for the study of human breast cancer
and its response to SERM therapy. They are an adherent, epithelial mammary cell line derived
from the pleural effusion of a 69-year-old female suffering from metastatic breast cancer [131].
MCEF-7 cells serve as an excellent model because they display characteristics similar to normal
mammary epithelium: epithelial-like morphology, monolayer-type growth patterns and expression
of ERa, as well as androgen, progesterone, and glucocorticoid receptors [132]. It is important to
note that MCF-7 cell lines exhibit high variability and plasticity, leading to differences in gene

expression profiles, proliferation and apoptotic signaling pathways, and receptor expression [133].

3.1.2 REAGENTS

3.1.2.1 TAMOXIFEN

Tamoxifen (>99%; Sigma-Aldrich, T5648-1G) was dissolved in dimethyl sulfoxide

(DMSO) (Sigma-Aldrich, D2438-5x10mL) at a concentration of 10mM, aliquoted and stored at -



Persistent MCF-7 spheroids exhibit heterogenous phenotypic characteristics and response 48
clinically relevant concentrations of Tamoxifen

20°C, courtesy of Dr. Elise Di Lena. TAM-rich media, regardless of concentration, contained 1%

DMSO.

3.1.2.2 SYNTHETIC NUCLEOSIDE ANALOGS

5-bromo-2'-deoxyuridine (BrdU) is a synthetic thymidine analog. It is phosphorylated by
cells to BrdUTP and incorporated into newly synthesized DNA during S-phase instead of
deoxythymidine triphosphate (dTTP) [134]. BrdU (>99%; Sigma-Aldrich, B5002-1G) was
dissolved in DMSO at a concentration of 162.8mM, aliquoted and stored at -20°C, as per the
manufacturer’s recommendations.

5-ethynyl-2’-deoxyuridine (EdU) is another synthetic thymidine analog that is
incorporated into DNA of dividing cells during S-phase. Unlike BrdU, EdU detection can be
performed without the use of harsh DNA-denaturing acids or specific antibodies. Instead, it utilizes
Click Chemistry, involving covalent coupling of an azide with an alkyne to form a stable triazole
ring [135]. Click-iT™ EdU Cell Proliferation Kit (ThermoFisher Scientific, C10337) and its

associated reagents were stored at 4°C and -20°C as per the manufacturer’s recommendations.

3.1.2.3 CULTREX

Basement membrane extracts (BME) mimic the extracellular matrix (which provides
structural support to cells and mediates proliferation and survival dynamics) in a cell culture
environment [136]. Cultrex PathClear Reduced Growth Factor (Cultrex) (Cedarlane Labs, 3533-

010-02) was aliquoted and stored at -80°C, as per the manufacturer's recommendations.
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3.1.2.4 MTS

3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazoliuM (MTS) assay is a commonly used test to measure cell proliferation, cell viability and
cytotoxicity [137]. This assay involves the reduction of MTS tetrazolium by NADP(H)-dependent
dehydrogenase in metabolically active mammalian cells to generate formazan dye. This dye can
then be quantified by measuring its absorbance at 490-500nM [138]. MTS Assay kit (Abcam,

ab197010) was stored at -20°C as per the manufacturer’s recommendations.

3.1.2.5 CLONING RINGS

Cloning cylinders (or cloning rings) are glass/polystyrene disks of varying dimensions that
are placed around a single cell (or a group cells) to create a colony of cloned, identical cells [139].
Cloning cylinders (8x8mm; VWR, 10170-802) were autoclaved using standard procedure and

stored at room temperature in a sterile container.

3.1.2.6 HIGH-VACUUM GREASE

High-Vacuum grease is a non-melting silicone oil used for sealing and lubricating O-rings,
chemical processing equipment and control valves. It is a heat stable compound with low volatility
and resistant to water, mineral oils, as well as common chemicals and gases [140]. High Vaccuum
Grease (DuPont MOLYKOTE, 14-635-5D) was autoclaved under standard procedure and stored

at room temperature.
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3.1.2.7 PROPIDIUM IODIDE

Propidium Iodide (PI) is a cell-impermeant fluorescent agent used to stain cells and nucleic
acids. PI binds to DNA by intercalating between the bases without sequence preference. It is
commonly used to measure DNA content in cell cycle analysis, visualize DNA-containing
structures, and assess cell viability [141]. Propidium Iodide Ready Flow™ reagent (PI)
(ThermoFisher Scientific, R37169) was stored at room temperature as per the manufacturer’s

recommendations.

3.1.2.8 ANTI-ESTROGEN RECEPTOR ALPHA ANTIBODY

Anti-Estrogen Receptor alpha antibody (anti-ERa) is a rabbit monoclonal antibody [SP1]
to ERa. Anti-ERa (Abcam, ab16660) was aliquoted and stored at -20°C, as per the manufacturer's

recommendations.

3.1.2.9 ANTI-PROGESTERONE RECEPTOR BETA ANTIBODY

Anti-Progesterone Receptor beta antibody (anti-PRf) is a rabbit monoclonal antibody
[YR35] to PRB. Anti-PRB (Abcam, ab32085) was aliquoted and stored at -20°C, as per the

manufacturer's recommendations.

3.1.2.10 ANTI-BRDU ANTIBODY

Anti-BrdU antibody is a mouse monoclonal antibody to BrdU. Anti-BrdU (DHSB, G3G4)

was aliquoted and stored at -20°C, as per the manufacturer's recommendations.
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3.1.2.11 RIBONUCLEASE ALPHA

Bovine pancreatic ribonuclease alpha (RNase A) is a member of the RNase A protein
superfamily. It catalyzes the transphosphorylation and degradation of RNA via the binding of
single stranded RNA polynucleotide chains [142]. RNase A (Macherey-Nagel, 740505) was stored

at 4°C, as per the manufacturer's recommendations.

3.1.2.12 MOLECULAR PROBES HOECHST 33258, PENTAHYDRATE (BIS
BENZIMIDE)

Pentahydrate (bis-Benzimide)-10 (Hoechst 33258) is an organic compound used as a
nuclear counter stain that emits blue fluorescence when bound to double stranded DNA [143].
Hoechst 33258 (ThermoFisher Scientific, H3569) was dissolved as a 10mg/mL solution in water,

aliquoted, and stored at 4°C, as per the manufacturer's recommendations.

3.2 CELL PLATING (EXPERIMENTATION)
3.2.1 MTS ASSAY

The aliquot of cultrex was thawed on ice 30 minutes prior to cell culture work. 3uLL of
cultrex was applied evenly to the bottom of the wells of a 96-well plate. The plate was then
incubated for 5 minutes on ice, followed by 15 minutes at room temperature, and finally for 5
minutes in the 37°C humidified CO, chamber. During the incubation process, cells were passaged
using standard cell passaging technique. They were then plated at a density of 10000 cells in 100
puL of culture media, supplemented with 2% cultrex, per well. The cells were incubated and
allowed to grow for 3 days. On the third day, various concentrations of TAM were added to the

culture media
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Cell culture media was changed every second day throughout the treatment period.
Following the treatment, the TAM-rich culture media within each well was replaced with a 100uL
solution containing 10puL of MTS and 90uL of PBS. The wells were allowed to incubate for 60
minutes in the 37°C humidified CO, chamber. Following incubation, colorimetric analysis was
performed using the facility’s Varioskan multipurpose plate reader (ThermoFisher Scientific,

5250010) and associated Skanlt software.

3.2.1.1 24-HOUR AND 7-DAY TREATMENTS

The 24-hour treatment and 7-day treatment used the following concentrations of TAM:

OpM, 0.1uM, 0.5uM, 1uM, 5pM, 7.5uM, 10puM, 12.5uM, 15uM, 20uM, 30uM and 100uM.

