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              Abstract 

Therapeutic resistance is the culprit behind most cancer-related relapse and 
death, accounting for over 90% chemotherapeutic intervention failures. To combat the 
genetic and phenotypical abnormalities associated with resistant cancer cells, 
combination therapy takes the centre stage. Here, we identified a commercially 
available molecule, which we renamed as “BC-2021,” and its ability to sensitize 
multidrug-resistant triple-negative and hormone receptor-positive breast cancer cells to 
the challenge of Taxol in short-term and longer-term in vitro studies. 1µM of BC-2021 
alone did not pose acute cytotoxicity towards non-cancerous cells, whereas 1µM of BC-
2021 in combination with 585nM of PLX induced apoptosis among resistant breast 
cancer cells. It is noteworthy that the observed cell death was not accompanied by 
elevated total or mitochondrial reactive oxygen species, nitric oxide levels, and 
microtubule stabilization. Instead, the combination regimen predominantly induced 
extensive G2/M phase cell cycle arrest, resulting in BC-2021 dose-dependent nuclear 
fragmentation.  
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                                                  CHAPTER 1 INTRODUCTION 

Chapter 1.1 Comprehensive Overview of Breast Cancer 

1.1.1 Physiology and development of the breast 

The human breast consists of parenchymal and stromal elements. The 

parenchyma gives rise to “tree-like” ducts that lead to secretory acini, while the stroma, 

mainly composed of adipose tissues, supports the development of the parenchyma (1). 

Fetal breast development begins in the first trimester with the thickening of the 

mammary ridges, also known as the milk lines, producing primary mammary buds (2). 

Guided by inductive factors of the mesenchyme, primary mammary buds depress into 

the mesenchyme, canalize, and form secondary buds that subsequently give rise to 

lactiferous ducts by the end of the second trimester. At the time of birth, fetal breast 

presents complex branching and remodeling with vascular infiltration, albeit with very 

limited secretory capacity. Postnatal morphological and functional developments of the 

breast stroma and parenchyma often follow distinct growth kinetics up until puberty, 

where sexually dimorphic development of the breast takes place under hormonal 

regulation (3). Under the regulation of estrogen and human epidermal growth factor 

(ErbB2), the post-natal female breast epithelium forms a bi-layered ductal structure, 

consisting of an outer myoepithelial basal layer and an inner luminal layer and begins 

ductal outgrowth (4, 5). The primary ducts that lead to the nipple branch into a series of 

segmented and sub-segmented ducts. Importantly, sub-segmented ducts culminate with 

the alveolar terminal duct lobular units (TDLUs), the basic functional units of the breast 

and the epithelial structures that produce milk during lactation (6). Exterior to the ductal 
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branches are a constellation of stromal components, including fibroblasts, smooth 

muscles, blood vessels, immune cells, and adipose tissue, which continues to develop 

until progesterone induces functional remodification of the breast again during 

pregnancy (7-12).  

 The functions of the female breasts are to produce milk for breastfeeding and 

transmit sexual pleasure. From a glandular perspective, female breast produces milk 

that contains all essential nutrients and bioactive factors that enable infants to survive 

and build up immunity during the first 6 months of life (13, 14). Mechanistically, when a 

baby suckles, the level of prolactin in the blood increases, stimulating the production of 

breast milk by cells lining the alveoli. Simultaneously, suckling-induced release of 

oxytocin facilitates the contraction of myoepithelial cells surrounding the milk-collecting 

alveolar ducts to squeeze the milk out (15). As an auxiliary function, human breast 

subjected to tactile stimulation transmits sexual pleasure through activation of the 

cerebellum and paracentral lobule, the genital region of the primary sensory cortex (16). 

Overall, the female breast functions to provide vital nutrients for the newborn while 

mediating complex endocrine signaling. The complete structural development of the 

human breast spans through decades and is subjected to constant remodeling by 

hormones, making human breast prone to undergoing pathophysiological changes, the 

most common of which includes the initiation and progression of breast malignancies 

(17).  
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1.1.2 Breast cancer epidemiology 

Breast cancer (BC) is the second leading cause of death among women in 

Canada, affecting approximately 27,000 women with 5,400 dying each year (18). 

Statistically, one in eight women will be diagnosed with BC during their lifetime and one 

in 33 women will die from it, making it the most common cancer among Canadian 

women. Age is a major risk factor as 83% of BC incidences are detected in women over 

the age of 50 (19). Globally, BC is a serious health concern affecting predominantly 

women with approximately 2.3 million confirmed diagnoses and 685,000 deaths 

reported in 2020 alone (20). Interestingly, women in developed countries, such as 

France, Australian, and the US, for instance, are at higher risk of developing BC 

compared to women in other developing countries (21, 22). Indeed, in a developed 

country like Canada, BC incidence rates have risen steadily since the 1990s, yet mortality 

has thankfully been declining, thanks to improved access to healthcare resources, such 

as early detection as well as advanced diagnostic tools, and wider scope of research 

(19). Despite its high prevalence, BC has a rather high 5-year relative survival rate 

(87.2%) compared to that of all cancers combined (63%) (23). This high relative survival 

rate is further reflected in localized breast cancer cases, the 5-year relative survival rate 

of which is as high as 99%, highlighting the critical need for early diagnosis and 

intervention in the management of BC (24).  
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1.1.3 Clinical diagnosis and subtyping of breast cancer 

Despite common clinical applications of preliminary check-up technologies, such 

as mammography and breast ultrasound imaging, the only definitive way to diagnose BC 

is through tissue biopsy, whereby a sample of breast tissue is removed from the patient 

using either a needle or via surgical means and sent for laboratory testing (25).  

A tissue biopsy assesses tumor stage, grade, and receptor status to characterize the 

spread, aggressiveness, and clinical subtype of BC, respectively. The tumor stage is 

determined according to the guidelines in the American Joint Committee on Cancer 

(AJCC) TNM system, reporting on tumor (T) size, status of regional lymph nodes (N) 

containing cancer, and extent of distant metastases (M), all accompanied by a numerical 

number following each lettered parameter to indicate the severity of tumor 

development and extent of spread (26-28). Tumor grade, as an indicator for tumor 

aggressiveness, establishes the extent of morphological abnormality between cancer 

cells and their healthy counterparts. To standardize tumor grading, the Scarff-Bloom-

Richardson (SBR) grading scheme is applied in BC, systematically characterizing the 

differentiation status of cancer cells centred on three parameters, namely tubule 

formation, nuclear size, and mitotic count, a high score for each of which is associated 

with aggressive phenotype (29). For instance, well-differentiated cancer cells, also 

known as low-grade cancer cells, resemble their healthy counterparts and typically have 

lower growth rates and better prognosis compared to poorly differentiated, high-grade 

cancer cells. Furthermore, immunohistochemistry (IHC) offers a rapid, affordable, and 

cost-effective way to categorize BC based on the presence of specific cellular markers. 
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The three widely used markers for receptor status of BC include estrogen receptor (ER), 

progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) (30). 

Coupled with phenotypical measurements of tumor size, nodal involvement, and degree 

of metastasis, receptor status revealed by IHC can provide clinical insights for BC 

management and treatment.  

 

1.1.4 Intrinsic subtyping of breast cancer  

While IHC offers a glimpse into the clinical subtypes of BC cells, it does not 

encapsulate the intrinsic molecular abnormality associated with these cells. Therefore, 

genomic profiling is implemented to complement the results obtained from clinical IHC 

to guide therapeutic interventions.  

The PAM (Prediction Analysis of Microarray) 50 classifier, designed by Parker and 

colleagues, is a widely used microarray analysis of 50 oncogenes that categorizes BC into 

4 distinct intrinsic subtypes based on gene expression profiles: luminal A, luminal B, 

HER2-enriched, basal-like breast cancer (31, 32). Each intrinsic subtype was then 

mapped to an IHC-based clinical BC subtype with unique characteristics as outlined in 

Figure 1.1 (33). Among these intrinsic subtypes, the luminal A subtype encompasses 

low-grade, estrogen and progesterone receptor-positive BC with limited metastatic 

potential holding the best prognosis. The luminal B subtype, on the other hand, differs 

from luminal A by having lower progesterone receptor expression and the occasional 

presence of HER2. Most notably, luminal B breast cancer expresses higher proliferation 

marker Ki-67, conferring shorter disease-free survival and worse outcome (34, 35). 
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HER2-enriched and basal-like breast cancer subtypes, which is primarily made up of 

triple-negative breast cancer, hold the poorest prognosis and are often accompanied by 

deficient or absent expression of hormone receptors. These tumors are usually high-

grade, presenting a multitude of molecular abnormalities in cell proliferation, 

metabolism, DNA damage response, and growth factor signaling while carrying a high 

risk of recurrence (36, 37). Thanks to the advent of anti-HER2 monoclonal antibodies, 

HER-2 breast cancer has been relatively manageable (38). But, on the other hand, the 

lack of expression of hormone receptors and HER2-overexpression makes triple-

negative breast cancer a grim medical dilemma, rendering targeted therapy ineffective 

and restricting therapeutic options to specific chemotherapeutic agents, which present 

toxicities to both cancerous and non-cancerous cells (39, 40).  

 

 

Figure 1.1. Tabulated summary of immunohistochemical markers and their biopsy 

quantification in the four major intrinsic subtypes of breast cancer. This figure is 

extracted from Tsang, J. Y. S. and Tse, G. M. (2020). Molecular Classification of Breast 

Cancer. Advances in Anatomic Pathology.  
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Chapter 1.2 Chemotherapy for Breast Cancer 

1.2.1 Hormone receptor-positive breast cancer 

The mainstay therapeutic option for hormone receptor-positive breast cancers is 

endocrine therapy, using selective estrogen receptor modulators (SERMs), for instance. 

However, endocrine therapy is only effective against early-stage, low-grade hormone 

receptor-positive breast tumors and that the menopausal status of the patient may 

influence the efficacy of endocrine therapy (41, 42). As a result, adjuvant chemotherapy 

becomes an ideal candidate to decrease recurrence and improve overall disease-free 

survival, especially for advanced, high-grade hormone receptor-positive breast cancer. 

Particularly, meta-analyses and randomized trials revealed that taxane and 

anthracycline-based regimens are most efficacious against receptor-positive, HER2-

negative breast cancer and that patients’ overall survival is improved upon receiving 

concurrent treatment of taxanes and anthracyclines (43, 44).  

Mechanistically, anthracyclines and taxanes work cohesively. Anthracyclines 

(doxorubicin, daunorubicin, epirubicin) intercalate into DNA bases and inhibit 

topoisomerase II, an enzyme essential for relieving the flexural and torsional strain of 

supercoiled DNA during DNA replication, causing extensive nucleic acid damages (45, 

46). Taxanes (paclitaxel, docetaxel), on the other hand, predominantly exert their 

cytotoxicity downstream of anthracyclines by stabilizing microtubule disassembly 

through intercalating at the β-tubulin subunit (47, 48). As microtubules must tether and 

allocate genomic DNA to daughter cells with high fidelity during mitosis to maintain cell 

survival, taxane-mediated disruption of microtubule structure and function results in 
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cell cycle arrest at the G2 (Growth)/ M (Mitosis) phase, leading to apoptosis (49). As a 

result, anthracyclines compromises genomic integrity of target cells, and taxanes induce 

further cellular damages by inhibiting microtubule dynamicity and stopping the 

allocation of genomic materials into daughter cells during cell division.  

 While the most superior adjuvant chemotherapy for hormone-receptor positive, 

HER2-negative breast cancer remains anthracycline and taxane-based regimen, patients 

with history of cardiac disease are at risk for anthracycline-induced cardiotoxicity (50). 

To mediate this dilemma, alternative regimens, such as docetaxel and 

cyclophosphamide-based regimen, can be prescribed, albeit recommended only for 

patients with early-stage and lower-risk breast cancer (51).  

 

1.2.2 HER2+-positive breast cancer 

Encoded by erbB2 located in chromosome region 17q12, HER2 is a membrane-

bound glycoprotein that forms heterodimers with other epidermal growth factor 

receptor members (EGFR, HER3, HER4) to mediate tyrosine kinase signaling (52). Many 

of these signaling pathways, such as mitogen-activated protein kinase (MAPK) and 

phosphatidylinositol 3-kinase / protein kinase B (PI3K/AKT), are oncogenic, fuelling cell 

survival and proliferation (53). Indeed, IHC staining reveals that 20-30% of human breast 

cancer cases are characterized by HER2 overexpression (54). Patients with HER2-

enriched breast cancers generally have poor prognosis and relatively high metastatic 

potential. Nonetheless, the progression of these cancers can be managed using tyrosine 

kinase inhibitors (lapatinib) and humanized anti-HER2 monoclonal antibodies, such as 
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trastuzumab (Herceptin) and pertuzumab (Perjeta). However, tyrosine kinase inhibitors 

and anti-HER2 monoclonal antibodies are most effective against cancer cells drastically 

enriched with HER2. Cancer cells with moderate HER2 overexpression may not receive 

optimal therapeutic benefits solely from targeted HER2-based interventions (55, 56). 

Indeed, network meta-analysis of more than a dozen clinical trials with over 37,000 

patients concluded that, to achieve superior overall and disease-free survival, 

chemotherapy is often required along with trastuzumab and lapatinib in early and 

locally advanced HER2-positive breast cancer patients (57).  

The optimal chemotherapeutic agent to be used in partnership with anti-HER2 

therapies remains to be highly individualized. This individualized therapeutic design is 

due to varying extent of drug efficacy and toxicity profiles among patients. For instance, 

anthracycline and trastuzumab-based regimen leads to cardiotoxicity, causing therapy 

withdrawal (58). To lessen cardiotoxicity, patients can be prescribed with a regimen 

consisting of either docetaxel, carboplatin and trastuzumab (TCH) or paclitaxel and 

trastuzumab concurrently (59, 60). However, taxane and trastuzumab-based 

intervention may lead to peripheral neuropathy. Fortunately, genomic profiling of 

single-nucleotide polymorphisms (SNPs) could identify patients who are genetically 

predisposed to adverse drug effects associated with such regimen, enhancing adherence 

and clinical output (61, 62). Similarly, incorporation of weekly paclitaxel and carboplatin, 

an alkylating agent that induces DNA crosslinks, into tri-weekly trastuzumab and 

pertuzumab regimen is associated with high pathological complete response rates, 

namely the lack of all signs of cancer in tissue samples after chemotherapeutic 
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treatment, and manageable toxicities (63). As a result, the effective management of 

HER2+-positive breast cancer requires a combination of chemotherapy and monoclonal 

antibodies, the administration cycle and dosing schedule of which may vary individually 

to strike a balance between efficacy and toxicity.  