3.2.2 SEMI-EMBEDDED SPHEROIDS

The aliquot of cultrex was thawed on ice 30 minutes prior to cell culture work. 10uL of
cultrex was applied evenly to the bottom of each well of the 8-well IBIDI plate. The plate was then
incubated for 5 minutes on ice, followed by 15 minutes at room temperature, and finally for 5
minutes in the 37°C humidified CO, chamber. During the incubation process, cells were passaged
using standard cell passaging technique. They were then plated at a density of 10000 cells in 200
puL of culture media, supplemented with 2% cultrex, per well. The cells were incubated and
allowed to grow for 3 days. On the third day, various concentrations of TAM were added to the

culture media depending on the duration of the treatment period:
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3.2.2.1 SHORT-TERM TREATMENTS

Wells were incubated with culture media (supplemented with 2% cultrex) containing
OuM, 1uM, 8uM or 15uM of TAM for a period of 24 hours. Culture media was then removed,
replaced with media (supplemented with 2% cultrex) containing 10uM of BrdU, and incubated for

a period of 24 hours, before immunostaining and imaging.

3.2.2.2.1 LONG-TERM TREATMENTS A

Wells were incubated with culture media (supplemented with 2% cultrex) containing OpM,
1uM or 8uM of TAM for a period of 7 days. Culture media containing TAM was then removed,
replaced with media (supplemented with 2% cultrex) containing 10uM of BrdU, and incubated for

a period of 24 hours before immunostaining and imaging.

3.2.2.2.2 LONG-TERM TREATMENTS B

Wells were incubated with culture media (supplemented with 2% cultrex) containing OpM,
1uM or 8uM of TAM for a period of 7 days. Following 24 hours of treatment, 10uM EdU was
incorporated into the TAM-rich media, for a period of 24 hours, after which it was removed. On
the 6" day of TAM treatment, 10uM BrdU was incorporated into the TAM-rich media for a period
of 24 hours. Culture media (supplemented with 2% cultrex, TAM, and/or BrdU, and/or EdU) was

changed every second day. Immunostaining and imaging were performed subsequently.

3.2.3 SINGLE CELL CLONING (S.C.C.) WITH TAM

A 15 cm cell-culture plate with a confluency of approximately 70% was split using

standard cell-passaging protocol. Cells were sparsely re-plated at 1:50 in two 10 cm plates. After
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2-3 days of incubation, enough time to form small colonies derived from single cells, cloning rings
were placed over the colonies and filled with the appropriate amount of culture media. High-
vacuum grease was used to adhere and seal the cloning rings to the bottom of the plate. Following
2 more days of incubation, cells were transferred to IBIDI wells coated with cultrex, and allowed
to grow in TAM-rich media (0 uM, 1 pM or 8 uM) for a period of 7 days before immunostaining

(for ER and PR) and imaging.

3.2.4 CELL-CYCLE ANALYSIS BY FLOW CYTOMETRY

MCF-7 cells were passaged using standard cell passaging technique and plated at a
density of 50,000 cells in 1,500uL of media per well. The cells were incubated and allowed to
grow for 3 days. On the third day, OuM, 1uM or 8 uM of TAM-rich media was added to the
cultures. Cells were incubated with TAM over a period of 1 week. Culture media was changed
every second day. Cells were fixed, then stained with PI in preparation for flow cytometric

analysis.

3.3 IMMUNOFLUORESCENT STAINING
3.3.1 GENERAL PROCEDURE

(Step 1) Culture media was aspirated, and cells were washed with Phosphate buffered
saline (PBS) (Wisent, 311-010-CL) for 3 sequential 5-minute washes. (Step 2) Following the
washes, cells were fixed with 4% Paraformaldehyde (PFA) (Electron Microscopy Sciences,
15713-S) for 20 minutes at room temperature. (Step 3) Cells were then blocked with 5% goat
serum (GS) (Jackson ImmunoResearch, 005-000-121) and permeabilized with 0.5% Triton X-100

(BioShop Canada, TRX506.100) diluted in PBS for 1 hour at room temperature or overnight at
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4°C. (Step 4) Following a single 10-minute wash in PBS, cells were incubated overnight at 4°C
with primary antibodies (anti-ER, anti-PR, anti-BrdU) diluted at 1:100 in PBS with 5% GS.
(Step 5) The next day, following three 15-minute washes with 0.5% Triton X-100 in PBS, species-
specific secondary antibodies, (such as Alexa Fluor 488 (Jackson ImmunoResearch, 711-545-152)
diluted at 1:700 in PBS with 5% GS were added to the cells for 1 hour at room temperature.
(Step 6) Lastly, Hoechst 33258 diluted at 1:2500 in PBS was added to cells for 10 minutes at room

temperature. Samples were stored in PBS at 4°C in a light-proof container until imaging.

3.3.1.1 BRDU-SPECIFIC PROCEDURE

1.0M hydrochloric acid (Sigma-Aldrich, 258148-500ML-GL) diluted in distilled water
was added to cells for 45 minutes at room temperature. The treatment with acid unwinds the DNA
so that the anti-BrdU (added along with other antibodies in step 4) antibody may access the BrdU-

incorporated DNA.

3.3.1.2 EDU-SPECIFIC PROCEDURE

EdU Click-iT™ reaction cocktail was prepared using 1X Click-iT™ EdU reaction buffer
additive, 1X Click-iT™ EdU reaction buffer, CuSO4, and AlexaFluor Azide (488nm), all of which
were present in the Click-iT™ EdU Cell Proliferation Kit. The cocktail was added to each well

and incubated for 30 minutes, protected from light, at room temperature.

3.3.2 PI STAINING FOR FLOW CYTOMETRY

Cell culture media was aspirated, and wells were trypsinized and incubated for 5 minutes
in the 37°C humidified CO> chamber. The solutions were then quenched with media and
centrifuged for 5 minutes at 1200 RPM. After discarding the supernatant, the cells were

resuspended in cold PBS and underwent a second round of centrifugation for 5 minutes at 1200



Persistent MCF-7 spheroids exhibit heterogenous phenotypic characteristics and response 56
clinically relevant concentrations of Tamoxifen

RPM. Following this, cells were fixed and permeabilized in 70% ethanol (added dropwise while
vortexing) incubated on ice for 30 minutes and centrifuged for a third time. To ensure that only
DNA is stained, RNase A was added along with the PI solution for 30 minutes at room temperature.

Lastly, the pellet was resuspended in PBS and stored at 4°C.

3.4 MICROSCOPY

A Zeiss LSM700 microscope was used for imaging. A 20x/0.8NA lens was used to image
IBIDI wells, with a frame size of 1024 by 1024 pixels, 8-bit date depth, unilateral scan speed of 7,
and averaging set to 2. The digital gain for each laser was between 500-700 and the power less

than 5%.

3.5 FLOW CYTOMETRY

A BD Fortessa LSR (4 lasers) was used for flow cytometric analysis. A yellow/green (561
nm) laser with a 610/20 detection filter was used. Manual gating was employed to determine

quantity of cells in the G0/G1, G2/M and S-phases of the cell cycle.
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4. RESULTS

4.1 IN MCF-7 SPHEROIDS, THE APPROXIMATE ICso VALUE OF
TAMOXIFEN DECREASES AS DRUG INCUBATION TIME INCREASE.

To represent more accurately what occurs in a clinical setting (i.e., wide range of prescribed
doses, unpredictable drug-tissue distribution) I decided to use broad range of clinically relevant
TAM concentrations throughout the course of my experiments.

Given the high variability of MCF-7 cell lines, it was important to first establish which
concentrations were to be used, rather than relying solely on previously published data. This was
achieved by determining the ICso, a quantitative assay used to indicate the concentration of an
inhibitory substance needed to inhibit (in vitro) a biological process by 50% [144]. To do this, I
seeded MCF-7 cells in a 96-well plate coated with cultrex and allowed them to grow for a period
of 3 days, after which they were incubated with increasing concentrations of TAM for a period of
24 hours or 7 days. Following the treatment period, an MTS colorimetric assay was performed
(see 3.2.1). Figure 7 shows the approximate ICsg after 24 hours of exposure of = 33 uM (see Figure
7A), and that after 7 days of exposure of = 14 uM (see Figure 7B).

Based on these values, I decided to use the following TAM concentrations for the
upcoming experiments: The short-term experiment (i.e., an acute TAM exposure) (see 3.2.2.1)
used 0 uM as a control, 1 pM to mimic what a tumor cell would be exposed to on the lower end,
as well 8 and 15 uM to simulate the higher end. The long-term experiments (see 3.2.2.2.1,
3.2.2.2.2,3.2.4,and 3.2.5) used 0 uM, 1 uM, 8uM as Tamoxifen concentrations. I decided to omit

the 15 uM condition due to 100% cell death upon 24hrs of treatment.
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4.1.1 SEMI-EMBEDDED SPHEROIDS

Semi-embedded MCF-7 spheroids were used as an in vitro model to assess the effects of
varying TAM concentrations on MCF-7 proliferation and hormone receptor (ER or PR)
expression. The 24-hour TAM exposure (see 3.2.2.1) attempts to model the spheroids’ response to
an acute drug exposure, whereas the 7-day exposure (see 3.2.2.2.1 and 3.2.2.2.2) models a longer-
term exposure, which will identify cells that are less sensitive to an acute dose.

Two-dimensional (2D) cell culture has been the method of choice for researchers for over
100 years [145]. These adherent cultures grow as a monolayer in a flat dish or culture flask,
attaching themselves to a plastic surface. 2D cultures are relatively simple and low-cost to
maintain, and yield consistent, reproducible results [146]. However, cell-to-cell and cell-to-
extracellular environment interactions (which heavily impact gene and protein expression, cell
differentiation and proliferation, and responsiveness to drugs and stimuli) are lost. The 2D
conditions also lead to altered or inaccurate tissue morphology and the loss of phenotypic diversity
[147]. For these reasons, I opted to use a semi-embedded, three-dimensional (3D) model, to more
accurately mimic the cellular environment of cells in vivo. This was achieved using basement
membrane extract (BME) (see 3.1.2.3), containing a mixture of extracellular proteins (such as
Laminin I, Collagen I, Collagen IV and Vitronectin) to form a reconstituted basement membrane
that promotes and maintains differentiated epithelial phenotypes in vitro [148].

Data from the ICso experiment indicate that cells are heterogeneously sensitive to
Tamoxifen. While many cells die, we wondered if the less sensitive residual cells had proliferative

capacity.
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Figure 7: The approximate ICso value of Tamoxifen decreases as drug incubation time increases.A,B MCF-7 cells
were seeded in 96-well plates coated with cultrex and allowed to grow for a period of 3 days, after which they were incubated
with increasing concentrations of TAM (0uM, 0.1pM, 0.5uM, 1uM, 5uM, 7.5uM, 10uM, 12.5uM, 15uM, 20uM, 30uM
and 100uM) for a period of 24 hours (A) or 7 days (B). Following treatment, TAM-rich culture media was replaced with
10% MTS solution for 60 minutes. Following incubation, colorimetric analysis was performed on a Varioskan multipurpose
plate reader and Skanlt software. The X-axis represents the logarithmic scale of the broad range of Tamoxifen concentrations.
In the Y-axis, the reduction of MTS tetrazolium, performed by metabolically active cells, is quantified through measuring

its absorbance at 490nm. Each black dote represents a concentration of Tamoxifen. 3 replicates were performed.
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4.2 THE RELATIONSHIPS BETWEEN HORMONE RECEPTOR
EXPRESSION AND BRDU INCORPORATION VARY IN MCF-7
SPHEROIDS WHEN EXPOSED TO INCREASING CONCENTRATIONS
OF TAMOXIFEN

4.2.1 THE PERCENTAGE OF BRDU-POSITIVE CELLS WITHIN A SINGLE
SPHEROID DECREASES AS THE CONCENTRATION OF TAMOXIFEN
INCREASES

Measuring cellular proliferation is one of many ways to assess cell activity, genotoxicity,
and drug efficacy. This is traditionally determined by incubating cells with a single pulse of a
nucleoside analog, such as BrdU, that’ll incorporate into the DNA during S-phase [134].

MCEF-7 cells were seeded in 8-well IBIDI plates coated with cultrex and allowed to grow
for 3 days in culture media supplemented with cultrex. Varying concentrations of TAM (0uM,
1uM, 8uM or 15uM for the short-term treatment, see 3.2.2.1; OuM, 1uM or 8uM for the long-
term treatment, see 3.2.2.2.1.) were then added for a period of 24 hours or 7 days. Following TAM
treatment, the wells were incubated and labelled with 10 uM of BrdU for a period of 24 hours.
Immunostaining and imaging followed subsequently (see 3.3.1 and 3.3.1.1).

The short-term treatment (see 3.2.2.1) indicates that as [TAM] increases, the percentage of
BrdU positive cells (%BrdU+) within a single spheroid decreases (see Figure 8A). The long-term
treatment A (see 3.2.2.1.1) indicates an inverse relationship between BrdU incorporation and

[TAM] (Figure 9A)
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4.2.2 THE PERCENTAGE OF HORMONE-POSITIVE CELLS WITHIN A
SPHEROID VARIES AS THE CONCENTRATION OF TAMOXIFEN INCREASES

Steroid hormones and their receptors play a crucial role in the development and progression
of breast cancer. Furthering our understanding of their relationship in relation to Tamoxifen
treatment is crucial to overcoming endocrine therapy resistance.

In the short-term treatment, as [TAM] increases, so does the mean percent of ER-positive
cells (%ER+) (see Figure 8B). As [TAM] increases, progesterone receptor expression (%PR+)
decreases (Figure 8B). In Long-term experiment A (see 3.2.2.1.1), the proportion of ER-positive
cells increase as [TAM] increases. From 1 to 8 uM, there is a statistically significant decrease in
percent ER-positive cells (Figure 9B). As [TAM] increases, the percentage of PR-positive cells

decreases (Figure 9B).

4.2.3 THE PERCENTAGE OF DUAL-POSITIVE (FOR ER/PR AND BRDU)
CELLS WITHIN A SPHEROID VARIES AS THE CONCENTRATION OF
TAMOXIFEN INCREASES

Figures 8C and 9C depict the relationship between cells within a single spheroid that are
both positive for either ER or PR, and BrdU (i.e., % Dual+) as the concentration of Tamoxifen
increases. For the short-term treatment, in the case of the estrogen receptor, as [TAM] increases,
the percentage of dual-positive cells decreases. However, from 8 to 15 uM, there is a statistically
significant increase (Figure 8C). With regards to the progesterone receptor, as [TAM] increases,
the percentage of dual-positive cells decreases (Figure 8C). In the long-term treatment (long-term
experiment A; see 3.2.2.1.1), as [TAM] increases, cells that are positive for both ER and BrdU

decreases as well (Figure 9C). With regards to PR, as [TAM] increases, the mean percentage of
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dual-positive cells does not seem to follow an apparent trend. From 0 to 1 pM, there is an increase,
though not statistically significant. At 8uM, the percent dual-positive is significantly lower

compared to both the 1 pM and the 0 uM control (Figure 9C).
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Figure 8: Following a treatment period of 24 hours, the percentage of BrdU-positive, Hormone-positive, and Dual-positive cells in a
spheroid vary as the concentration of Tamoxifen increases. A,B,C MCF-7 cells were plated in IBIDI wells coated with Cultrex, with culture media
containing 2% cultrex. Spheroids were allowed to grow for 3 days, after which they were exposed to 0, 1, 8 or 15 uM of TAM for a duration of 24
hours. TAM media was replaced after the treatment period with culture media containing 2% cultrex and 10uM of BrdU, for 24 hours.
Immunostaining, fluorescent microscopy, and image analysis followed, in order to determine the percentage of cells within a spheroid that were
proliferating (A; %BrdU+), expressing hormone receptor (B; %Hormone+ (ER+ or PR+)) and proliferating while expressing hormone receptor (C;
%Dual+), following Tam treatment. Each black dot represents an individual spheroid. 3 replicates were performed. The red lines indicate significant