 

1.2.3 Triple-negative breast cancer   

As triple-negative breast cancer (TNBC) lacks expression of hormone receptors 

and HER2 overexpression, hormonal and targeted HER2-based therapies do not 

demonstrate clinical utility. This leaves chemotherapy as the principal systemic mode of 

intervention for TNBC patients.  

To date, a broad spectrum of chemotherapeutic agents have been indicated for 

TNBC patients. Overall, chemotherapeutic agents targeting TNBC can be classified as 

alkylating agents (64), taxanes (65-67), antimetabolites (68), and topoisomerase 

inhibitors (69, 70) based on their mechanism of action (Figure 1.2-1.5). Although 

anthracycline and paclitaxel-based regimens remain the gold standard chemotherapy 

for TNBC patients, the clinical prescription of these chemotherapeutic depends on the 

intrinsic molecular characteristics of TNBC and that the molecular heterogeneity of 

TNBC confers variable sensitivity and response to these chemotherapeutic agents. For 

instance, despite of the differences across ethnic populations, 10-20% of TNBC patients 

harbor mutations in the breast cancer gene 1/2 (BRCA1/2) (71). BRCA1 and 2 are tumor 

suppressor proteins that mediate DNA damage repair, cell cycle arrest, and elicit 

apoptosis (72, 73). Although pervasive DNA damages and mutations due to deficient 
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BRCA1/2-mediated DNA repair may enhance the pathophysiology and oncogenesis of 

TNBC, this deficient DNA repair serves as a molecular Achilles’ heel associated with 

TNBC and can, therefore, be exploited for therapeutic design (74). Indeed, BRCA1/2-

deficient TNBC cells are particularly sensitive to the genotoxic alkylating agents as these 

agents exacerbate DNA damage of BRCA1/2-mutant TNBC cells to the point where cell 

viability is no longer possible. For instance, clinical studies show that platinum-based 

alkylating agents (cisplatin, carboplatin) outperform platinum-free, taxane-based 

regimen in terms of drug efficacy and progression-free survival for TNBC patients 

harboring BRCA1/2 mutations (75-79). In addition to alkylating agents, other genotoxic 

chemotherapeutics, such as DNA damage response inhibitors (poly adenosine 

diphosphate-ribose polymerase inhibitors) and topoisomerase inhibitors 

(anthracyclines, irinotecan), which induce DNA double-strand breaks during replication, 

may serve as excellent alternatives for BRCA-mutated TNBC patients (80-82). Therefore, 

even though paclitaxel is regarded as a potent, highly versatile agent that can be used in 

just about every clinical subtype of breast cancer, the BRCA1/2 mutation status 

associated with TNBC sets a precedent whereby the therapeutic benefits of using DNA-

damaging chemotherapeutic agents outweigh those derived from classical paclitaxel 

(83, 84). Due to the aggressive and metastatic nature of TNBC, TNBC patients bear the 

brunt of undergoing excruciating drug therapies while facing the grim reality of 

shortened disease-free interval.  
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Figure 1.2. Mechanism of action of the bi-functional alkylating agent nitrogen mustard 

reacting with a guanine base and causing inter-strand DNA crosslinks through two 

sequential nucleophilic substitution reactions. This figure is extracted from Singh, R. K., 

Kumar, S., Prasad, D. N., & Bhardwaj, T. R. (2018). Therapeutic journey of nitrogen 

mustard as alkylating anticancer agents: Historic to future perspectives. European 

Journal of Medicinal Chemistry.  
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Figure 1.3. Mechanism of action of taxanes. A) Taxanes, as microtubule-targeting 

agents, intercalate at ß-tubulin of microtubules to prevent microtubule 

depolymerization. B) Taxanes exert cytotoxicity through multiple aspects. Taxanes 

primarily act by stabilizing microtubules and blocking their cellular transport, including 

transcription factors and proteins essential for DNA repair. Besides, taxanes induce 

intrinsic, mitochondria and caspase-dependent cellular apoptosis through promoting 

reactive oxygen species production, mitochondrial permeability, and leakage of 

cytochrome C. These series of actions lead to poly ADP-ribose polymerase 1 (PARP-1) 

cleavage and result in DNA fragmentation, a phenotypical hallmark of apoptosis.  
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Figure 1.4. Mechanism of action of the antimetabolite 5-fluorauracil (5-FU). Used 

widely in breast cancer, 5-FU inhibits the conversion of deoxyuridine monophosphate 

(dUMP) to deoxythymidine monophosphate (dTMP) by thymidylate synthase. This leads 

to cellular depletion of dTMP and increased concentration of dUMP, resulting in 

decreased pyrimidine synthesis and global DNA damage, respectively.  
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A. 

 

 

B. 

 

 

Figure 1.5. Mechanism of action of mammalian topoisomerase I (Topo I) and topo I 

inhibitors. A) Topo I relieves torsion strain arisen from DNA unwinding by creating a 

single-strand nick and allowing a single strand to pass through the nick before resealing 

the DNA. B) Topo I inhibitor stabilizes topo I-DNA complex, preventing DNA re-annealing 

and prolonging the exposure of the genotoxic DNA breakage, leading to cell death.  
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   Chapter 1.3 Molecular Mechanisms of Breast Cancer Chemotherapeutic Resistance  

Cancer cells can become insensitive to therapeutic interventions via either 

intrinsic resistance, also known as primary resistance, or acquired resistance. Intrinsic 

resistance arises largely because of the heterogeneous and/or pre-existing genetic 

composition of cancer cells that confer them varying levels of predisposition to 

therapeutic treatment. Acquired chemoresistance, on the other hand, often occurs due 

to adaptative evolutions at the molecular level that allow cancer cells to become 

insensitive to repeated exposure to antineoplastics. Once resistant, cancer cells may 

metastasize and invade secondary organs, accounting for over 90% of all failed attempts 

of chemotherapeutic treatment (85). This renders cancer therapeutic resistance a 

burning global health concern. This present section will summarize mechanistic 

perspectives regarding the acquisition of cancer therapeutic resistance with a primary 

focus on breast cancer and preface novel strategies to combat this issue.  

 

1.3.1 Intrinsic resistance  

Intrinsic resistance is defined by the initial lack of response of cancers to 

treatment, upon first exposure. This is predominantly attributed to the population-wide 

genomic heterogeneity and genetic instability among cancer cells. In immunotherapy, 

the lack of tumor antigens or the failure to present tumor antigens at the cell surface 

can result in intrinsic resistance (86, 87). This concept is also appropriate for the case of 

triple-negative breast cancer (TNBC), where hormonal deprivation or targeted HER-2-

based therapy used to treat conventional hormone receptor or HER2-positive breast 
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cancers fail due to the absence of druggable receptors on the cell surface. Other major 

contributors to recurring relapses include cancer-initiating stem cells (CSCs) (88). 

Depending on the cancer type, these CSCs may lack specific mediators of apoptosis-

inducing DNA repair machineries, become resistant to apoptosis (89). Using the Cluster 

of Differentiation system, studies have identified molecular markers for these CSCs, 

making it feasible to sort and isolate those stem cells from the rest of the population 

(90). In breast cancer, for instance, these CSCs are characterized by CD44+/CD24-/low and 

demonstrate the ability to reconstitute parental tumors in xenografts (91, 92). Contrary 

evidence also exists to indicate that the so-called CSCs, instead of being a distinct type 

of tumor cells, just represent an alternate functional state of cancer. However, evidence 

does tilt towards the notion that CSCs exist in many cases of hematological malignancies 

but not so much so for solid tumors (93-95). Thus, the ability to precisely ascertain the 

presence of CSCs remains a controversy in oncology research and is one that needs 

further dialogue having considered the context-dependent nature of cancer as well as 

the diverse forms of manifestation and phenotypic plasticity of CSCs. Nevertheless, in a 

tumor cell population, a small number of residual drug-resistant cancer cells, if left un-

eradicated, may proliferate and clonally expand into more genetically diverse offspring 

population over time, making therapeutic efficacy and response onset critical factors 

when it comes to cancer treatment.   
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1.3.2 Acquired resistance  

 Acquired resistance can be viewed as an outcome of natural selection at the 

molecular level. Drugs can induce a variety of responses among cancer cells. Some drug 

responses are lethal, while others trigger adaptive strategies. During the acquisition of 

chemoresistance, cancer cells undergo changes at the genomic and proteomic levels 

(96, 97). Common mediators of acquired chemoresistance in breast cancer include 

aberrant membrane transporters (impaired drug entry and enhanced drug efflux), 

metabolic inactivation as well as lysosomal compartmentalization of 

chemotherapeutics, and genomic instability (dysregulated expression of oncogenes and 

tumor suppressors). The intricacy and coordination of these responses offers clinical 

insights into the underlying molecular vulnerability of resistant cancer cells.   

 

1.3.2.1 Aberrant membrane transporters  

Among the most primitive defense mechanisms against chemotherapeutic 

intrusion are drug entry and efflux systems. Resistant cancer cells have managed to 

minimize drug access and maximize drug extrusion by manipulating the expression, 

localization, and function of membrane transporters. For instance, methotrexate, an 

antimetabolite, enters cells through reduced folate carriers (RFC). CpG island 

methylation of the RFC promoter silences the expression of such promoter, conferring 

methotrexate resistance in triple-negative MDA-MB-231 breast cancer cells (98). 

Indeed, the intracellular uptake of many weak-base chemotherapeutics are 

predominantly mediated by either passive diffusion or facilitated transport. The 
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extracellular microenvironment of tumors is notoriously acidic, which is largely due to 

the Warburg Effect, where cancer cells preferentially use glycolysis as the main pathway 

to acquire energy due to its astounding speed and efficiency in energy production and 

generate lactate as a result. The extracellular enrichment of lactate results in an acidic 

extracellular microenvironment. Such acidic extracellular microenvironment acts as a 

natural barrier by neutralizing and preventing weak-base chemotherapeutic compounds 

from reaching the cytosol, decreasing cytosolic drug bioavailability, and leading to 

therapeutic resistance (99, 100). For chemotherapeutics that gain cytosolic access 

through specialized membrane transporters, especially bulky drugs, many of them are 

substrates of organic anion transporting peptides (OATPs), a member of the solute 

carrier (SLC) superfamily (101). With decreased expression of OATPs, cancer cells can 

develop therapeutic resistance. For instance, paclitaxel-resistant breast cancer cells 

showed reduced OATP1B3 expression compared to that of their sensitive counterparts 

(102). In line with this evidence, loss of OATP1B3 leads to taxane resistance in prostate 

and liver cancer (103, 104). Since OATP1B3 is downregulated in many types of resistant 

cancer cells, it is often used as a marker to predict drug sensitivity and patient outcome 

(105, 106). Besides limiting drug influx, cancer cells, on many occasions, simultaneously 

upregulate drug efflux machineries. Among the most prominent drug efflux transporters 

are the ATP-binding cassette (ABC) transporters. Some of the most well-studied 

members that confer multidrug resistance within the ABC transporter superfamily 

include P-glycoprotein (P-gp), multi-drug resistance protein 1 (MRP1), and breast cancer 

resistant protein (BCRP/ABCG2/MXR/ABCP) (107). In breast cancer, P-gp and BCRP 
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overexpression is notoriously prevalent regardless of immunophenotype (108). 

Structurally, these enzymes have transmembrane domains that dictate the 

conformation of their substrates and nucleotide-binding regions that catalyze ATP 

hydrolysis to power active transport of xenobiotics and drug molecules with various 

properties (109). For ABC transporters to work efficiently in chemo-resistant cells, in 

addition to the intrinsic ATPase activity originated from the nucleotide-binding domains 

of the enzymes themselves, a robust supply of ATP from the mitochondria also seems 

necessary (110). Transfection or overexpression of these transporters shows decreased 

cytoplasmic drug concentration and confers cancer therapeutic resistance (111). 

Moreover, these transporters can also be modified epigenetically. For instance, 

hypomethylation of the ABCB1 downstream promoter results in increased expression of 

P-glycoprotein and subsequently confers paclitaxel resistance in MCF7 breast cancer 

cells (112, 113). This showcases the multifaceted regulation of ABC transporters in 

cancer and the diverse ways in which cellular machineries can be “hijacked” to acquire 

therapeutic resistance.  

 

1.3.2.2 Metabolic inactivation of chemotherapeutic agents  

Once situated in the cytosol, chemotherapeutic agents may undergo extensive 

metabolic inactivation and lysosomal sequestration in resistant cancer cells. Cellular 

biotransformation of drugs requires Phase I and Phase II drug-metabolizing enzymes, 

whereby Phase I enzymes activate prodrugs through redox reactions and Phase II 

enzymes, which are made of predominantly of transferases, add hydrophilic and soluble 
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moieties onto drugs to facilitate their excretion (114, 115). Upregulation of these drug-

metabolizing enzymes confers accelerated drug detoxification kinetics, setting the stage 

for therapeutic resistance. This phenomenon is observed in breast cancer cells after 

prolonged exposure to chemotherapeutic agents. For instance, extensive exposure to 

methotrexate in breast cancer cell models results in the induction of UGT1A6, a Phase II 

UDP-glucuronosyltransferase, leading to enhanced glucuronidation activity and 

decreased drug sensitivity (116, 117). Moreover, GSTP1 overexpression is associated 

with resistance to docetaxel, paclitaxel, and doxorubicin (118, 119). Interestingly, GSTP1 

also triggers breast cancer drug resistance through activating autophagy, another 

cellular clearance mechanism, in response to doxorubicin challenge, further highlighting 

the collaborative nature of drug metabolism in drug-resistant breast cancer (120).  

 

1.3.2.3 Lysosomal compartmentalization of chemotherapeutics  

In the event that drug-metabolizing enzymes reach saturation, chemo-resistant 

cells bear the brunt of the cytotoxic effects associated with chemotherapeutic agents 

through either enhanced antioxidant capacity, to buffer chemotherapeutic-induced 

oxidative stress, or lysosomes, which intracellular sequester chemotherapeutic 

compounds (121-123). Considering that many chemotherapeutic compounds are weak 

bases, the acidic and degradative environment of the lysosomes can target 

chemotherapeutics for sequestration and elimination (124). This process can occur 

passively, whereby small-molecular-weight, lipophilic, and weak base agents become 

trapped inside lysosomes after traversing both the plasma and lysosomal membrane 
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(125). Alternatively, lysosomal sequestration of chemotherapeutic compounds can 

occur actively, whereby P-glycoproteins localized to lysosomal membrane actively 

suction drug substrates from the cytosol into the lysosomes (126). These instances have 

been reported in triple-negative breast cancers, where P-gps localized to the plasma and 

lysosomal membrane can mediate drug efflux out to the extracellular space and into the 

lysosomal lumen for degradation, respectively, diminishing the therapeutic efficacy of P-

gp substrates, such as paclitaxel (127). Conversely, the inhibition of lysosomal function, 

such as autophagy, using hydroxychloroquine potentiates anti-estrogen responsiveness 

in ER+ breast cancer, further elucidating the importance of higher kinetics of lysosomal 

activity and autophagy in chemoresistance (128). Indeed, increased autophagic 

response has been confirmed in paclitaxel-resistant hormone receptor-positive MCF7 

breast cancer cells (129).  