differences between means. The blue lines indicate P-values that are not significant.
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Figure 9: Following a treatment period of 7 days, the percentage of BrdU-positive, Hormone-positive, and Dual-positive cells in a spheroid vary
as the concentration of Tamoxifen increases. A,B,C MCF-7 cells were plated in IBIDI wells coated with cultrex, with culture media containing 2%
cultrex. Spheroids were allowed to grow for 3 days, after which they were exposed to 0, 1 or 8 pM of TAM for a duration of 7 days. TAM media
was replaced at the end of the 7th day with culture media containing 2% cultrex and 10uM of BrdU, for 24 hours. Immunostaining, fluorescent
microscopy, and image analysis followed suit, in order to determine the percentage of cells within a spheroid that were proliferating (A3 %BrdU+),
expressing hormone receptor (B; %Hormone+ (ER+ or PR+)) and proliferating while expressing hormone receptor (C; %Dual+), following Tam
treatment. Each black dot represents an individual spheroid. 3 replicates were performed. The red lines indicate significant differences between

means. The blue lines indicate P-values that are not significant.
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4.3 THE RELATIONSHIPS BETWEEN HORMONE RECEPTOR
EXPRESSION AND INCORPORATION OF THYMIDINE ANALOGS
EDU AND BRDU VARY IN MCF-7 SPHEROIDS WHEN EXPOSED
TO INCREASING CONCENTRATIONS OF TAMOXIFEN

In the case of drug efficacy testing, the incorporation of multiple nucleoside analogs at
different time points (i.e., dual-pulse or dual-labelling) can aid in better defining cell cycle kinetics
and the proliferative nature of cells in culture. I performed an EdU pulse at an early time point
(i.e., 24 hours after drug administration), followed by a second pulse with BrdU (the second
nucleoside analog) later point (i.e., during the last 24 hours of treatment) in culture.

MCEF-7 cells were seeded in 8-well IBIDI plates coated with cultrex and allowed to grow
and incubate for 3 days in culture media supplemented with cultrex. Varying concentrations of
TAM (0puM, 1uM or 8uM, see Long-term experiment B 3.2.2.2.2.) were then added for a period
of 7 days. After 24 hours of exposure to TAM, a 24-hour EdU pulse was performed. On the 6
day of TAM treatment, BrdU was incorporated into the TAM-rich media (i.e., the second
consecutive nucleoside pulse) for a period of 24 hours. Following TAM treatment,
immunostaining and imaging were performed (see 3.3.1 and 3.3.1.1).

As [TAM] increases, the percentage of EdU-positive cells within a single spheroid (i.e.,
%EdU+) remains relatively constant. The percentage of BrdU-positive cells decreases as [TAM]
increases (see Figure 10A).

Figure 10B depicts the percentage of cells that are actively cycling at both time points,
cycling at one of the two time points, or not cycling at either of the time points, representing a state

of cellular quiescence.
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As [TAM] increases, the percentage of cells within a single spheroid positive for both EAU
and BrdU (i.e., Dual positive: Proliferating at both time points; %(EdU/BrdU)+) decreases.
Though from 1 and 8 uM, there is a slight, statistically significant increase. The percentage of
EdU-positive/BrdU-negative cells remains relatively constant despite the increase in [TAM]. The
percentage of EdU-negative/BrdU-positive cells decreases as [TAM] increases. Lastly, the
percentage of dual negative cells (i.e., %(EdU/BrdU)-) increases with increasing [TAM] (Figure
10B).

It has been well established that steroid hormones drive breast cancer proliferation in
hormone receptor-positive breast cancers. However, a tumor does not require the totality of its
cells to be hormone receptor-positive to be classified as such. Figures 10C and 10D venture to
more clearly define the relationship between hormone receptor status and proliferation throughout
Tamoxifen treatment.

Figure 10C depicts the relationship between cells within a single spheroid that are both
positive or negative for either ER or PR, and EdU (i.e., first time point) as the concentration of
TAM increases.

As [TAM] increases, the percentage of cells within a single spheroid that are proliferating
while expressing ER (i.e., %(H/EdU) +) remains relatively constant. The percentage of ER-
positive/EdU-negative (%(H+/EdU-)) cells follows no particular trend: it increases from 0 to 1
uM, then decreases from 1 to 8 pM, both in a statistically significant manner. The percentage of
ER-negative/EDU-positive cells (%(H-/EAU+)) decreases as [TAM] increases. Lastly, the
percentage of dual negative cells (i.e., (H/EdU)-) increases Tamoxifen concentration increases,

despite a statistically insignificant decrease from 0 to 1 pM.
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In the case of progesterone receptor, the percentage of dual-positive (%(H/EdU)+)), PR-
positive/EdU-negative (%(H+/EdU-)) and PR-negative/EdU-positive (%(H-/EdU+)) decrease
with increasing [TAM]. The percentage of dual-negative cells (%(H/EdU)-) is an exception
however, where it seems to increase as [TAM] increases. (Figure 10C)

Figure 10D depicts the relationship between cells within a single spheroid that are both
positive or negative for either ER or PR, and BrdU (second time point) as the concentration of
TAM increases. For both ER and PR:

e as [TAM] increases, the percentage of hormone receptor-positive/BrdU-positive cells
(%(H/BrdU)+) decreases.

e The hormone receptor-positive/BrdU-negative (%(H+/BrdU-)) increases from 0 to 1 uM
and decreases from 1 to 8 uM in a statistically significant manner.

e The hormone receptor-negative/BrdU-positive (%(H-/BrdU+)) increases with increasing
[TAM] (in the case of ER, there is a statistically insignificant decrease from 0 to 1 uM to
note).

Lastly, as Tamoxifen increases, the percentage of cells that are negative for both ER and
BrdU (i.e., %(H/BrdU)-) does not follow a particular trend: it decreases from 0 to 1 pM, and
increases from 1 to 8 uM, both in a statistically significant manner. For progesterone receptor, the

percentage of dual negative cells (%(H/BrdU)-) increases as [TAM] increases. (Figure 10D).
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Figure 10: Following a treatment period of 7 days, the relationship between thymidine analog incorporation and hormone receptor expression in
MCEF-7 spheroids vary as the concentration of Tamoxifen increases. A,B,C,D MCF-7 cells were plated in IBIDI wells coated with cultrex, with
culture media containing 2% cultrex. Spheroids were allowed to grow for 3 days, after which they were exposed to 0, 1 or 8 uM of TAM for a
duration of 7 days. Following 24 hours of treatment, 10uM EdU was incorporated into the TAM-rich media, for a period of 24 hours, after which
it was removed. On the 6" day of TAM treatment, 10pM BrdU was incorporated into the TAM-rich media for a period of 24 hours. Immunostaining,
fluorescent microscopy, and image analysis followed suit, in order to determine the percentage of cells within a spheroid that were actively cycling
at the first time point (A; %EdU+; yellow) or at the second time point (A; %BRDU+; green). The red lines indicate significant differences between
means. The blue lines indicate P-values that are not significant. The percentage of cells within a spheroid that were actively cycling at both time
points (B; %(EdU/BrdU)+; blue), at the first time point but not during the second (B; %(EdU+/BrdU-); yellow), at the second time point but not
the first (B; %(EdU-/BrdU+); green) and those not cycling at all (B; %(EdU/BrdU)-; grey) was also measured. P-values are show above in a table
format. Lastly, the percentage of cells within a spheroid that are double positive, double negative, or single positive for EQU (C) or BrdU (D) and
presence or absence of estrogen or progesterone receptors (H+ or H-) was determined. P-values are show above in a table format. 3 replicates were

performed.
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4.3 MCF-7 SPHEROIDS DERIVED FROM SINGLE CELL CLONES
LIKELY EXHIBIT TRANSIENT ER AND PR EXPRESSION

Single cell cloning (SCC) is a technique used to generate a population of genetically
identical cells derived from a single parent cell. It can be used in biological research to study
lineage tracing, monoclonal antibody production, and cellular heterogeneity, amongst many other
applications [149]. For the purposes of this project, SCC was used to study the expression of ER
and PR in individual MCF-7 cells given this cell line’s heterogenous and plastic expression of
proliferative genes and receptors (see 3.1.1). Variations in ER and PR expression could serve as a
valuable insight when predicting a cell line’s (or a tumor’s) response to hormone therapy, such as
Tamoxifen.

MCEF-7 cells were sparsely plated as single cells in a 15 cm cell-culture plate. After 2-3
days of incubation, the individual cell colonies were isolated from others using glass cloning rings,
sealed with high-vacuum grease. Following 2-3 more days of incubation, the contents of each
cloning ring were transferred to IBIDI wells coated with cultrex, so that they may form 3D
spheroids. They were then allowed to grow for a period of 7 days in TAM-rich media (OuM, 1uM
or 8 uM) before ER/PR immunostaining and fluorescent imaging (see 3.2.3).

As it pertains to estrogen receptor expression, the percentage of ER-positive cells within a
MCF-7 spheroid (derived from a single-cell clone) remains very consistent (about 97% ER+)
following 7 days of TAM exposure, at concentrations of 0 and 1 uM. This is true, regardless of
spheroid size, represented as number of cells. The only statistically significant difference is found
at the 8 uM concentration (in the 2-14 cell range), where the mean percent of ER-positive cells is

68% (See Figure 11; ER in blue).
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The percentage of PR-positive cells also remain consistent (about 66% PR+) following 7
days of TAM exposure, at concentrations of 0 and 1 uM. This is true, regardless of spheroid size,
represented as number of cells. At the 8uM concentration (in the 2-14 cell range), the mean
percentage of PR-positive cells is not (statistically) significantly different when compared to the

other two concentrations, though its mean is slightly lesser, at approximately 61% PR+ (See Figure

11; PR in red).
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Figure 11: MCF-7 spheroids derived from single cell clones exhibit heterogeneous ER and PR expression. MCF-7 cells were sparsely plated
as single cells in a 15 cm cell-culture plate. After 2-3 days of incubation, the individual cell colonies were isolated from others using glass cloning
rings, sealed with high-vacuum grease. Following 2-3 more days of incubation, the contents of each cloning ring were transferred to IBIDI wells
coated with cultrex, so that they may form 3D spheroids. They were then allowed to grow for a period of 7 days in TAM-rich media (OpM, 1uM
or 8 uM) before ER/PR immunostaining and fluorescent imaging. The percentage of cells within a spheroid expressing hormone receptor (ER in
blue, PR in red) was determined. Spheroid size is represented as number of cells (#cells). Each dot represents an individual spheroid. 3 replicates

were performed.
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4.4 TAMOXIFEN INDUCES CELL CYCLE ARREST SPECIFICALLY IN
THE G1-PHASE OF THE CELL CYCLE

Cell cycle analysis by flow cytometry is a common technique used to assess the distribution
of cells in different phases of the cell cycle. The DNA content of individual cells can be measured
using PI, and the proportion of cells in GO/G1, S and G2/M phases can be determined subsequently
using a DNA content histogram and manual gating [150].

It has been established that TAM administration can alter the cell cycle progression of ER-
positive breast cancer cells through a variety of mechanisms, via the inhibition or altered
expression of cyclins (proteins involved in the regulation and progression of the cell cycle) and
modulation of Cyclin-Dependent Kinases (CDKs) [151]. However, the dose dependent effects of
TAM on cell cycle progression remains unclear and varies greatly depending on the cell in line in
question.

MCEF-7 cells were seeded in 6-well plates and allowed to grow for 3 days, before being
subjected to TAM treatment (0 pM, 1 uM or 8 uM) for a period of 7 of days. They were then
stained with P, as per the protocol found in section 3.3.2.

The data derived from cell cycle analysis by flow cytometry, depicted in Figure 12,
indicates that the majority of MCF-7 were found in the G1-phase of the cell cycle, irrespective of
the concentration of TAM they were subjected to. The proportion of cells in the G2-phase was
consistently higher than those in S-phase at all concentrations as well.

The proportion of cells in G1 saw a statistically significant increase when comparing the
control to both the 1 and 8 uM conditions. There were also statistically significant decreases in the

proportion of cells in both S and G2 phases of the cell cycle from 0 to 1 uM and 0 to 8§ pM of
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TAM. There were no statistically significant differences in G1, G2 and S-phase when comparing

1uM to 8uM of TAM.
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Figure 12: Tamoxifen induces cell cycle arrest specifically in the GI-phase of the cell cycle. MCF-7 cells were seeded in 6-well plates and
allowed to grow for 3 days, before being subjected to TAM treatment (0 pM, 1 uM or 8 uM) for a period of 7 of days. They were then stained with
PI, followed by cell cycle analysis by flow cytometry. The percentage of cells in G1-phase, (blue), S-phase (red) and G2-phase (green) of the cell

cycle was determined. The mean percentage of cells in a particular phase of the cell cycle is labelled above each bar. 3 replicated were performed.
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5. DISCUSSION

5.1 THE APPROXIMATE ICso VALUE OF TAMOXIFEN DECREASES
AS DRUG INCUBATION TIME INCREASES

Inhibitory concentration curves are dose response curves used in laboratory and
pharmaceutical settings to determine the drug concentration needed to decrease the population of
viable cells by a specific percentage (in this case 50%) when compared to cells not exposed to the
drug in question. The ICso provides an approximate of the drug concentration needed to inhibit a
biological process by half [144]. In the context of cancer specifically, using a drug at its ICso
concentration translates to inhibiting tumor growth by half. If an ICs is determined to be a lower
concentration, this entails that less of the drug is required to be considered effective, which in turn
lowers the systemic toxicity when administered to patients, improving outcomes [152].

The cytotoxic effects of TAM in MCF-7 cells have been documented, though it seems to
be highly variable based on the literature. For example, Hassan et al. carried out an MTT assay([3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliuM bromide, which differs slightly from the MTS
compound, in an MCF-7 cell line, and found an ICso of 4.506 ug/mL, equivalent to 12.13 uM after
24 hours of exposure to TAM [153]. On the other hand, Seeger et al. demonstrated that 4-
hydroxytamoxifen showed an ICso value of 27uM in MCF-7 cells after 4 days of exposure [154].
These findings seem to contrast with those found throughout my experimentation: A higher ICso
was determined following “short-term” exposure to TAM (i.e., = 33 uM; 24 hours of TAM
exposure) when compared to the “long-term” exposure (i.e., = 14 uM; 7 days of TAM exposure).
This is most likely attributable to the increased duration of time the spheroids were exposed to
TAM, allowing more of the cells within the well to metabolize the drug and succumb to its

inhibitory effects.
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It should be noted however that the ICso value of a drug can be influenced by several
factors. For example, drug metabolism and pharmacokinetics can influence its concentration at the
target site. Factors such as drug distribution, absorption, metabolism, and elimination can also
influence the ICso by altering the drug’s bioavailability [155]. The target molecule’s (in this
instance, ER) biomolecular properties, such as receptor density and expression levels, binding site
accessibility and conformational changes may also influence the ICso value. Lastly, the
physiological conditions of the cellular environment, such as pH, temperature, and the presence of
other molecules can influence the drug’s interactions with target molecules, may impact the ICso
[155].