Remarkably, not only can entrapped chemotherapeutic agents become degraded 

in lysosomes, but they can also stimulate further lysosomal biogenesis through 

transcriptional coupling. Mechanistically, as weak-base chemotherapeutics enter 

lysosomes, they become rapidly protonated. Some of these protonated agents initiate 

physical contact with the hydrophilic phospholipid portion of the lysosomal membrane, 

interfering with their packing and spatial arrangement. This fluidization of the lysosomal 

membrane lipid composition causes proteins bound to it, such as the mammalian target 

of rapamycin complex 1 (mTORC1), to dissociate. The dissociation of mTORC1 from the 

lysosomal membrane attenuates its phosphorylation and subsequent cytoplasmic 

retention of transcription factor EB (TFEB), triggering the nuclear translocation of TFEB 
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and activation of its downstream transcriptional machineries for coordinated lysosomal 

expression and regulation (CLEAR) network of genes (130). The transcription of the 

CLEAR gene network then results in upregulated autophagy through increased 

lysosomal biogenesis, further potentiating lysosomal entrapment of weak-base 

chemotherapeutics and fueling chemoresistance in a positive feedback loop (131, 132). 

To summarize, even if chemotherapeutics break through the barriers imposed by the 

acidic tumoral extracellular environment and diminished expression of drug 

transporters and reach the cytosol, drug inactivation and degradation can occur through 

various drug-metabolizing enzymes and organellar sequestration.  

 

1.3.2.4 Genomic instability  

When chemotherapeutic agents cannot be eliminated through the means 

mentioned above, the genome-wide amplification of oncogenes and downregulation of 

tumor suppressors collectively shield resistant cancer cells from activating 

chemotherapeutic-mediated apoptotic responses. For instance, when MYCN is 

overexpressed, it drives cell growth, proliferation, and metabolism (133). In the context 

of triple-negative breast cancer, MYCN overexpression is associated with resistance to 

bromodomain and extra-terminal motific (BET) inhibitors (134). Besides, MYCC 

overexpression is linked to doxorubicin and paclitaxel resistant in breast cancer 

potentially due to its anti-apoptotic and cycle-cycle promoting properties (135, 136). 

Moreover, as another oncogene, the human epidermal growth factor receptor 2 (ErbB2) 

is amplified in 15-30% breast cancers (137). Not only does ErbB2 activate proliferative 
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signaling pathways, but it can also rewire cellular migration, which is associated with the 

loss of cell polarity, and subsequent resistance to apoptosis (138). On the other end of 

the spectrum, downregulation of tumor suppressors mediates drug resistance by 

enabling cells to circumvent apoptosis following chemotherapeutic challenge. The most 

prevalent example is the downregulation of tumor-suppressor p53, also known as the 

guardian of the genome. P53 interacts with a variety of transcription factors to 

modulate gene expression in response to stress and DNA damage (139). In breast 

cancer, mutant p53 increases nuclear translocation of nuclear factor erythroid 2-related 

factor 2 (Nrf2) and activates specific the transcription of NRF2 target genes to enhance 

proteasome function, conferring resistance to proteasomal inhibitors (140). 

Furthermore, mutant p53 in mammary adenocarcinoma may also upregulate pro-

survival signaling molecules, such as Bcl-xL, in acquiring gemcitabine resistance (141). 

Collectively, genomic instability manifested in the dysregulated oncogenic and tumor-

suppressive signaling landscape contributes to the development therapeutic resistance 

by inhibiting chemotherapeutic-induced apoptotic responses.  

 

1.3.3 Need for novel therapeutic strategies  

To acquire chemoresistance, cancer cells reprogram their epigenome, genome, 

proteome, and metabolome to evade drug target response and decrease intracellular 

bioavailability of therapeutic agents. Some mutation-driven drug resistance can be 

overcome by simply administering higher drug dosages. However, due to non-specific 

cytotoxicity, high-dose chemotherapy is unfavorable and only used as a last resort (142). 
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This then prompts the exploration of other therapeutic strategies to tackle 

chemoresistance.  

Given the advancement of the “omics” era, many genes and signaling pathways 

are starting to be uncovered. These cellular signatures serve as promising disease 

biomarkers and patient outcome predictors, providing invaluable clinical guidance for 

drug development. In light of the multifarious pathways resistant cancer cells can 

sabotage, common strategies to disarm chemoresistance involve the use of 

combinatorial drug regimen. Some chemotherapeutics, when combined, generate 

synergistic therapeutic outcome by either targeting a wider spectrum of oncogenic 

processes or enhancing the bioavailability or potency of other agents in the 

combination. As a result, combination therapy can make use of multiple cytotoxic 

agents in the same combination, such as gemcitabine and paclitaxel in the treatment of 

metastatic breast cancer, or combine known cytotoxic agents with a molecule that is not 

cytotoxic by itself but can facilitate the disposition of other chemicals, i.e., ABC 

transporter inhibitors, also known as chemo-sensitizers (143-145). Regardless of how 

the combinatorial paradigm is constructed, identifying appropriate and actionable drug 

targets as molecular vulnerabilities associated with the development and presentation 

of chemoresistance is of paramount importance.   
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Chapter 1.4 Combination Therapy to Overcome Breast Cancer Therapeutic Resistance  

1.4.1 Polychemotherapy  

 Polychemotherapy refers to the combination of two or more chemotherapeutic 

agents with the goal of obtaining a better clinical response with an acceptable toxicity 

profile. Polychemotherapy achieves greater clinical efficacy by mostly diversifying 

subcellular targets or facilitating additive or synergistic drug-drug interactions (146).  

 

1.4.1.1 Taxane-based regimens 

Taxanes are the most common chemotherapeutics indicated for breast cancer 

patients. The chief purposes of combining taxanes with other therapeutic agents are to 

overcome taxane drug resistance and reduce taxane adverse effects (147). Historically, 

paclitaxel had been administered alongside cyclophosphamide, 5-fluorauracil, and 

mitoxantrone in metastatic breast cancers (148). To overcome drug resistance and 

relapse, the consensus nowadays is to administer taxane (paclitaxel or docetaxel, e.g.) 

and anthracycline (doxorubicin, e.g.) either in sequence or concurrently (149). However, 

for patients developing resistance to both taxanes and anthracyclines, alternative 

combinations of conjugated taxanes and platinum-based alkylating agents can be 

considered. For instance, as of July 2021, albumin-bound paclitaxel (nab-paclitaxel) in 

combination with carboplatin entered Phase IV clinical trial for the treatment of triple-

negative breast cancer (150-152). To counteract drug resistance, albumin-bound 

paclitaxel, compared to the traditional, solvent-based paclitaxel, has faster and deeper 

tumor penetration capacity and is associated with milder toxicities, leading to generally 



 28 

higher overall survival and pathological complete response rates (153, 154). While 

functionally similar, the use of carboplatin in replacement of cisplatin as part of the 

combination regimen is expected to considerably alleviate toxicity and drug-induced 

mutagenicity associated with cisplatin, thereby promoting regimen adherence (155-

157).  

 

1.4.1.2 Platinum-based regimens 

Regarding the 20% TNBC patients harboring BRCA1/2 mutations and their 

inherent sensitivity to DNA-damaging compounds, combinatorial regimen consisting of 

cisplatin and paclitaxel is reported to achieve high pathological complete response rates 

(158). For metastatic TNBC patients who have acquired resistance to either taxane or 

anthracycline-based treatment, cisplatin in combination with either vinorelbine or 

gemcitabine can act as an alternative salvage regimen with acceptable tolerability and 

clinical outcomes (159). Besides TNBC, cisplatin in combination with Anvirzel, a plant 

extract with anti-cancer property, exhibits synergistic cytotoxicity in hormone receptor-

positive MCF7 cells compared to monotherapy of either alone (160).  

 

1.4.1.3 Antimetabolite-based regimens 

Although antimetabolites are not classified as first-line therapy in breast cancer, 

they can be applied to mitigate instances of drug resistance against other agents. For 

instance, combination chemotherapy consisting of mitomycin C and methotrexate was 

effective for 10-20% HER2-negative metastatic breast cancer patients resistant to 
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aggressive therapeutic interventions involving eribulin, vinorelbine, and bevacizumab 

(161). Furthermore, capecitabine, an antimetabolite disrupting nucleotide synthesis, 

may be used in combination with docetaxel among metastatic breast cancer patients 

previously exposed to anthracycline-based regimen (162). For non-metastatic but 

advanced breast cancer patients, 5-fluorauacil in combination with sodium-folinate is 

preferred over capecitabine (163). Although not directly prolonging overall survival of 

taxane and anthracycline-refractory metastatic breast cancer patients, the incorporation 

of the antimetabolite gemcitabine into vinorelbine increased progression-free survival 

compared to vinorelbine alone (164).  
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Table 1. Use of polychemotherapy to tackle breast cancer drug resistance 
 

Combinatorial 
Drug Class 

Components Description References 

Taxane and 
anthracycline-
based regimens 

Albumin-
bound 
paclitaxel 
(nab-
paclitaxel) + 
carboplatin 

Current in phase IV clinical 
trial applied to triple-
negative breast cancer 
patients resistant to 
conventional anthracycline 
and taxane-based regimens 

150 

Liposomal 
doxorubicin + 
trastuzumab  

Indicated for anthracycline-
refractory HER2-
overexpressing breast 
cancer   

165 

Platinum-based 
regimens 

Cisplatin + 
paclitaxel  

Indicated for TNBC patients 
harboring BRCA1/2 
mutations 

158 

Cisplatin + 
vinorelbine 
/gemcitabine 

Indicated for metastatic 
TNBC patients resistant to 
conventional anthracycline 
and taxane-based regimens 

159 

Cisplatin + 
Anvirzel 

Produces synergistic efficacy 
in hormone receptor-
positive breast cancer.  

160 

Antimetabolite-
based regimens 

Mitomycin C 
+ 
methotrexate   

Indicated for 10-20% HER2-
negative metastatic breast 
cancer patients resistant to 
eribulin, vinorelbine, and 
bevacizumab. 

161 

Capecitabine 
+ docetaxel 

Metastatic breast cancer 
patients resistant to 
anthracycline-based 
regimens 

162 

 5-
fluorauracil + 
sodium 
folinate   

Indicated for advanced, non-
metastatic breast cancer 
patients 

163 

Gemcitabine+ 
vinorelbine 

Prolongs progression-free 
survival compared to 
vinorelbine alone in 
metastatic breast cancer 
previously resistant to 

164 
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taxane and anthracycline-
based regimens 

 

1.4.2 Chemosensitizers 

1.4.2.1 ABC transporter inhibitors 

As discussed in 1.3.2.1, drug-resistant breast cancer cells tend to overexpress P-

gp, MRP, and BCRP. Since these transporters mediate the clearance and extrusion of a 

plethora of chemotherapeutic agents, inhibiting ABC transporters enhances intracellular 

drug retention. Clinically, many ABC transporter inhibitors are used in conjunction with 

chemotherapeutic agents to overcome therapeutic resistance. For instance, bergapten 

and xanthotoxin decrease mitoxantrone efflux in the hormone receptor-positive MCF7 

cells overexpressing BCRP (166). Verapamil (p-gp inhibitor), probenecid (MRP inhibitor), 

and genistein (BCRP inhibitor) each sensitizes SN38-resistant the hormone receptor-

positive T47D ductal carcinoma cells to SN38 challenge (167, 168). In addition, P-gp 

blockade with verapamil synergizes with paclitaxel in killing doxorubicin-resistant MCF7 

cells and induce cell cycle arrest and upregulate apoptosis (169). On the same note, 

functional inhibition of P-gp using diltiazem potentiates doxorubicin cytotoxicity in 

MCF7 cells (170). Remarkably, some p-gp inhibitors, on their own, pose manageable 

cytotoxicity, making them promising leads for future drug development especially 

following the development of second and third-generation P-gp inhibitors (171, 172). 

Considering the broad spectrum of substrates P-gp, MRP, and BCPR can accommodate, 

one therapeutic challenge underlying ABC transporter inhibitor design is substrate / 

inhibitor specificity overlap and the consequential drug-drug interactions (173-178).  
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1.4.2.2 Antioxidant inhibitors   

 Reactive oxygen species (ROS) plays a pivotal role in breast cancer oncogenesis 

by enhancing cell proliferation, facilitating angiogenesis, and initiating epithelial-

mesenchymal transition (179-182). To circumvent cell deaths from elevated ROS, cancer 

cells, especially drug-resistant ones, often upregulate antioxidant defense and drug 

metabolizing mechanisms, such as glutathione (GSH) and glutathione-S-transferases 

(GSTs) involved in drug conjugation and subsequent elimination (183). This is evident in 

multidrug-resistant MCF7 breast cancer cell where genetic knockdown of GST1 restores 

chemosensitivity of resistant cells to the cytotoxicity of 5-fluorauracil, doxorubicin, and 

cisplatin, all of which are known to increase ROS levels (184). Pharmacologically, GSH-

inhibiting compound buthionine sulfoximine sensitizes antihormone-resistant breast 

cancer MCF7 cells to estrogen-induced apoptosis (185). Furthermore, ethacrynic acid 

(EA), a GSH inhibitor, in combination with DACHPt, a precursor of oxaliplatin, increases 

cellular platinum accumulation and enhances platinum-based therapeutic efficacy by 4.6 

fold in MCF7 cells (186). Yet, auranofin, a GSTP1-1 inhibitor, is found to significantly 

enhance ROS level and leads to synergistic apoptosis in combination with nutlin-3a and 

trametinib in MCF7 cells, respectively (187, 188). Similarly, in triple-negative breast 

cancer, inhibiting gamma-glutamylcysteine ligase, the enzyme responsible for de novo 

synthesis of GSH, sensitizes TNBC to ROS-mediated killing (189, 190). It is evident that 

combining antineoplastics aimed at promoting ROS with antioxidant defense inhibitors 

induces redox imbalance, leading to death of drug-resistant breast cancer cells. 
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1.4.2.3 MicroRNA-based therapeutics  

Owing to its ease of administration through local and parenteral injection routes 

as well as high tissue uptake, microRNA (miRNA)-based therapeutics have become a 

research hotspot with many undergoing preclinical and clinical trials in recent years 

(191, 192). As a versatile mode of therapy, miRNA-based therapeutics’ advantage goes 

hand in hand with its major downfall – “too many (unknown) targets with one (miRNA) 

effect (TMTME)” (193). Nevertheless, transcriptomic profiling has elucidated miRNAs 

that may act as the molecular Achilles’ heel in modulating breast cancer 

chemosensitivity, identifying targetable disease biomarkers for combination drug 

discovery.  