Throughout my experimentation, cultrex, a basement membrane extract was used to
provide a more “tissue-representative’ environment. The presence of proteins such as laminin,
collagen and vitronectin may have increased MCF-7 cell survivability, which may explain why

my IC50 values are elevated compared to those found in the literature [156].

5.2 EFFECTS OF SHORT AND LONG-TERM TAM TREATMENT ON
PROLIFERATION OF MCF-7 SPHEROIDS.

BrdU proliferation assays are a common laboratory technique used to quantify cell
proliferation in cancer research. More specifically, this thymidine analog incorporates itself into
newly synthesized DNA during S-phase of the cell cycle, allowing for the assessment of the rate
of DNA synthesis and cellular proliferation [157].

The data obtained throughout my experimentation following both “short” (24-hour) and
long (7-day)-term exposure to TAM suggest that as the concentration of Tamoxifen increases, the
percentage of cells incorporating BrdU (i.e., proliferating) decreases (see Figures 8 A and 9A). This

is also true when looking at the data from the dual labelling experiment (see Long-term treatment
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B;3.2.2.2.2.), during which BrdU labelling occurred while the cells were still receiving the SERM
treatment (in contrast to 3.2.2.1. and 3.2.2.2., which were labelled with BrdU following TAM
treatment). These results were expected, given the vast swathes of literature (highlighted in section
1.6.2) and clinical evidence indicating TAM’s anti-proliferative effects in breast tissue.

EdU, similar to BrdU, is a thymidine analog that is incorporation into dividing cells during
S-phase (see 3.1.2.2 for more information regarding the benefits of EAU versus BrdU proliferation
assays). Interestingly, EAU can be used in conjunction with BrdU to determine the proliferative
state of cells at two different time points throughout the incubation process. For the purposes of
my experimentation, using this double labelling procedure allowed me to visualize changes in the
proliferative state of individual MCF-7 cells throughout the course of the TAM treatment. The
cells were first incubated with EdU, on the second day of TAM treatment (time point #1). BrdU
was added second, on the 6" day of TAM treatment (time point #2). The data represented in Figure
10A shows little to no change in EAU incorporation despite the increase in TAM concentration.
This seems to contrast with the short-term TAM experiment (see Figure 8A) data, mentioned
above. This is most likely attributable to the previously mentioned heterogeneity within MCF-7
cells (even within the same cell line), which may have conferred those used in this specific
experiment with inherent resistance to TAM, briefly summarized in Figure 6 (section 1.8).

Figure 10B depicts the percentage of cells within a single spheroid that are actively cycling
at both time points (%(EdU/BrdU)+), during one of the two ((%(EdU+/BrdU-) or (%(EdU-
/BrdU+)), or not cycling during either (%(EdU/BrdU)-).

The percentage of EdU-positive/BrdU-positive cells should be highest (which it seems to
be) at the control (i.e., OuM of TAM) because there is no inhibition present in the cell culture

media. In theory, if TAM is acting solely as an antagonist, then we should see a decrease in dual-
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positive cells from 0 to 1 uM (which we do, albeit statistically insignificant), and an even further
decrease from 1 to 8 uM. However, the data seems to indicate an increase in EdU-positive/BrdU-
positive cells at the highest concentration versus that of the low concentration, suggesting that
TAM might be exerting a stimulatory effect at this concentration, within this specific cellular
context. Interestingly, recent off-label clinical biomarker-based trials have demonstrated that low-
dose tamoxifen (e.g., 10 mg daily, 5 mg daily, 10 mg weekly, etc.) could prove to be equally
effective to the standard dosing regimen. Findings such as these suggest a similar anti-cancer
benefit, with a diminished risk of TAM-associated thromboembolic events and uterine
malignancies [158].

It has been well documented that Tamoxifen, being an ER modulator (i.e., not strictly an
agonist or antagonist), can act as an agonist in endometrial epithelium, leading to stimulated
cellular proliferation and metabolism [158].

In contrast, mechanistic evidence for its stimulatory effect in mammary epithelial tissue is
still lacking, despite having been observed at the clinical level since the late 1970s [159]. Recent
studies have pointed towards novel membrane-bound G protein-coupled estrogen receptor-1
(GPER-1 or GPR30) as potential contributors to TAM resistance and TAM-induced proliferation
in MCF-7 cells. More specifically, GPER-1 is a GPCR that participates in various biological
activities in response to endogenous estrogens [160]. Approximately 60% of breast tumors are
GPER-1 positive, which is correlated with over-expression of HER-2, EGFR (HER-1), connective
tissue growth factor (CTGF), and positive lymph node status [161]. Interestingly, it has been
reported that patients with GPER-1 positive tumors suffered increased tumor size and mass

following 4-6 months of Tamoxifen therapy [162]. This could be due to TAM (and its primary
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metabolite 4-OHT) acting as GPER-1 agonists, exacerbating its proliferative effects on
neighboring epithelial tissue [163].

The percentage of EdU-positive/BrdU-negative cells should increase as the [TAM]
increases. In fact, if TAM is truly strictly inhibitory in this context, then the MCF-7 cells within a
spheroid are more likely to be actively cycling early on during Tamoxifen treatment (EdU) than
during the later stages, say after 6 days (BrdU). The data in Figure 10B, show that the percentage
of cells no longer proliferating towards the latter stages of treatment seems to hover around 50%.
Interestingly, this percentage seems to remain relatively stable despite the increase in [TAM]. This
seems to suggest that TAM is not having its intended inhibitory affect, seeing as though the
proportion of EdU-positive/BrdU-negative cells remained constant.

The percentage of EdU-negative/BrdU-positive cells attempts to provide insight into
TAM’s potential stimulatory effect in MCF-7 cells. More specifically, if for unknown mechanistic
reasons, Tamoxifen was stimulating the proliferation of a subset of MCF-7 cells in culture, then
we should see an increase in the percentage of cells that have re-entered the cell cycle at 1 and/or
8 uM TAM conditions. However, this is not reflected in the data, as the %(EdU-/BrdU+) decreases
from 0 to 1 uM and remains constant from 1 to 8§ uM.

Lastly, the percentage of double negative cells (i.e., %(EdU/BrdU)-) depicts the proportion
of cells that were not actively cycling during either of the thymidine analog pulses. In theory, this
percentage should increase as the concentration of TAM increases due to the expected inhibition
of ER-mediated proliferation. The data from Figure 10B seem to corroborate this theory, though
only partially. In fact, there is a significant increase in the percentage of double negative cells when
comparing 0-1 uM and 0-8 pM. However, the percentage of dual-negative cells is identical in the

1 and 8 uM conditions, which may suggest that a lower dose of TAM is just as effective as the
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more elevated one for the purposes of inducing cellular quiescence and/or slowing proliferation.
Lowering the dose is of particular interest to clinicians, who are aiming to lessen the often-

debilitating array of side effects associated with Tamoxifen [158].

5.3 EFFECTS OF SHORT AND LONG-TERM TAM TREATMENT ON
ER AND PR EXPRESSION IN MCF-7 SPHEROIDS.

Steroid molecules such as estrogen (estradiol) and progesterone and their respective
receptors play a crucial role in several physiological processes, ranging from cholesterol
mobilization to the development of sexual organs [38].

Originally it was thought that of the two steroid molecules mentioned above, solely
estrogen was responsible for hormone-induced carcinogenesis and breast cancer progression.
However, more recent studies suggest that dysfunctions in both ER and PR signaling could induce
neoplastic transformation in mammary tissue.