Multiple miRNAs regulate chemosensitivity and could be potentially 

incorporated into combination regimen. For instance, miR-424-5p enhanced TNBC 

sensitivity to Taxol cytotoxicity by potentially targeting the PTEN/PI3K/AKT/mTOR axis 

while upregulating apoptotic response elements, such as p53, BAX, and cleavage of pro-

caspase 3 (194). Differential RNA-seq analysis also revealed that inhibiting miR-355-5p 

and Let-7c-5p-mediated suppression of CXCL9, CCR7, and SOCS1 reverses MCF7 

resistance to taxanes (195). Furthermore, co-loading of doxorubicin and miR-34 in 

hyaluronic acid-chitosan nanoparticles into the triple-negative MDA-MB-231 cells 

enhances antitumor effects of doxorubicin through suppressing the expression of anti-

apoptotic proto-oncogene Bcl-2 (196). Of note, miRNAs also regulate the expression of 

ABC transporters, the principal culprit of breast cancer drug resistance (197). For 

instance, downregulation of miR-326 is associated with elevated MRP1 as well as 
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etoposide and doxorubicin resistance in MCF7 cells (198). Conversely, upregulation of 

miR-132 and miR-212 drives BCRP-mediated doxorubicin efflux, promoting doxorubicin 

resistance in MCF7 cells (199). This differential expression of miRNAs contextualizes the 

complex regulatory landscape and clinical utility of incorporating miRNAs in combination 

regimen to combat breast cancer drug resistance.  
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Table 2. Utility of chemosensitizers to tackle breast cancer drug resistance 
 

Chemosensitizer 
Classes  

Drug Name  Role in Chemo-sensitization References 

ABC transporter 
inhibitors  

Verapamil  Inhibits p-glycoprotein, 
sensitizing MDA-MB-231 cells 
to proteasome inhibitors  

200 

Tariquidar  Inhibits p-glycoprotein, 
potentiating paclitaxel 
concentration in hormone 
receptor-positive MCF7 BC 
cells 

201 

Sulbactam, 
Quercetin  

Reduces expression of ABC 
transporters to potentiate 
doxorubicin toxicity in 
multiple TNBC cell lines 

202, 203 

Tanshinone 
IIA (Tan IIA) 

Inhibits PTEN/AKT and ABC 
transporters to enhance 
doxorubicin efficacy in MCF7 
cells 

204 

GSH inhibitors  Buthionine 
sulfoximine 

Reduces glutathione, Bcl-2, 
phospho-Bcl-2, and Bcl-xL 
expression and upregulates 
BAX expression in estrogen-
deprived MCF7:2A cells 

185 

Ethacrynic 
acid 

Inhibits GST-mediated 
conjugation of GSH to 
oxaliplatin, enhancing 
cytosolic oxaliplatin in MCF7 
cells 

186 

Auranofin Causes cell cycle arrest at the 
sub-G1 phase, induces 
mitochondrial stress, and 
activates caspase-3/7   and 
PARP cleavage in MCF7 cells 

187 

Buthionine 
sulfoximine 

Inhibits gamma-
glutamylcysteine ligase, 
sensitizing multiple TNBC cell 
lines to ROS  

189 
 

miRNA-based 
therapeutics  

miR-298  Represses expression of P-gp, 
conferring doxorubicin 
resistance in MDA-MB-231 
cells.  

205 
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miR-424-5p Sensitizes MDA-MB-231 cells 
to Taxol by downregulating 
cdk2 to induce G2 cell cycle 
arrest and modulating 
apoptosis-related factors, 
including p53, c-Myc, and Bcl-
2.  

194 

miR-326 Represses MRP1 expression 
to confer etoposide and 
doxorubicin resistance in 
MCF7 cells 

198 

miR-132-
212 

Represses PTEN-AKT/NF-κB 
signaling and modulates 
BCRP-mediated doxorubicin 
efflux in drug-resistant MCF7 
cells 

199 
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        Chapter 1.5 Research Direction and Objectives  

We have identified a new molecule, which, when being administered alongside the 

chemotherapeutic agent paclitaxel (PLX), shows sustained cytotoxicity against 

multidrug-resistant triple-negative (MDA-MB-231) and hormone receptor-positive MCF7 

breast cancer cell lines. For confidentiality and proprietary considerations, the molecule 

is named “BC-2021,” the identity of which will not be revealed until further systematic 

drug characterization is conducted. We hypothesize that BC-2021 restores 

chemosensitivity of multidrug-resistant breast cancer cells to the challenge of PLX and 

can result in sustained cell death when being co-administered along with PLX. This 

research aims to describe the combinatorial regimen consisted of BC-2021 and PLX in 

killing drug-resistant breast cancer cells through assessing: 

1) The extent of cell death post-combinatorial drug treatment 

2) The level of global and mitochondrial reactive oxygen species and nitric oxide 

3) The distribution of cell cycle progression 

4) The transcription of apoptosis and cell cycle checkpoint regulators   

5) The overall cellular autophagy  

6) The morphological manifestation of organelles (nucleus and microtubules)  
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CHAPTER 2            MATERIALS AND METHODS  
 
2.1 Cell Lines  
 

Cells lines used in this thesis can be broadly categorized as chemo-sensitive and 

paclitaxel-resistant cells. The following chemo-sensitive cell lines are acquired from the 

American Type Culture Collection (ATCC), with the exception of the BHK (Baby Hamster 

Kidney) fibroblast cell line being a gift from Ms. Christina Irving (Dalhousie University, 

Department of Physiology and Biophysics): 

MDA-MB-231: Human Triple-negative Breast Cancer 

Cells                 

ATCC-HTB-26 

MCF-10A: Human Breast Epithelial cells ATCC-CRL-10317 

MCF-7: Human Receptor-positive Breast Cancer Cells ATCC-HTB-22 

BHK: Baby Hamster Kidney fibroblasts Gift from Ms. Christina 

Irving 

 

The following paclitaxel-resistant cell lines were originally generated by Dr. Kerry 

Goralski (Dalhousie University, College of Pharmacy) and are obtained as gifts from Dr. 

Denis Dupré (Dalhousie University, Department of Pharmacology): 

MDA-MB-231 PLX (R): Paclitaxel-resistant Triple-negative Breast Cancer Cells 

MCF-7 PLX (R): Paclitaxel-resistant Receptor-positive Breast Cancer Cells 

  

Paclitaxel (PLX) resistance is achieved through continuously culturing the 

aforementioned cell lines with increasing dosage of PLX (Sigma), beginning with 0.1 nM 
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PLX until a final concentration of 585 nM (5mg/mL) PLX is reached. To maintain drug 

resistance, PLX-resistant cells are maintained in 10% Fetal Bovine Serum (Thermo Fisher 

Scientific), 1% Penicillin-Streptomycin-supplemented (Thermo Fisher Scientific) 

Dulbecco’s Modified Eagle Medium (Thermo Fisher Scientific) containing 585 nM of PLX 

inside a humidified, 95% air/ 5% CO2 atmosphere at 37˚C, which are the default 

culturing conditions in this thesis unless stated otherwise.  

 

2.2 Drug Treatment  
 

Many experiments illustrated in this thesis are based on cells treated with a 

strategic combination of PLX and BC-2021. BC-2021 is a commercially available 

compound that, through this thesis work, demonstrates potent anti-cancerous effects 

against multidrug-resistant triple-negative (MDA-MB-231) and receptor-positive (MCF7) 

breast cancer cells when being administered alongside PLX. In essence, this thesis work 

repurposes a commercially available compound and extends its therapeutic potential to 

the treatment of resistant breast cancer cells.   

Drugs of interest, including PLX and BC-2021, were previously diluted in Dimethyl 

Sulfoxide (DMSO) to constitute their respective lab stock concentration: PLX (585nM) 

and BC-2021 (25mM). Prior to treatment with lab stock drugs, cells are seeded and 

allowed to settle to the bottom of cell culture plates for 24 hours under culturing 

conditions. Lab stock drugs are added to fresh pre-warmed cell culture media at their 

desired working concentration before appropriate volume of drug-containing media is 

dispensed to cell culture plates. For experimental conditions that require low 
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concentration of drug, DMSO-diluted stock drugs are further diluted in sterile ddH2O 

before being added to cell culture media. Media is not changed until the desired drug 

incubation period has been reached. For all drug treatment experiments presented in 

this thesis, the vehicle control condition receives equimolar concentration of DMSO as 

that used in the highest drug dosage condition.  

 

 
2.3 MTT Assay 
 

MTT assay is a colorimetric assay that allows for interpretation of cell 

proliferation based on overall cellular metabolic activity. Based on the growth rate of 

cell lines, 3,000 cells are seeded in each well of a 96-well plate (Thermo Scientific Biolite) 

and allowed to settle to the bottom of the well over a period of 24 hours under culturing 

conditions before being subjected to drug treatment for 24, 48, and 72 hours. Once the 

desired drug treatment period has been reached, MTT formazan powder (1-(4,5-

Dimethylthiazol-2-yl)-3,5-diphenylformazan, Sigma) is then diluted in phosphate-

buffered saline (Gibco) at 5mg MTT formazan powder/1 mL of PBS before being 

combined with serum-free cell culture media at a 1:1 ratio. Subsequent to removal of 

cell culture media, 100 µL of MTT-media mixture is then dispensed to each well followed 

by 3-hour incubation in dark under culturing conditions. After incubation, MTT-media 

solution is gently removed. 150 µL of DMSO solvent is then added to each well and the 

plate is placed on a room-temperature shaker in dark and subject to 15 minutes of 

shaking to allow sufficient solvation of formazan crystals. The plate is then read by a 

spectrophotometer at Optical Density (OD) of 570 nm wavelength using the ADLD 
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software. The OD readouts for each time point and condition are then collected and 

plotted using GraphPad Prism 8 as both raw OD readouts and normalized OD readouts.  

 

 

 

2.4 Colony Formation Assay 

Colony Formation Assay is a visualizable quantitative assay to measure cell 

survival after drug incubation over a 14-day period. 500 cells are seeded into each well 

of a 6-well plate (Thermo Fisher Scientific) and allowed 24 hours to settle to the bottom 

of the well. Fresh culture media containing desired drug concentrations is applied to 

each well for 7 days at a time before removal of the media and addition of fresh drug-

containing media for another 7-day incubation period. At the end of the 14-day drug 

incubation, culture media is removed, and cells are washed twice with PBS. 2 mLs of 1% 

methylene blue (3, 7-bis(Dimethylamino)phenazathionium chloride) (Sigma) diluted in 

methanol (Thermo Fisher Scientific) are applied to each well for 30 minutes before being 

decanted and washed with sink water. Blue cellular colonies are quantified through 
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direct visualization. Total colony numbers for cells exposed to combinatorial regimen 

are tallied and normalized to the DMSO+585nM PLX vehicle-control group.  

 

 

2.5 Flow Cytometry  

The following sections detail the cellular staining procedure for flow cytometry 

experiments. These flow cytometry experiments pertain to the study of cell cycle, the 

assessment of cellular as well as mitochondrial reactive oxygen species, nitric oxide, 

overall autophagic flux and modality of cell death. All flow cytometry readouts come in 

the form of mean fluorescence intensity (MFI), which are analyzed by FCS Express 7 (De 

Novo Software).   

 

2.5.1 eFluorTM 780 Fixable Viability Dye Staining  

150,000 cells are seeded and allowed to settle for 24 hours under culturing 

conditions into a 35-mm cell culture dish (Thermo Fisher Scientific) before being treated 

with drugs of desired concentration for 72 hours. After drug treatment, cells are 

trypsinized, centrifuged at 1000 RPM for 5 minutes, and washed twice with PBS before 
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being stained with 75 µL of staining mixture containing 1µL of eFluorTM 780 Fixable 

Viability Dye (Thermo Fisher Scientific) diluted in 1000µL of PBS in dark at room 

temperature for 20 minutes. Following staining, cells are washed twice with PBS and are 

either run immediately on the BD LSR Fortessa SORP on low speed using the 780/60 

band pass filter or fixed with 4% paraformaldehyde for 10 minutes in dark at room 

temperature. Upon completion of fixation, cells are washed twice with 1-mL 

fluorescent-activated cell sorting (FACS) wash buffer (PBS+1% Bovine Serum 

Albumin+0.2% Sodium Azide) and subsequently resuspended in 500µL of FACS wash 

buffer before being stored in 4˚C fridge in dark to be processed further on the BD LSR 

Fortessa SORP instrument. Positive control involves placing cells on 65˚C heat block for 

10 minutes and mixing 1:1 ratio of stained live and dead cell population to obtain 

differential fluorescence intensity based on cell viability. Negative control is unstained 

cell population.  
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2.5.2 Propidium Iodide Staining for Cell Cycle Analysis 

300,000 cells are seeded into a 6-cm cell culture dish (Thermo Fisher Scientific) 

and allowed to settle for 24 hours under culturing conditions before receiving 16-hour 

treatment of serum-free growth media for cell cycle synchronization. Once cell cycle 

synchronization is complete, 10% FBS-supplemented growth media containing desired 

concentration of drugs is applied to cells for 24 hours under culturing conditions. Cells 

are trypsinized and then washed twice with PBS prior to staining with eFluorTM 780 

Fixable Viability Dye as mentioned above to distinguish dead cells from the entire cell 

population. Following staining with eFluorTM 780, strong fluorescence signals of which 

label dead cells, cells undergo fixation. During fixation, cells are exposed to gradual, 

drop-wise addition of ice-cold 70% ethanol while being simultaneously vortexed. Cells 

suspended in ice-cold 70% ethanol are then placed in 4˚C fridge for another 24 hours to 

allow for thorough fixation. Once fixation is complete, ethanol is removed by pelleting 

cells down through 10-minute centrifugation at 3000 RPM at 4˚C. Cell pellets are then 

washed twice with 3 mLs of PBS following the aforementioned centrifugation conditions 

before being re-suspended in 500 µL of PI solution ([PI (Thermo Fisher Scientific)] =10 

mg/mL, [RNase A (Thermo Fisher Scientific)] = 20 mg/mL diluted in PBS). Resuspended 

cells are placed in dark at room temperature for 1 hour. To avoid collecting cell clumps, 

cell clumps are filtered out using round-bottom polystyrene test tubes with cell strainer 

snap cap (Falcon) before being run on low speed using the 780/60 band pass filter to 

detect fluorescence signals of eFluorTM 780 Fixable Viability Dye and the 585/42 band 

pass filter on CytoFlex (Beckman Coulter) for those of propidium iodide. To analyze cell 



 45 

cycle distribution within the live cell population, only the e780-negative population is 

used as a basis to measure distribution of PI fluorescence intensity. Histograms 

depicting distribution of PI fluorescence intensity and its corresponding event number 

are gathered and the mean fluorescence intensity value, for each sample, is analyzed 

using FCS Express 7.  

 

 

 

2.5.3 FITC-Annexin V / 7-AAD (7-Aminoactinomycin D) Staining for Assessment of 

Apoptosis 

Early-stage apoptosis is characterized by a series of structural changes of the 

plasma membrane, such as flipping of the cell membrane and the exposure of 

cytoplasmic-facing phospholipid phosphatidylserine to the extracellular milieu. Annexin 

V, as a phospholipid-binding protein, has high binding affinity to phosphatidylserine 

after its exposure to the extracellular side during early-stage apoptosis. Late-stage 

apoptosis and necrosis, on the other hand, involve the direct exposure of intracellular 
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genomic content, and, therefore can be detected by binding to common intercalating 

agents, such as 7-AAD (7-Aminoactinomycin D) and propidium iodide. To determine the 

precise modality of cell deaths, cells are stained with FITC-conjugated Annexin V and 7-

AAD according to manufacturer’s instruction of FITC Annexin V Apoptosis Detection Kit 

with 7-AAD (BioLegend). 150,000 cells are seeded and allowed to settle for 24 hours 

under culturing conditions in a 35-mm cell culture dish before being treated with drugs 

of desired concentration for 24 and 48 hours for R231 cells and 72 hours for MCF7R 

cells. Once drug treatment is complete, cells are washed twice with PBS and 

resuspended in 100-µL Annexin V Binding Buffer. Subsequently, 5 µLs of FITC Annexin V 

and 5 µLs 7-AAD Viability Staining Solution are added to the 100-µL cell suspension. Each 

sample is briefly vortexed and incubated in the dark at room temperature for 15 

minutes before being dispensed to a FACS tube containing 400 µLs of Annexin V Binding 

Buffer placed in an icebox. Samples are then read on the BD Celesta cytometer (BD 

Biosciences) on low speed using FITC and 7-AAD-specific detectors. Cells treated with 

9.8 mM of H2O2 for 2 hours and stained with Annexin V only are used as the single-

channel Annexin V positive control, whereas cells subjected to higher incubation period 

with same dosage of H2O2 and stained with 7-AAD only are used as the single-channel 7-

AAD positive control. Compensation is adjusted manually on FCS Express 7 to minimize 

fluorescence signal spillover. Quadrant gating positionality is determined by 

fluorescence signals of single-channel FITC-Annexin V and 7-AAD from cell population 

with a 1:1 mixture of live, untreated cells and H2O2-treated cells.  
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2.5.4 Autophagy Assay 

Autophagy is measured in accordance to the Autophagy Assay Kit’s 

manufacturer’s protocol (Abcam; ab139484). 150,000 cells are seeded and allowed to 

settle for 24 hours in a 35-mm cell culture dish under culturing conditions before being 

treated with drugs of desired concentration for 8, 16, and 24 hours. As a positive 

control, autophagy is induced by overnight treatment with 500-nM DMSO-reconstituted 

lyophilized autophagy inducer, rapamycin. On the day of the experiment, cells are 

collected via centrifugation at 1000 RPM for 5 minutes and subsequently washed twice 

and resuspended in 250 µLs of 1X Autophagy Assay Buffer provided in the Autophagy 

Assay Kit supplemented with 5% FBS. 250 µLs of Autophagy Green dye staining solution 

is applied to the cell suspension for 30 minutes at room temperature in the dark. 

Afterwards, cells are collected via centrifugation at 1000 RPM for 5 minutes and washed 

with 1X Autophagy Assay Buffer prior to being resuspended in 500 uL of fresh 1X Assay 
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Buffer and read on low speed using the FITC-specific detector of the BD Celesta 

cytometer.  

 

 

 

2.5.5 CM-H2DCFDA Staining for Quantification of Total Reactive Oxygen Species (tROS) 

70,000 cells are seeded in 12-well plates and allowed to settle for 24 hours under 

culturing conditions before being treated with drugs of desired concentration for 8, 16, 

and 24 hours. 30 minutes prior to staining, cells are treated with 9.8 mM of H2O2 as a 

positive control. Cells are centrifuged at 1,000 RPM for 5 minutes and washed with PBS 

twice before staining with viability dye and CM-H2DCFDA (Thermo Fisher Scientific) 

staining mixture (1µL of eFluorTM 780 Fixable Viability Dye and 1 µL of DMSO-constituted 

5 mM CM-H2DCFDA diluted in 1000 µLs of PBS per sample) in dark at room temperature 

for 30 minutes. Cells are washed once with PBS and then read on the band pass filter set 

525/40 for CM-H2DCFDA and filter set 780/60 for eFluorTM 780 Fixable Viability Dye. The 

distribution of fluorescence intensity of CM-H2DCFDA and its corresponding event 
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number is plotted out of live, or e780-negative, cell population. Mean fluorescence 

intensity of CM-H2DCFDA is reported by FCS Express 7.  

 

 

 

 

2.5.6 MitoSOX Red Staining to Quantify Mitochondrial Reactive Oxygen Species 

(mitoROS) 

70,000 cells are seeded in 12-well plates and allowed to settle for 24 hours under 

culturing conditions before being treated with drugs of desired concentration over 8, 16, 

and 24 hours. 8 hours prior to staining, cells were treated with 50uM of FCCP (carbonyl 

cyanide-p-trifluoromethoxyphenylhydrazone) as a positive control. Cells are centrifuged 

at 1,000 RPM for 5 minutes and washed twice with PBS before staining with viability dye 

and MitoSOX Red reagent (Thermo Fisher Scientific) staining mixture (1µL of eFluorTM 

780 Fixable Viability Dye and 1 µL of DMSO-constituted 5 mM MitoSOX Red reagent 

diluted in 1000 µLs of PBS per sample) in dark at room temperature for 30 minutes. Cells 
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are washed once with PBS and then read on the band pass filter set 585/42 for MitoSOX 

Red and filter set 780/60 for eFluorTM 780 Fixable Viability Dye. The distribution of 

fluorescence intensity of MitoSOX Red and its corresponding event number is plotted 

out of live, or e780-negative, cell population. Mean fluorescence intensity of MitoSOX 

Red, which is reflective of the level of mitochondrial ROS, is reported by FCS Express 7.  

 

 

2.5.7 DAF-FM Diacetate Staining for Quantification of Nitric Oxide (NO) 

70,000 cells are seeded in 12-well plates and allowed to settle for 24 hours under 

culturing conditions before being treated with drugs of desired concentration over 8, 16, 

and 24 hours. 8 hours prior to staining, cells were treated with 2000-nM PLX as a 

positive control. Cells are centrifuged at 1,000 RPM for 5 minutes and washed with PBS 

twice before staining with viability dye and DAF-FM diacetate (4-Amino-5-Methylamino-

2’, 7’-Difluorofluorescein Diacetate, Thermo Fisher Scientific) staining mixture (1µL of 

eFluorTM 780 Fixable Viability Dye and 1 µL of DMSO-constituted 5 mM DAF-FM 

diacetate diluted in 1000 µLs of PBS per sample) in dark at room temperature for 30 
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minutes. Cells are washed once with PBS and then read on the band pass filter set 

525/40 for DAF-FM diacetate and 780/60 for eFluorTM 780 Fixable Viability Dye. The 

distribution of fluorescence intensity of DAF-FM diacetate and its corresponding event 

number is plotted out of live, or e780-negative, cell population. Mean fluorescence 

intensity of DAF-FM diacetate is reported by FCS Express 7.  

 

 

 

2.6 Gap Closure Assay 

30,000 cells were seeded into each well of the 2-well culture insert (Ibidi) on a 

35-mm culture plate (Thermo Fisher Scientific) and allowed to adhere to the bottom of 

the plate overnight under culturing conditions. A pair of forceps is used to remove the 

insert the next day. Cells are washed twice with 0.5% FBS-supplemented growth media. 

Cells are then exposed to 0.5% FBS-supplemented growth media containing drugs of 

desired concentration, after which a picture of the gap is captured immediately at the 0-

hour time point using an inverted light microscope at 10X magnification. Cells are then 
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placed back to their culturing conditions for 16 hours before another image at the same 

spot is taken using the aforementioned parameters.  

 

 

 

2.7 Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR) 

800,000 cells are seeded and allowed to settle on a 10-cm culture dish (Thermo 

Fisher Scientific) under culturing conditions for 24 hours before drug treatment. 

Following 16-hour drug treatment, 1mL of Trizol reagent (Thermo Fisher Scientific) is 

used isolate total RNA. 2 µgs of total RNA are used to perform cDNA conversion 

following manufacturer’s protocol associated with SuperScript First-Strand Synthesis 

System for RT-PCR (Thermo Fisher Scientific). Regions of interest within cDNA are 

amplified using specific primers (Table 3) and quantified using the SsoAdvanced 

Universal SYBR Green Supermix (BioRad) and the BioRad CFX96 Real-time PCR Detection 

System. mRNA expression cycle threshold (Ct) values are calculated after normalization 

to the expression level of the housekeeping 3-phosphate dehydrogenase (GAPDH) 
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reference gene using the Livak and Schmittgen’s 2-△△CT method. The endpoint of these 

results translate into fold changes in the expression level of genes of interest, reported 

relative to those in the vehicle control (DMSO-treated) sample.   

 

 

Table 3. Primer Sequence Table 

Gene Name  Forward Primer Sequence (5’ – 3’) Reverse Primer Sequence (5’ – 3’) 

GAPDH GACAGTCAGCCGCATCTTCT GCGCCCAATACGACCAAATC 

ATF2 TGTGAATTCTGCCAGGCAAT CTCGTTGGTAAAACGCTGGC 

BAD CTCCGGAGGATGAGTGACGA CACCAGGACTGGAAGACTCG 
 

BAX GCAGATCATGAAGACAGGGGC TGCCACTCGGAAAAAGACCT 
 

Bcl-2 GGATCCAGGATAACGGAGGC GGGCCAAACTGAGCAGAGTC  
 

Bcl-xL ACTGGTTGAGCCCATCCCTA GGGCATCCAAACTGCTGCTG 

Bim ACAGAGCCACAAGACAGGAG ACCATTGCACTGAGATAGTGGT 
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2.8 Confocal Microscopy  

Confocal microscopy is used to quantify nuclear fragmentation incidence rate 

and elucidate the fluorescence intensity of microtubules as targets of paclitaxel after a 

time-course drug treatment.  

 

 

2.8.1 Imaging and Quantification of Nuclear Fragmentation  

Autoclaved coverslips are allowed 24 hours to settle to the bottom of a media-

filled 35-mm culture plate under culturing conditions prior to removal of media. 

Following media removal, 150,000 cells are seeded and allowed 24 hours to adhere to 

the bottom of the coverslip. Drugs of desired concentration are then applied to cells 

over 0 and 24 hours. Following drug incubation, cells grown on coverslips are washed 

twice with 1X PBS and fixed with 4% paraformaldehyde (Sigma) for 15 minutes under 

p53 ATTGGCCAGACTGCCTTCCG TCCCAGAATGCAAGAAGCCGC 

RB1 ACACAACCCAGCAGTTCGAT GGGTGTTCGAGGTGAACCAT 

TNF-α 
 

CCCAGGGACCTCTCTCTAACA GCTTGAGGGTTTGCTACATCATG 

TGF-β 
 

AGGGCTACCATGCCAACTTC CCCGGGTTATGCTGGTTGTA 
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room temperature. Cells are washed twice with PBS before being permeabilized with 

0.1% Triton X-100 (100 µL of 10% Triton X-100 (Sigma) in 9.9 mL of ddH2O) followed by 

two washes with 1X PBS. Cells are then incubated with Alexa Fluor 555 Phalloidin 

(Thermo Fisher Scientific), an F-actin binding dye that defines cell membrane, and 

Hoechst 33342 (Thermo Fisher Scientific), a fluorescent DNA-intercalating agent, for 45 

minutes in the dark at room temperature. Stained coverslips are washed three times 

with 1X PBS before being transferred onto microscopy glass slides (Thermo Fisher 

Scientific) and immersed in a droplet of 10 µLs of fluorescence mounting media (Agilent) 

for each coverslip. Samples are imaged immediately with 405-nm (for nuclei) and 555-

nm lasers (for F-actin) under the 63X magnification of a LSM710 confocal microscope. 

Confocal microscopy image results are reported as nuclear fragmentation incidence 

rates, or the ratio of the number of fragmented nuclei over total number of cells 

imaged. These results are presented as bar graphs over a range of drug treatment 

doses.  
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2.8.2 Quantification of Fluorescence Intensity of Microtubules  

Autoclaved coverslips are allowed 24 hours to settle to the bottom of a media-

filled 35-mm culture plate under culturing conditions prior to removal of media. 