As it pertains to estrogen receptor, the data from both short and long-term BrdU
experiments indicate an increase in ER expression as the concentration of TAM increases (see
Figures 8B and 9B). These findings are unexpected, given that the literature states that Endoxifen
(a metabolite of TAM) has the capacity to target ER for proteasomal degradation, resulting in a
reduction in protein levels [104]. A literature review of both in vitro and in vivo studies pertaining
to the stimulatory effects of TAM of ER expression in breast tissue was conducted to justify these
findings. Unfortunately, there does not appear to be any evidence to corroborate the data collected
throughout my experimentation.

The percentage of dual positive cells for ER and BrdU decreases as [TAM] increases (see

Figure 8C, 9C and 10D). This is true for both short (24-hour) and long-term (7-day) exposure to
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TAM. These results are expected, given that estrogen signaling is the primary driver of
proliferation in MCF-7 cells, derived from an estrogen receptor positive tumor. Interestingly, this
data also indicates that at all [TAM], there exists a population of ER-positive cells that continue to
actively cycle, despite being deprived of their primary source of stimulation. This suggests that
this population of cells is relying on other growth factors present in the media to continue
proliferating.

The percentage of dual positive cells for ER and EdU remains constant as [TAM] increases
(see Figure 10C). This contrasts with the data found in Figure 8C (short-term experiment) due to
differences in ER expression in both experiments. In fact, ER expression levels increase
throughout the short-term treatment, leading to an increase in the proportion of dual positive cells
as Tamoxifen increases. Following this logic, the consistency in ER-positive/EDU-positive cells
in long-term experiment B is most likely due to constant ER expression levels.

The percentage of ER-positive/BRDU-negative (i.e., not proliferating; see Figure 10D)
increases alongside [TAM]. This is expected, indicating that TAM is exerting its intended effect
on this sub-population of cells: the Tamoxifen molecule is competing with circulating estrogen for
ER receptor binding, preventing the transcription of proliferative genes associated with cellular
growth. The percentage of ER-positive/EDU-negative (i.e., not proliferating; see figure 10C)
follows a similar trend.

The percentage of ER-negative/BRDU-positive (i.e., proliferating independent of ER
expression; see figure 10D) seems to increase alongside TAM. This sub-population of cells should
in theory remain constant, given that TAM molecules have no receptor to bind to. Despite making
up a small fraction of the total cells measured, the increase is still statistically significant. This

raises concerns regarding the effects of Tamoxifen on the sub-population of cells within a tumor
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that are not positive for ERa. Currently, there is no consensus regarding the effectiveness of TAM
in ER-positive-low or ER-negative patients. Researchers have recently been looking to more
accurately define TAM’s ER-independent mechanisms of action: TAM has been shown to
stimulate the mitochondrial apoptotic pathway through the upregulation of pro-apoptotic proteins
BAX and Caspase-3, disrupt cancer cell metabolism via inhibition of Gln uptake, and induce cell
death by directly attacking ETC complex I, leading to the activation of AMPK pathway and
inhibition of mTOR signaling [164-166]. Despite these positive findings, results of a meta-analysis
conducted by the Early Breast Cancer Trialist’s Collaborative Group (EBCTCG) found a 4%
increased risk of death from breast cancer in ER-negative patients treated with TAM over a period
of 5 years [167]. A more recent review by Merglen et al. (2009) arrived at a similar conclusion
[168]. It has also been shown in vitro that the agonist activity of tamoxifen on cell proliferation
was exacerbated in cells expressing elevated levels of HER-2 and AIB1 (an ER co-activator), both
of which are more frequently expressed in ER-negative disease and associated with TAM
resistance [169]. The lack of consensus on this topic raises concerns regarding the guidelines for
determining the ER status of tumors, which will ultimately influence the treatment regimen offered
to patients. Currently, ASCO and the College of American Pathologists (CAP) guidelines for ER
(and PR) testing were updated in 2020 based on a systematic review of medical literature: Tumor
samples with 1% to 100% of nuclei positive for ER or PR should be interpreted as positive. More
specifically for ER, samples that are 1% to 10% ER positive should be classified as ER-low-
positive. Biopsies should be considered ER and PR-negative if less than 1%, or 0% of nuclei are
immunoreactive [170]. However, clinical reports show the use of wider, and somewhat arbitrary
thresholds values for ER positivity (e.g., >0%, 5%-10%, and >20%) [171]. Recent studies have

also presented findings suggesting that the majority of low (1-10%) ER-positive breast cancer
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behave more so like hormone receptor negative tumors, calling into question the efficacy of
hormone therapy in these particular cases [172].

The percentage of ER-negative/EDU-positive (i.e., proliferating independent of ER; see
figure 10C) seems to decrease as the concentration of Tamoxifen increases. These cells also make
up a much larger proportion of the total number of cells, likely due to Tamoxifen having less time
to exert its likely anti-proliferative effects. This data suggests that this sub-population of cells are
showcasing reduced proliferative capacity following an acute (24-hour) exposure to Tamoxifen.
Given that these cells do not express ER, it is possible that TAM is inhibiting their growth via an
ER-independent mechanism.

Lastly, the percentage of dual negative cells for ER and BRDU/EDU decreases from 0 to
1 uM but increases from 1 to 8 uM of TAM. These dual negative cells represent a sub-population
of ER-negative surviving cells that are not actively cycling. This phenotype seems to make up a
larger proportion of cells at all concentrations at the second time point (BRDU), compared to the
first. This makes sense, as more spheroids are proliferating because TAM has not had as much
time to exert its cytostatic/cytotoxic effects. The observed increase is likely attributable to
spheroids at the highest concentration having significantly fewer total number cells, thus over-
representing the proportion of surviving cells with an ER-negative/EDU, BRDU-negative
phenotype. On the basis that Tamoxifen solely inhibits estrogen signaling, it follows that the
percentage of dual negative cells remain constant despite increases in TAM, because no receptor
is present. Therefore, the observed decrease in the proportion of this phenotype can likely be
attributed to ER-independent mechanisms of action, briefly mentioned above.

It has not been addressed in the literature whether TAM has a direct effect on progesterone

receptor expression or signaling. However, there is evidence that elevated PR expression levels
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predict positive clinical outcomes and the beneficial effect of adjuvant hormonal treatments [173].
In fact, studies have indicated that ER-positive/PR-positive breast cancer have a more favorable
breast cancer-specific survival rate than ER-positive/PR-negative subtypes, especially when
treated with Tamoxifen [174, 175]

With regards to progesterone receptor, the data from the short and long-term BRDU
experiments indicate that progesterone receptor expression decreases as the concentration of
Tamoxifen increases (see figures 8B and 9B). These findings are expected given that the PGR
gene can be activated by E> due to ERE half-sites close to its SP1 binding site, resulting in PR
transcription being partially driven by ER-mediated events [61, 62]. However, given that the
staining for ER and PR occurred in separate wells, it cannot be stated with certainty that the
decrease in PR expression is a product of decreased ER expression following TAM treatment. In
fact, as mentioned above, the data from both short and long-term BRDU experiments indicate an
increase in ER expression as the concentration of TAM increases, not a decrease. Therefore, future
experiments should make use of ER and PR antibodies of different species so that they may be
quantified, within the same well so that their relationship can be more accurately understood.

The percentage of dual positive cells for PR and BRDU/EDU decreases as [TAM]
increases (see figures 8C, 9C, 10C and 10D). This is true for both short (24-hour; see 3.2.2.1 for
BRDU and 3.2.2.2.2 for EDU) and long-term (7-day; see 3.2.2.2.1 and 3.2.2.2.2 for BRDU)
exposure to Tamoxifen. Due to a lack of evidence, it is unlikely (though not impossible) that
Tamoxifen is directly inhibiting progesterone signaling. If we assume that ER expression was
reduced in these wells following TAM treatment, then the decrease in the proportion of PR-
positive/Thymidine analog-positive is consistent, given that PR expression is a marker for ER

[176]. However, ER and PR levels were not measured simultaneously, and ER expression did not
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consistently decrease as [TAM] increased based on my experimentation. However, it is possible
that ER activity (which was not measured) decreased with rising Tamoxifen concentrations, which
could explain the reduction in PR expression, and the observed PR-positive/BRDU,EDU-positive
trends.