Following media removal, 150,000 cells are seeded and allowed 24 hours to adhere to 

the bottom of the coverslip. Drugs of desired concentration are then applied to cells 

over 0, 1, 3, and 6 hours. Following drug incubation, cells grown on coverslips are 

washed twice with 1X PBS and fixed with 4% paraformaldehyde for 15 minutes under 

room temperature. Cells are washed twice with PBS before being permeabilized by 0.1% 

Triton X-100 (100 µL of 10% Triton X-100 (Sigma) in 9.9 mL of ddH2O) followed by two 

washes with 1X PBS. Cells are then incubated with Oregon GreenTM 488 Conjugate 

paclitaxel derivative (Thermo Fisher Scientific), a tubulin-binding agent, Alexa Fluor 555 

Phalloidin, Hoechst 33342, as previously described for 45 minutes in the dark at room 

temperature. Stained coverslips are washed three times with 1X PBS before being 

transferred onto microscopy glass slides and immersed in a droplet of 10µLs of 

fluorescence mounting media for each coverslip. Samples are imaged immediately with 

405-nm (for nuclei), 488-nm (for microtubules), and 555-nm (for F-actin) lasers under 

the 63X magnification of a LSM710 confocal microscope. Sample preparation and image 

acquisition across all biological repeats involve using the same dye concentration and 

identical gain and laser power. The fluorescence intensity of microtubules in any given 

cell is reported by ImageJ after outlining cell membrane following phalloidin staining 

signals and superimposing the same area onto the 488-nm laser, Oregon Green 488 

paclitaxel derivative channel.  
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2.9 Statistics  

Statistical significance for multiple comparisons (three or more experimental 

conditions) is analyzed using the Tukey post-hoc test in conjunction with one-way 

ANOVA, whereas Student’s t tests are performed to analyze statistical significance 

between two experimental conditions. The error bars represent mean ± S.D. of the 

experiments. The level of statistical significance is indicated by the presence and 

number of asterisks used in bar graphs throughout this thesis with n.s = not significant 

(p>0.05), * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, and **** = p ≤ 0.0001. 
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                                                     CHAPTER 3        RESULTS  
 
3.1 Validation of Paclitaxel-resistant breast cancer cell lines and sensitive counterparts 

Paclitaxel-resistant triple-negative (MDA-MB-231) and receptor-positive (MCF7) 

cells were established through continuous culturing of the paclitaxel-sensitive, wild-type 

MDA-MB-231 and MCF7 cells in increasing dosage of paclitaxel (PLX) until 5mg/mL or 

585nM of PLX was reached. To verify the establishment of drug resistance in our model 

breast cancer cell lines, 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide 

(MTT) viability assays were conducted on PLX-resistant triple-negative breast cancer 

(231R) and receptor-positive breast cancer (MCF7R) cells, along with their sensitive 

counterparts following incubation with various doses of PLX over the span of 24, 48, and 

72 hours (Figure 3.1 A-B). At 72 hours, the IC50 values of chemo-sensitive triple-negative 

breast cancer (231S) and receptor-positive MCF7 (MCF7S) cells were 2.459 nM and 

10.59 nM, respectively. On the contrary, 231R and MCF7R cells exhibited IC50 values of 

1.036 µM and 1.76 µM, respectively, suggesting the establishment of chemoresistance 

in 231R and MCF7R cells.  
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Figure 3.1. MTT cell viability assay of 231R, MCF7R, 231S, and MCF7S cells. A) 

Normalized cell viability of sensitive and resistant triple-negative breast cancer MDA-

MB-231 cells in response to varying concentration of PLX at 24, 48, and 72-hour 

treatment time points. B) Normalized cell viability of sensitive and resistant receptor-

positive breast cancer MCF7 cells in response to varying concentration of PLX at 24, 48, 

and 72-hour treatment time points. Data are expressed as the mean ± s.d. of triplicates 

(n=3). All experiments were performed three times to confirm reproducibility. NS 

indicates P > 0.05, * indicates P ≤ 0.05, ** indicates P ≤ 0.01, and **** indicates P ≤ 

0.0001.  
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3.2 BC-2021, albeit downregulating resistant breast cancer cell viability, exerts 

significantly higher cytotoxicity in combination with PLX on 231R and MCF7R cells  

Cell counting experiments showed that 1µM of BC-2021 alone did not reduce the 

viability of 231R and MCF7R cells over 24, 48, and 72-hour incubation periods (Figure 3.2 

A), whereas the combination of 585nM PLX and 1µM of BC-2021 induced significant 

cytotoxicity on 231R and MC7R cells over these time frames (Figure 3.2 B). This effect 

was more pronounced over the longer-term study as evidenced by the complete 

eradication of clonogenicity of 231R and MCF7R cells exposed to 1µM of BC-2021 and 

585nM of PLX at the 14-day interval (Figure 3.2 C). Since the concentration of PLX 

remained constant in the combinatorial regimen, 231R and MCF7R cells exhibited dose-

dependent reduction in viability in response to the increasing concentration of BC-2021 

within the combinatorial regimen, as illustrated by flow cytometric assessment of cell 

viability using the Fixable Viability Dye eFluorTM 780 (Figure 3.2 D). A BC-2021 dosage-

dependent shift of cell population to the non-viable region was observed for 231R and 

MCF7R cells upon combinatorial drug treatment, further demonstrating the potent 

cytotoxicity of the combination of BC-2021 and PLX on resistant breast cancer cells.  
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Figure 3.2. BC-2021 in combination with PLX induces sustained cytotoxicity on 231R 

and MCF7R cells. A) Normalized cell counting of 231R and MCF7R 24, 48, and 72 hours 

post-BC-2021 treatment alone relative to the DMSO-treated control B) Normalized cell 

counting of 231R and MCF7R 24, 48, and 72 hours following combinatorial treatment 

with BC-2021 and 585nM PLX to relative to the DMSO and 585nM PLX-treated control. 

C) Normalized colony counts of 231R and MCF7R cells following combinatorial 

treatment with BC-2021 and 585nM PLX for 14 days relative to the colony counts of the 

DMSO and 585nM PLX-treated control. D) e-FluorTM 780-based flow cytometric 

assessment of 231R and MCF7R cell viability following 72-hour combinatorial treatment 

with BC-2021 and 585nM PLX. e-Fluor 780TM viability dye, a cell membrane-

impermeable dye, emits fluorescence upon binding to amine residues of proteins. Viable 

cells exhibit minimal e-FluorTM 780 fluorescence signal, while non-viable cells exhibit 

significantly higher fluorescence signals as a result of the dye binding to intracellular 

proteins after crossing the compromised cell membrane. Flow cytometry data was 

acquired by Lauren Westhaver, PhD Candidate, in the Department of Pathology at 

Dalhousie University at the time of this writing. Data are expressed as the mean ± s.d. of 

triplicates (n=3). NS indicates P > 0.05, * indicates P ≤ 0.05, ** indicates P ≤ 0.01, *** 

indicates P ≤ 0.001, and **** indicates P ≤ 0.0001.  
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3.3 Combination drug-treated 231R and MCF7R cells undergo primarily apoptosis 

To characterize the modality of drug-induced cell death, 231R and MCF7R cells were 

treated with BC-2021 alone or BC-2021 and PLX before being co-stained with FITC-

conjugated Annexin V and 7-AAD. FITC-conjugated Annexin V emits fluorescence upon 

binding to phosphatidylserine, the externalization of which hallmarks apoptotic cell 

death, whereas the exclusive exhibition of 7-AAD, a DNA-intercalating agent, signifies 

necrotic cell death. Based on the distribution of fluorescence signals (Figure 3.3 A-B), the 

percentages of apoptotic (FITC+ or FITC-and-7-AAD+) and necrotic (7-AAD+) cells for each 

given drug dosage or combination were quantified. BC-2021 incubation alone did not 

enhance overall cell death, comprising of both apoptotic and necrotic cell populations, 

on 231R cells (Figure 3.3 C) and MCF7R cells (Figure 3.3 D), however, BC-2021 and PLX 

treatment together resulted in predominantly apoptotic cell death of 231R at the 24 and 

48-hour treatment intervals (Figure 3.3 E) and of MCF7R cells at the 72-hour treatment 

period (Figure 3.3 F), both in a BC-2021 dose-dependent manner (Figure 3.3 G). To 

further validate apoptotic cell death, we evaluated the extent of nuclear fragmentation, 

a phenotypical hallmark of apoptosis, using the fluorescent DNA-intercalating dye 

Hoechst 33342. Indeed, following 24-hr incubation with BC-2021 alone or BC-2021 in 

combination with 585nM of PLX, 231R cells exhibited a BC-2021 dose-dependent 

increase in nuclear fragmentation incidences (Figure 3.3 H-I), pinpointing apoptosis as 

the major modality of cell death following combinatorial treatment.  
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A. H2O2-induced 7-AAD Staining (Positive Control) 

 

 

B. H2O2-induced FITC-Annexin V Staining (Positive Control) 
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Figure 3.3. Combination drug-treated 231R and MCF7R cells undergo primarily 

apoptosis. To facilitate flow cytometry gating, 231R cells were subjected to H2O2 

incubation as outlined in 2.5.3 of Materials and Methods and were subsequently stained 

with either 7-AAD or FITC-conjugated Annexin V to serve as single channel-stain control. 

Based on fluorescence signatures, A) necrotic (7-ADD+) and B) apoptotic (FITC+ or FITC-

and-7-AAD+) 231R cells were identified. Total percentage of cell death, encompassing 

both apoptotic and necrotic population, was tallied and reported for C) 231R cells and 

D) MCF7R cells cells treated with BC-2021 alone or E) with BC-2021 and 585nM of PLX at 

24 and 48 hours for 231R cells as well as F) for MCF7R cells at the 72-hour interval. G) 

231R and MCF7R cells both exhibit predominantly apoptotic cell death following 

combinatorial drug treatment. H) Validatory fluorescent confocal microscopy images 

displaying dose-dependent nuclear fragmentation of 231R cells following 24-hr 

combinatorial drug treatment with 0, 1, and 2.5µM of BC-2021 and 585nM of PLX. 

Nuclei, in blue, were stained by Hoechst 33342 (blue), a cell membrane-permeable DNA 

minor groove-binding agent. Cell boundary, in red, was outlined by the F-actin-binding 

chemical phalloidin. All images were acquired using the Zeiss LSM 710 Confocal 

Microscope at 63X magnification. I) Quantification of percent fragmented nuclei, or the 

total number of 231R cells exhibiting fragmented nuclei out of the entire cell population, 

post-drug treatment revealed a dose-dependent increase in nuclear fragmentation, the 

phenotypical hallmark of apoptosis. Data are expressed as the mean ± s.d. of triplicates 

(n=3). NS indicates P>0.05, * indicates P ≤ 0.05, *** indicates P ≤ 0.001, and **** 

indicates P ≤ 0.0001. 
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3.4 The combination of BC-2021 and PLX downregulates 231R and MCF7R cell viability 

by disposing 231R and MCF7R cells, but not sensitive counterparts, to PLX cytotoxicity 

Given that the combinatorial administration of BC-2021 and PLX leads to drastic 

and sustained killing of 231R and MCF7R cells, it was of interest to study whether BC-

2021 acts by potentiating the therapeutic efficacy of PLX. To test this hypothesis, 231S 

and MCF7S cells were treated with DMSO, 2.5µM of BC-2021, 5nM of PLX, and 2.5µM of 

BC-2021 along with 5 nM of PLX for 24, 48, and 72 hours. 2.5µM of BC-2021 in 

combination with 5nM of PLX did not result in greater 231S or MCF7S cell death 

compared to 5-nM PLX challenge alone, suggesting that BC-2021 does not act solely by 

potentiating the therapeutic efficacy of PLX (Figure 3.4 A). Instead, cell counting 

following the sequential single and double-agent incubation of BC-2021 and PLX 

paradigm (Figure 3.4 B) revealed that the combination of BC-2021 and PLX 

downregulated 231R and MCF7R cell viability specifically by predisposing resistant cells 

to PLX-mediated cytotoxicity, as evidenced in the 30-40% reduction of viability among 

231R and MCF7R cells relative to the DMSO-treated control group following 24-hour 

pre-treatment with BC-2021 and 72 hours of PLX incubation immediately afterwards 

(Figure 3.4 C).  
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Figure 3.4. BC-2021 and PLX selectively downregulate 231R and MCF7R cell viability by 

disposing 231R and MCF7R cells, but not sensitive counterparts, to PLX cytotoxicity. A) 

Normalized 231S and MCF7S cell count following treatment with DMSO, 2.5µM of BC-

2021, 5nM of PLX, and the combination of 2.5µM BC-2021 and 5nM of PLX for 24, 48, 

and 72 hours. B) Single and double-agent sequential administration paradigm of BC-

2021 and PLX on 231R and MCF7R cells. C) Normalized 231R and MCF7R cell count 

following the paradigm outlined in (B) in relative to the DMSO-treated control group. 

Data are expressed as the mean ± s.d. of triplicates (n=3). NS indicates P>0.05, ** 

indicates P ≤ 0.01, *** indicates P ≤ 0.001, and **** indicates P ≤ 0.0001. 
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3.5 Bcl-2 family genes and other survival-regulating genes do not underlie 

combinatorial drug-mediated cell death  

Apoptotic cell death in cancer following chemotherapeutic challenges often 

involves Bcl-2 family genes and other survival-regulating genes, such as tumor protein 

53 (p53), activating transcription factor 2 (ATF2), retinoblastoma protein 1 (RB1), 

transforming growth factor β (TGF-β), and tumor necrosis factor (TNF-α) (206-212). To 

investigate whether these genes were involved in combinatorial regimen-mediated cell 

death, we treated 231R cells with DMSO, 1µM, and 2.5µM of BC-2021 in combination 

with 585nM of PLX for 16 hours and evaluated the functional expression of these 

candidate genes using quantitative reverse transcription polymerase chain reaction (RT-

qPCR). 231R cells did not exhibit explicit dose-dependent transcriptional regulation of 

these candidate genes (Figure 3.5). The apparent lack of up-regulation of pro-apoptotic 

genes, such as BAX, Bim, p53, and RB1, and concurrent downregulation of pro-survival 

genes, such as Bcl-2 and Bcl-xL, indicates that neither Bcl-2 family genes nor the survival-

regulating candidate genes were sufficient to account for the acute apoptotic cell death 

post-combinatorial drug treatment. 
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Figure 3.5. Bcl-2 family genes and candidate survival-regulating genes are not 

prominent cell death mediators of 231R cells post-combinatorial drug treatment. 

Relative level of expression of Bcl-2 family genes and other candidate survival-regulating 

genes extracted from 231R cells treated with 0, 1, and 2.5µM of BC-2021 in combination 

with 585nM of PLX. Gene expression level was assessed by RT-qPCR. DMSO and 585nM 

of PLX-treated cells were used for normalization. Data are expressed as the mean of 

triplicates in one biological replicate (n=1). 
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3.6 BC-2021 and PLX-mediated cell death does not involve induction of reactive 

oxygen species  

Generated primarily as a by-product of mitochondrial oxidative phosphorylation, 

reactive oxygen species (ROS), such as superoxide anion (O2
-), hydroxyl radical (OH.), and 

hydrogen peroxide (H2O2), carry out the critical roles of maintaining cellular redox 

balance, regulating cell cycle progression, and modulating immune responses at 

moderate levels (213-215). Excessive ROS reacts with organic substrates, including 

lipids, proteins, and DNA, leading to cell death (216). Strikingly, many chemotherapeutic 

agents, including paclitaxel, mediate cancer cell death by increasing ROS levels (217). To 

investigate whether ROS elevation served as the basis for drug-induced cell death, using 

ROS indicators, CM-H2DCFDA (total ROS) and MitoSOX (mitochondrial ROS) for flow 

cytometry (Figure 3.6 A-B), we measured total cellular (tROS) and mitochondrial ROS 

(mROS) on live 231R and MCF7R cells following 8, 16, and 24 hours of treatment with 

either BC-2021 alone (Figure 3.6 C-D) or BC-2021 and PLX (Figure 3.6 E-F). Neither tROS 

nor mROS was up-regulated in live 231R and MCF7R cells following 0, 1, and 2.5µM of 

BC-2021 treatment alone over the 8, 16, and 24 intervals. Interestingly, even in the 

combinatorial regimen-treated 231R and MCF7R cells, we did not detect consistent and 

sustained upregulation of tROS and mROS, suggesting that overall ROS elevation did not 

serve as the primary mechanism leading to deaths of 231R and MCF7R cells following 

treatment with BC-2021 and PLX.  
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Figure 3.6. BC-2021 and PLX-treated 231R and MCF7R cells do not exhibit elevated 

ROS. A) Histogram distribution of fluorescence intensity of total ROS-sensitive dye, CM-

H2DCFDA, and B) mitochondrial-ROS dye, MitoSOX Red, of uninduced and induced 231R 

cells according to 2.5.5 and 2.5.6 of Materials and Methods. Time-course flow 

cytometric measurements of tROS and mROS of live C) 231R and D) MCF7R cells 

following 8, 16, and 24 hours of BC-2021 treatment alone or (E-F) BC-2021 in 

combination with PLX. Despite statistically significant elevation of mROS in 231R cells 

following 24-hour treatment with 2.5µM BC-2021 and 585nM of PLX, the miniscule 

extent of ROS induction is not sufficient to account for the ensuing drastic cell death. 

Data are expressed as the mean ± s.d. of triplicates (n=3). NS indicates P>0.05, * 

indicates P ≤ 0.05, ** indicates P ≤ 0.01, *** indicates P ≤ 0.001, and **** indicates P ≤ 

0.0001. 
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3.7 BC-2021 and PLX-treated 231R and MCF7R cells do not die through elevated nitric 

oxide 

Through crosstalk with reactive oxygen species and induction of nitrosative 

stress, elevated nitric oxide (NO) and their chemical derivatives lead to DNA damage and 

cell death (218). To investigate whether NO upregulation underlies combination 

treatment-mediated cell death, 231R and MCF7R cells subjected to either BC-2021 alone 

or BC-2021 and PLX for 8, 16, and 24 hours were assessed for NO levels using flow 

cytometry (Figure 3.7. A-C). Compared to the vehicle control DMSO and 585nM PLX 

group, NO was not particularly upregulated, especially at the 8 and 16-hour drug 

treatment periods where pronounced cell death already began to occur, following 

treatment of 1µM and 2.5µM BC-2021 in combination with 585nM PLX, suggesting that 

NO elevation did not precede cell death and, therefore, was not likely to account for 

combinatorial drug-induced cell death.  
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Figure 3.7 BC-2021 and PLX-treated 231R and MCF7R cells do not die through elevated 

nitric oxide. A) Histogram distribution of fluorescence intensity of the NO-sensitive dye, 

DAF-FM Diacetate, on untreated 231R cells and 231R cells induced for NO according to 

2.5.7 of Materials and Methods. B) 8, 16, and 24-hour BC-2021 treatment alone did not 

induce NO level on 231R and MCF7R cells, so did C) combinatorial treatment with BC-

2021 and 585nM of PLX, suggesting that NO upregulation was not chiefly responsible for 

combinatorial drug-induced cell death. Data are expressed as the mean ± s.d. of 

triplicates (n=3). NS indicates P>0.05, * indicates P ≤ 0.05, and ** indicates P ≤ 0.01. 
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3.8 BC-2021 treatment alone attenuates autophagy in 231R and MCF7R cells 

Autophagy has been dubbed as a double-edged sword in regulating cell viability. 

Sufficient autophagy recycles biomolecules to sustain cellular bioenergetics. Excessive 

autophagy, however, may result in autophagic cell death, where cytoplasmic content 

collapses and becomes chemically degraded (219). Reducing autophagy, on the other 

hand, has been adopted as a functional basis for the design of chemo-sensitizers to 

combat drug-resistant cancers as attenuated autophagic degradation machineries are 

linked to increased cytoplasmic bioavailability of chemotherapeutic agents (220, 221). 

To determine whether autophagic dysregulation mediates drug-induced cell death, we 

monitored cellular autophagy on 231R and MCF7R cells following 8, 16, and 24 hours of 

BC-2021 treatment alone (Figure 3.8 A) or BC-2021 in combination with PLX (Figure 3.8 

B) using autophagy dye-based flow cytometry. Interestingly, we demonstrated that BC-

2021, on its own, impairs autophagy in both 231R and MCF7R cells 24 hours post-

treatment. This reduction in autophagy was, however, not evident in 231R cells but was 

observed in MCF7R cells post-combinatorial treatment with BC-2021 and PLX, 

suggesting the likely differential regulation of autophagy across hormone-receptor and 

negative breast cancer subtypes. Nevertheless, BC-2021 treatment alone attenuated 

cellular autophagy in both 231R and MCF7R in a time-dependent manner, suggesting 

that autophagy inhibition may be one, among many other means, that contributed to 

reversal of chemoresistance.  
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Figure 3.8. BC-2021 alone attenuates autophagy in 231R and MCF7R cells. Cellular 

autophagy was monitored using an autophagic vacuole-selective dye through time-

course flow cytometry on 231R and MCF7R cells treated with BC-2021 alone or BC-2021 

in combination with PLX over 8, 16, and 24 hours. A) 1µM of BC-2021 alone attenuates 

autophagic activity of both 231R and MCF7R cells. B) Combinatorial administration of 

1µM BC-2021 and 585nM PLX left no impact on autophagy in 231R cells over the 24-

hour window but decreased autophagic activity in MCF7R cells 16 and 24 hours of drug 

treatment, suggesting possible differential regulation of autophagy across triple-

negative and receptor-positive breast cancer cells. Data are expressed as the mean ± 

s.d. of triplicates (n=3). NS indicates P>0.05, * indicates P ≤ 0.05, and ** indicates P ≤ 

0.01. 
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3.9 BC-2021 and PLX collectively induces drastic G2/M phase cell cycle arrest on 231R 

and MCF7R cells  

Cellular survival and proliferation requires controlled progression of cell cycle. 

Perturbations of cell cycle can lead to cell death (222). To assess the functional 

regulation of cell cycle post-drug treatment, we compared cell cycle progression of live 

231R and MCF7R cells treated with either BC-2021 alone to that of cells treated with BC-

2021 in combination PLX for 24 hours by monitoring the population-wide distribution of 

the fluorescence intensity of propidium iodide, a DNA-intercalating agent. BC-2021 

alone did not alter cell cycle progression (Figure 3.9 A), however, when in combination 

with PLX, BC-2021 induced drastic G2/M phase cell cycle arrest on both 231R and 

MCF7R cells in a dose-dependent manner (Figure 3.9 B). Notably, following 24-hour 

treatment with 2.5µM of BC-2021 and 585nM of PLX, roughly 80% of live cells 

underwent G2/M phase cell cycle arrest, the magnitude of which was in concomitance 

with the extent of cell death observed at later time point. Collectively, cell cycle arrest at 

the G2/M phase served as a critical mechanism underlying combinatorial drug therapy-

mediated cell death.  
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Figure 3.9 BC-2021 and PLX treatment leads to substantial G2/M phase cell cycle 

arrest in 231R and MCF7R cells. Cells were incubated with various drug regimen for 24 

hours before being co-stained with eFluorTM 780 Fixable Viability dye as well as 

propidium iodide and analyzed via flow cytometry. A) BC-2021 treatment alone did not 

impact 231R and MCF7R cell cycle progression. B) Extensive G2/M phase cell cycle arrest 

was detected in 231R and MCF7R cells treated with combinatorial regimen consisting of 

1µM or 2.5µM of BC-2021 and 585nM PLX. Data are expressed as the mean ± s.d. of 

triplicates (n=3). NS indicates P>0.05, ** indicates P ≤ 0.01, and **** indicates P ≤ 

0.0001. 
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                                                      CHAPTER 4   Conclusion 
 
4.1 Discussion 
 
 Our work provides in vitro insights into a novel combination regimen consisting 

of 1µM of BC-2021, a chemo-sensitizer, and 585nM of PLX, the gold-standard 

chemotherapeutic agent indicated for advanced breast cancer patients, in the 

management of multidrug-resistant hormone receptor-positive (MCF7) and triple-

negative (MDA-MB-231) breast cancer cells. Through cell counting and flow cytometric 

analysis, the concurrent administration of 1µM of BC-2021 and 585nM of PLX exerted 

potentiated acute (≤72 hours) and prolonged (14 days) cytotoxicity on drug-resistant 

breast cancer cells than either drug alone. Notably, we determined that cell cycle 

abnormality, particularly G2/M phase cell cycle arrest, served as the principal mediator 

leading to drug-induced apoptosis and its associated nuclear fragmentation.  

 Our study revealed that drug-resistant breast cancer cells exposed to 24-hour 

treatment with BC-2021 and PLX underwent systemic G2/M phase cell cycle arrest, the 

degree of which was comparable to that of cell death obtained through cell counting 

experiments. In agreement with our results, Hwang and colleagues observed sustained 

G2/M phase cell cycle arrest in concomitance with DNA damage in cisplatin-resistant 

epithelial ovarian cancer cells subjected to cisplatin treatment in combination with the 

chemosensitizer chloroquine (223). Furthermore, Sanchez-Carranza and colleagues 

discovered that Achillin could enhance the chemosensitivity of drug-resistant 

hepatocellular carcinoma cells to PLX and potentiate its effect on G2/M phase cell cycle 

arrest (224). It is worth mentioning that this G2/M phase cell cycle arrest was observed 
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with high concentration of chemosensitizer (100µM of Achillin) and low dosage (25nM) 

of PLX as opposed to a low dosage of chemosensitizer (1µM of BC-2021) and high 

concentration (585nM) of PLX as was the case in our study. These findings collectively 

demonstrate the critical need of proper cell cycle regulation in supporting cell survival 

and the ubiquity of G2/M phase cell cycle arrest in mediating drug-induced cell death. 

Conversely, our finding, however, differs from Vinod and colleagues’ work, where 

resveratrol, along with docetaxel, another taxane with similar anti-tumor spectra as PLX, 

induced sub-G0 phase accumulation and chemo-sensitized HER2-overexpressing breast 

cancer cells to docetaxel challenge (225). Such difference can be explained by the 

drastically lower dosages of docetaxel utilized by Vinod and colleagues during cell cycle 

analysis, offering a contextualized landscape for the interpretation of cell cycle 

abnormality in response to drug treatment. Indeed, in agreement with this 

interpretation, high dosages (100nM) of docetaxel lead to G2/M phase cell cycle arrest 

in breast cancer cell lines, whereas lower dosages (2-4 nM) generally target other cell 

cycle stages (226). As a result, our and similar studies collectively illustrate that though 

chemo-sensitizers and chemotherapeutics utilized in anti-cancer regimens differ, the 

extent of cell cycle arrest can eventually converge based on the dosages of 

chemosensitizers and chemotherapeutics administered, offering flexibility in prescribing 

therapeutics to combat multidrug resistance.  

 Further, based on flow cytometric analysis of FITC-Annexin V and PI, we 

demonstrated drug-resistant cells treated with BC-2021 and PLX underwent enhanced 

apoptosis, rather than other forms of cell death, compared to treatment with either BC-
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2021 or PLX alone. The biochemical basis of intrinsic apoptotic cell death begins with 

cellular insults that lead to loss of mitochondrial integrity, permeability, and subsequent 

activation of caspases followed by caspase-mediated disintegration or fragmentation of 

subcellular organelles (227, 228). To enhance the cytotoxic mechanisms of action of 

existing chemotherapeutic compounds, most chemosensitizers act by tilting the balance 

of survival-regulating proteins towards apoptotic promotion, rendering drug-resistant 

cells more susceptible to the initiation of apoptosis. This concept is shown by the work 

of Cheng and colleagues’, where ferulic acid, a bioactive compound found in cereal 

grains and Chinese herbs, enhances epirubicin-mediated apoptosis by increasing the 

ratio of pro-apoptotic protein, Bax, to anti-apoptotic protein, Bcl-2, in triple-negative 

breast cancer cells (229, 230). Working with nasopharyngeal carcinoma cells, Zhou and 

colleagues also discovered identical mechanism of reverting apoptotic resistance using 

astragalus polysaccharides and cisplatin, implicating the dysregulated Bax to Bcl-2 ratio 

in conferring apoptotic resistance in diverse cancers (231). These studies are in line with 

the macroscopic trend we observed through our preliminary qPCR experiments, 

indicating potentially increased expression of pro-apoptotic genes, such as Bax, Bad, and 

Bim, while showing relatively stable and slightly diminished expression of anti-apoptotic 

genes, such as Bcl-2 and Bcl-xL post-combinatorial drug treatment. However, it is worth 

noting that the extent of upregulated expression of pro-apoptotic genes and the 

downregulation of anti-apoptotic genes in our study was rather miniscule compared to 

those of Cheng et al. and Zhou et al.. Such discrepancy could be partially accounted by 

the relatively intensive dosage of PLX being administered onto even the vehicle-control 
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cells, leaving little room for transcriptional alterations of survival-regulating genes to 

take place before sizeable cell death takes over. Treating cells with a lower dosage of 

PLX as part of the combinatorial regimen over a longer treatment period may offer a 

more stabilized or controlled environment for the measurement of the ratio of Bax to 

Bcl-2. Interestingly, while most chemosensitizers act by increasing the propensity of 

resistant cancer cells to apoptosis, Lin and colleagues’ work revealed that graphene 

oxide, a nanomaterial, sensitizes CT26 colon cancer cells to cisplatin by provoking 

primarily necrotic cell death likely through non-canonical autophagy-dependent 

processes (232). This atypical necrotic mode of cell death, albeit contradictory to our 

results, exemplifies the versatility, complexity, and abundant points of interventions for 

chemo-sensitization to take place.  

 Moreover, the advantage of our chemo-sensitizer, BC-2021, in comparison to 

many of the chemo-sensitizers mentioned previously, graphene oxide, for instance, is its 

superior safety profile (233). Indeed, our results indicated that treatment with low 

micro-molar BC-2021 had minimal cytotoxicity on non-cancerous MCF10A breast 

epithelial cells and BHK kidney fibroblasts over 72 hours. This finding was particularly 

encouraging as it served as a solid basis for further in vivo toxicity assessment of BC-

2021. 