The percentage of PR-positive/BRDU-negative cells within a spheroid increases from 0 to
1 uM of TAM but decreases drastically from 1 to 8 uM. The percentage of PR-positive/EDU-
negative cells within a spheroid decreases as [TAM] increases. Given that a positive PR status
yields more favorable clinical outcomes, it follows that the percentage of cells with this phenotype
should increase alongside Tamoxifen. However, this is only true when comparing the control to 1
uM of TAM, after 7 days of treatment (see figure 10C).

The percentage of PR-negative/BRDU,EDU-positive cells within a spheroid increases as
[TAM] increases. This phenotype represents a sub-population of cells that proliferate despite not
expressing progesterone receptor. The data suggests that at both time points, proliferation of PR-
negative cells is enhanced by Tamoxifen. Unfortunately, there is no evidence in the literature to
corroborate these findings.

Lastly, the percentage of PR-negative/BRDU,EDU-negative cells within a spheroid
increases as [TAM] increases. This phenotype represents a sub-population of PR-negative
surviving cells that are not actively proliferating. Given that it is not yet known whether TAM has
a direct effect of progesterone signaling, the observed trend is likely attributable to decreased ER

activity or ER-independent inhibition due to Tamoxifen.
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5.4 MCF-7 SPHEROIDS DERIVED FROM SINGLE CELL CLONES
LIKELY EXHIBIT TRANSIENT ER AND PR EXPRESSION

Single cell cloning (S.C.C.) was used to generate a population of genetically identical cells
derived from a single parent line to study changes in estrogen and progesterone receptor expression
levels in MCF-7 spheroids.

Phenotypic heterogeneity is often observed in in vitro cell cultures, even in a controlled
environment [177]. This is especially true for MCF-7 cells, which are known to exhibit variability
and plasticity in molecular programs driving proliferation and receptor expression [133]. It is well-
known that hormone receptor expression is heterogenous between cells in many ER-positive
cancers. However, it is not well understood if there are different populations of ER/PR-positive
and ER/PR-negative cells, or if hormone receptor expression is transient.

At 0 and 1 pM of Tamoxifen, the mean percentage of ER-positive cells constituting a
spheroid remains very consistent, at approximately 97% (see figure 11). The majority of the
spheroids were 100% ER-positive, while others had varying degrees of ER expression, with
proportionally few cells not expressing ER. At these concentrations, no spheroids were 100% ER-
negative. With regards to progesterone receptor, the mean percentage of PR-positive cells within
a spheroid is approximately 66%. Additionally, there seems to be a lot more variability in PR-
positivity, and the presence of spheroids that are 100% PR-negative and 100% PR-positive, which
is not observed when measuring estrogen receptor status. At §uM concentration, spheroids had a
mean ER-positivity of 68%, and a mean PR positivity of 61%. Contrary to the other two
concentrations, there exist spheroids that are 100% ER/PR-positive, 100% ER/PR-negative, and

others with varying levels of ER/PR-positivity.
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Given that a partial ER-negative phenotype was not uncommon in the parental line (see
figures 8B and 9B), it is surprising to observe no spheroids (derived from single cell clones) with
100% ER-negative status. Of the 130 spheroids quantified following exposure to 0 and 1 pM of
TAM, we would expect 20 spheroids (i.e., 20/130 = 15%) to be 100% ER-negative, because
approximately 85% of cells that constitute a spheroid derived from the parental line were ER-
positive. Thus, it is plausible to suggest that estrogen receptor expression is transient, cycling on
and off throughout treatment duration.

Although not definitive, these findings seem to corroborate the existing evidence in the
literature involving a switch from an ER/PR-positive, to an ER/PR-negative phenotype, and vice
versa [126]. In the event that ER/PR expression is lost or reduced in tumor cells, Tamoxifen
becomes less effective, as its primary target inhibits ER pathway-induced proliferation.

Additionally, the proposed phenomenon of transient ER/PR expression may help to better
understand the many unexpected trends observed regarding the relationship between hormone
receptor expression and proliferation, discussed above.

In the future, the use of a fluorescent reporter to monitor the expression and activity of ER

and PR could provide valuable insight and help to validate the findings of my experimentation.

5.5 FLOW CYTOMETRY

Cell cycle analysis by flow cytometry is used to assess the distribution of cells in different
phases of the cell cycle. The DNA content of individual cells were measured using PI, and the
proportion of cells in GO/G1, S and G2/M phases were determined subsequently. In the cell cycle,
the transition from one phase to the next is dictated by sequential activation of serine threonine

kinases called CDKs [178].
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It has been previously shown that Tamoxifen induces cell cycle arrest specifically in the
G1-phase of the cell cycle, preventing cells from progressing into S (DNA synthesis) phase [151].
However, little is known regarding the dose-dependent effects of Tamoxifen on the induction of
G1-phase arrest.

Through competitive binding of the estrogen receptor, TAM prevents the activation and
binding of cyclin D1 to dimerized CDK4/6, that would normally occur had the E>-ERa complex
been formed [82]. Additionally, TAM has been shown to increase the expression of cyclin-
dependent kinase inhibitors (CDKIs) such as p21 and p27. These proteins inhibit the activity of
cyclin-CDK complexes, which results in halting the cell cycle in the G1-phase, preventing the
transition towards S-phase [179]. Lastly, TAM has the capacity to inhibit retinoblastoma protein
(Rb) phosphorylation, a key event in Gl-phase progression. When Rb is phosphorylated, its
inhibitory effect on transcription E2F is withdrawn, allowing E2F to activate genes required for
DNA synthesis and entry into S-phase. Thus, the inhibition of Rb phosphorylation by TAM
prevents the release of E2F and further progression into the cell cycle [180].

The flow cytometric data acquired throughout my experimentation (see figure 12) seems
to confirm the mechanisms outlined above: Following treatment with Tamoxifen for 7 days, the
percentage of MCF-7 cells in G1 phase increased when compared to the untreated cells. Naturally,
the percentage of cells in S and G2 phases decreased as the concentration of Tamoxifen increased.
While TAM is not directly involved in regulating the S to G2 transition, its impact on the cell cycle
in the G1-phase indirectly influences subsequent phases of the cell cycle, including S-phase and

G2-phase.
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Interestingly, none of the observed differences from 1 to 8 uM were statistically significant,
which may suggest that under these experimental circumstances, the lower concentration of TAM

is just as effective as the higher concentration in the induction of G1-phase cell cycle arrest.



Persistent MCF-7 spheroids exhibit heterogenous phenotypic characteristics and response 88
clinically relevant concentrations of Tamoxifen

CONCLUSION

The data presented in this thesis suggests the presence of persistent sub-populations of cells
that differ with respect to their expression of estrogen and progesterone receptor, and proliferative
capacities in response to increasing concentrations of Tamoxifen, which supports my initial
hypothesis. Moreover, hormone receptor expression is heterogenous, and may be transient in
nature, which could explain the lack of consistent response to Tamoxifen observed in clinical
settings. Lastly, my data suggests that lower doses of Tamoxifen may be equally effective in
inducing G1-phase cell cycle arrest when compared to more elevated doses.

Tamoxifen has undoubtedly revolutionized the treatment of hormone receptor-positive
breast cancer, providing significant benefits to countless patients worldwide. However, the
persistent challenge of Tamoxifen resistance and inconsistent efficacy underscores the urgency to
delve deeper into the complexities of cellular heterogeneity within breast tumors. A more thorough
understanding of the dynamic interplay of diverse cell populations and mechanisms of resistance
will hopefully unlock the full potential of Tamoxifen and other personalized therapies, leading to

better patient outcomes and longer lasting anti-cancer treatment.
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