 Lastly, to contextualize our results, it is critical to recognize that our work was 

built upon a two-dimensional in vitro setting, where drug-resistant breast cancer cells 

were cultured in the form of platted sheets deprived of stromal interactions and 

endocrine signaling as in the case of an in vivo environment (234). Even though we 
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reported drastic and sustained combination regimen-mediated cytotoxicity against 

resistant breast cancer cells, our mechanistic understanding was, after all, limited, and 

questions remained on the penetration, efficacy, tolerance, and utility of our 

combinatorial regimen in three-dimensional in vivo models.  
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Figure 4.1. Schematic summary of the combinatorial regimen consisting of BC-2021 

and PLX and its principal mode of cytotoxicity. Concurrent treatment of drug-resistant 

breast cancer cells with 1µM of BC-2021 and 585nM of PLX resulted in acute apoptosis 

that is independent of ROS and NO induction, microtubule stabilization (Appendix Figure 

2), autophagic impairment, and altered expression of the Bcl-2 family genes. Cell cycle 

analysis revealed global G2/M phase cell cycle arrest upon incorporation of BC-2021 into 

PLX treatment, resulting in nuclear fragmentation and subsequent apoptosis of drug-

resistant breast cancer cells. To conclude, our research identified that 1µM of BC-2021 

and 585nM of PLX induce apoptosis through cell cycle arrest, the effect of which 

outweighs other potential mediators of cell death.  
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4.2 Limitations 
 
4.2.1 Limited control panels 

 The control experiments described in this thesis suffer from two sources of 

limitations – the absence of PLX-alone control group and high dosage of PLX used as part 

of the combinatorial regimen. 

For a thorough layout of control conditions for the cell counting, colony assay, 

cell cycle analysis, ROS as well as NO measurements, and confocal microscopy, we 

should have also tested the effects of PLX alone without the addition of the DMSO 

vehicle control. Even though administering 585nM of PLX to resistant breast cancer cells 

would not cause drastic cell death over at least 24 hours, there may be background 

effects on cell cycle regulation, ROS, NO, and microtubule stabilization in comparison to 

the untreated cells. Being able to take background effects into consideration when 

analyzing data across experimental groups helps elucidate how these parameters could 

be affected by the combinatorial regimen. 

Furthermore, the 585nM of PLX used in the combinatorial regimen may not 

represent the most ideal dosage for biochemical studies, providing limited context for  

understanding the biological processes potentially perturbed by the combinatorial 

regimen. The levels of NO, total, and mitochondrial ROS often increase in cancer cells 

upon PLX challenge (235-237). The fact that 1µM of BC-2021 and 585nM of PLX led to 

roughly 25% cell death following 24 hours of drug treatment but failed to induce 

significantly higher levels of ROS and NO compared to those of the vehicle control 

(DMSO+585nM PLX) group suggests that cells were already experiencing the highest 
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possible ROS and NO when treated with DMSO+585nM PLX and that even the tiniest 

increase of ROS and/or NO may lead to cell death. Indeed, these drug-resistant cells, 

were only able to endure up to 585nM of PLX challenge without exhibiting significant 

decline in viability. In alignment with the MTT assay measuring cell viability in response 

to PLX challenge, 585nM of PLX demarcated the cell viability threshold. Had the flow 

cytometry staining of NO and ROS been conducted on resistant cells treated with lower 

concentrations of PLX, there would have been a significant increase in ROS and NO 

levels upon introducing BC-2021.  

 

4.2.2 Primitive RT-qPCR results 

Though performed in three technical replicates, the RT-qPCR experiment was 

conducted only on one biological sample. As a result, the validity of the data is weak. In 

addition, since paclitaxel can enter the cell either through passive diffusion across the 

plasma membrane or through OATP transporters as described in the Introduction 

section 1.3.2.1, gene expression profiles of various members of the OATP family 

transporters along with efflux transporters should also be conducted and repeated on 

three biological specimens of resistant breast cancer cells to speculate on the 

disposition and transport of PLX. 

 

4.2.3 Incomprehensive assessment of autophagy  

Autophagy plays a cytoprotective role during PLX challenge (238, 239). Our flow 

cytometry staining of an autophagy-specific dye indicated that 24-hour treatment of 
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1µM of BC-2021 impaired overall autophagy of resistant breast cancer cells, which was 

likely to set the stage for enhancing PLX-mediated cell death due to the abrogation of 

cytoprotective autophagy. To make a stronger case of this, it is necessary to conduct 

Western blotting and RT-qPCR on markers of autophagy, such as microtubule-associated 

protein light chain 3 I (LC3 I) and II (LC3 II) and autophagy-related proteins (ATGs) (240). 

Furthermore, modulation of autophagy through siRNA-mediated genetic knockdown or 

overexpression of these autophagy markers may be used as a validatory step to either 

enhance or attenuate BC-2021-mediated synergy of PLX response of resistant breast 

cancer cells, respectively. Alternatively, to determine whether attenuated autophagy, 

presumably due to BC-2021 administration, may lead to increased cytoplasmic PLX 

content, studying the intracellular trafficking and deposition of PLX using fluorescent 

paclitaxel derivative Flutax-1 (Green) may be of interest for future studies (241).  

 

4.2.4 Insufficient validation of microtubule dynamicity  

The primary investigative endpoint used to quantify the extent of microtubule 

stabilization in this thesis is mean fluorescence intensity of exogenously stained tubulin 

proteins as tubulin stabilization is often manifested in stronger tubulin staining in other 

studies (242, 243). Other recognized markers of stabilized microtubules include 

acetylated tubulin and de-tyrosinated tubulin (244, 245). These post-translational 

modifications of the microtubules can be detected via Western blot. Had these Western 

blots been conducted along with confocal microscopy imaging of microtubules, there 
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would have been more clues as to whether microtubule stabilization contributed to the 

death of multi-drug resistant breast cancer cells treated with BC-2021 and PLX. 

 

 

4.3 Future Directions 

Throughout this project, various attempts were made to explore potential 

subcellular pathways through which BC-2021 in combination with PLX act to kill multi-

drug resistant breast cancer cells. This effort started with a preliminary qPCR screen for 

candidate genes regulating cell survival. When none of the candidate genes seemed to 

be significantly biologically upregulated or downregulated in an explicit dose-dependent 

manner, generic mediators of cell death, such as NO, total, and mitochondrial ROS, were 

assessed. These attempts neither defined a specific subcellular pathway nor elucidated 

a subcellular target of the combinatorial drug regimen, rendering the lack of mechanistic 

insights a jarring weakness of this work. Herein, we propose several directions on which 

future work can focus.   

 

4.3.1 Assessment of membrane transporters in therapeutic resistance 

As mentioned in 1.3.2.1, aberrant membrane transporters are fundamental to 

drug resistance in breast cancer. These membrane transporters mainly fall into the 

solute carrier (SLC) and ABC superfamilies, mediating the influx and efflux for a broad 

spectrum of substrates, respectively (246). Future studies should focus on investigating 

the functional correlation between the expression as well as activity of these 
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transporters and sensitivity to therapy. To execute this goal, future experiments could 

implement micro-array analyses of SLC and ABC family transporters in conjunction to 

published large-scale datasets on drug resistance, such as the Cancer Cell Line 

Encyclopedia and the Catalogue of Somatic Mutations in Cancer (247-250). 

Furthermore, future studies can also incorporate biophysical approaches by utilizing 

fluorescent tracer dyes, such as rhodamine and acetoxymethyl calcein, to measure the 

kinetics of SLC and ABC transporters across drug-sensitive and resistant cells (251, 252).  

 

4.3.2 Transcriptomic profiling of multidrug-resistant breast cancer cells  

Functional genomics may offer robust mechanistic insights into transcriptional 

alterations associated with acquired chemoresistance. Differentially expressed 

transcripts in drug resistant breast cancer cells can be identified and subsequently 

clustered by DESeq2 Bioconductor (253). Clustered datasets can then be fed into gene 

set enrichment analysis (GSEA) to further identify the most impacted cellular pathways 

across different biological states. A significant advantage of using GSEA is that it does 

not set a “threshold value” in defining whether genes are significantly altered or not, 

allowing a holistic evaluation of gene enrichment in a specific biological context (254).    

This genomic pipeline is critical as it can not only reveal transcriptional alterations 

associated with multi-drug resistance but also reveal cellular targets of BC-2021 in 

restoring the chemosensitivity of previously resistant cancer cells.  
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4.3.3 3D spheroids for drug efficacy and toxicity characterization 

Even though in vitro experiments confirmed that 1µM of BC-2021 and 585nM of 

PLX induced potent cytotoxicity against resistant breast cancer cells, this did not 

guarantee that the combinatorial drug regimen would work in a three-dimensional solid 

tumor mass or in the actual bodily tumor microenvironment. It may be of interest to 

establish and cultivate 3D spheroid models to assess the penetration, bioavailability, 

toxicity, and efficacy of BC-2021 alone before transitioning to in vivo studies. 

 

4.3.4 Patient-derived xenograft as in vivo model 

As directly implanting established human cancer cell lines, which have adapted 

to in vitro growth, into immunodeficient mice does not embody clinical characteristics of 

cancer due to the lack of proper tumor microenvironment and texture, obtaining and 

culturing original biopsy or surgical resections of human tumor specimens as patient-

derived xenografts (PDX) serves as a more representative method for preclinical drug 

validation (255). PDX models are excellent sources for predicting and characterizing drug 

efficacy and response, offering a route toward personalized treatment (256). As PDX 

models have been previously adopted in research on breast cancer therapeutic 

resistance, future research may employ such in vivo model (257).  
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4.3.5 Drug-drug interactions and pharmacokinetics   

This research proposes that the combination of BC-2021 and PLX effectively 

targets drug-resistant breast cancer cells; however, it is possible that other conventional 

chemotherapeutic agents can also have synergistic effects in killing resistant cancer cells 

when being combined with BC-2021. An in vitro screen coupled with Combination Index 

analysis may provide preliminary insights on this question (258). In addition to 

uncovering the mechanism of action, or the pharmacodynamic properties, of BC-2021 

and PLX in overcoming drug resistance, future research should also strive to understand 

the metabolism and excretion of the drug combination through different routes/sites of 

administration. To determine the therapeutic potential of our combination regimen, an 

understanding of the half-life, bioavailability, and potential interaction with drug-

metabolizing enzymes, such as the cytochrome P450 superfamily enzymes, in vivo is 

required. These insights will serve as strong foundation for future predictive work 

evaluating patient response and the design of individualized anti-cancer therapy for not 

just breast cancer but also potentially other cancers.  
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                 Appendix 

The cytotoxic profile BC-2021 on non-cancerous mammalian cell lines 

To establish a preliminary toxicity profile of BC-2021 in vitro, various micromolar 

dosages of BC-2021 alone were administered to non-cancerous mammalian cell lines, 

MCF10A (Non-tumorigenic Human Breast Epithelium) and BHK (Baby Hamster Kidney 

fibroblasts). Cell counting following 24, 48, and 72-hr incubation indicates that BC-2021 

is not acutely cytotoxic on MCF10A and BHK cells at the 1µM concentration (Appendix 

Figure 1).  
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Appendix Figure 1. 1µM of BC-2021 was not toxic to non-cancerous MCF10A and BHK 

cells. Micromolar ranges of BC-2021 were tested on two non-cancerous mammalian cell 

lines. Interestingly, incubation with 1 µM of BC-2021 did not lead to cell MCF10A and 

BHK cell death within the 72-hour treatment period. Data are expressed as the mean ± 

s.d. of triplicates (n=3). NS indicates P>0.05 and **** indicates P ≤ 0.0001. 
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BC-2021 and PLX combinatorial regimen does not enhance microtubule stabilization  

Microtubules dynamically regulate cell division and shape. As mentioned 

previously, PLX inhibits microtubule dynamicity and promotes microtubule stabilization, 

resulting in apoptotic cell death. While culturing 231R and MCF7R cells, we discovered 

that cells shrunk in response to PLX treatment alone and the combination of BC-2021 

and PLX. To evaluate whether BC-2021 increased the extent of PLX-mediated 

microtubule stabilization within the combinatorial regimen, 231R cells were treated 

with the DMSO vehicle and 1 µM of BC-2021 along with 585nM of PLX and observed for 

microtubule stabilization phenotype using a fluorescent tubulin-binding agent at the 1, 

3, and 6-hour treatment intervals (Appendix Figure 2 A-D), before noticeable cell death 

occurred. Interestingly, at these time frames, microtubule stabilization, as reflected in 

the average tubulin fluorescence intensity, was not enhanced in combinatorial drug-

treated 231R cells compared to the DMSO+585nM PLX-treated control. Strikingly, 

tubulin fluorescence intensity was decreased, rather than increased, at the 1-hour 

treatment period, suggesting that BC-2021 and PLX combinatorial regimen does not lead 

to resistant breast cancer cell death through intensifying microtubule stabilization.  
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Appendix Figure 2. BC-2021 in combination with PLX does not potentiate microtubule 

stabilization. 231R cells treated with drug regimen for desired periods of time were 

fixed and stained with Hoechst 33342, Oregon GreenTM 488 Conjugate paclitaxel 

derivative, and phalloidin to label nuclei, tubulins, and F-actin, respectively. These 

subcellular structures were visualized using Zeiss LSM 710 Confocal Microscope at 63X 

magnification. A) Spatial distribution of nucleus, tubulin, and F-actin in untreated 231R 

cells. Tubulin is, for the most part, spread out throughout the cytoplasm enclosed within 

the actin cytoskeleton boundary. B-D) Time-course measurements of mean fluorescence 

intensity of Oregon GreenTM 488 Conjugate paclitaxel derivative in 231R cells 1, 3, and 6 

hours following vehicle control and combinatorial drug-treatment. Data are expressed 

as the mean ± s.d. of triplicates (n=3). NS indicates P>0.05 and **** indicates P ≤ 

0.0001. 
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BC-2021 and PLX combination does not impair cellular migration 

Cellular migration was measured by gap closure assay. For this assay, a gap was 

induced among fully adherent 231R and MCF7R cells, and cells were allowed to migrate 

to fill the gap. To suppress cell division while maintaining cell viability, 0.5% FBS-

supplemented culture media was supplied along with various drug combinations for the 

entire duration of the migration period. BC-2021 and PLX combination did not impair 

cell migration (Appendix Figure 3 A-B). 
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Appendix Figure 3. BC-2021 along with PLX did not impair cell migration. 

A)231R and B) MCF7R cells immersed in culture medium containing various drug 

regimen were allowed to migrate to fill equally-sized gaps over 16 and 24 hours, 

respectively. BC-2021 and PLX incubation did not impair cell migration. All images were 

acquired using inverted light microscope at the 10X magnification. Experiment was 

repeated three times to confirm reproducibility. Data shows one representative image 

from three separate experiments.  
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