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ABSTRACT 

 

INVESTIGATING MOLECULAR MECHANISMS UNDERLYING 

RESISTANCE TO NOTCH INHIBITORS IN BREAST AND OVARIAN 

CANCER 

 

Breast and ovarian cancers remain highly malignant among women with more 

than 11% overall of incidence rates worldwide. Traditional treatment strategies including 

chemotherapy, radiotherapy and hormone therapies continues to be successful yet for the 

long-term, cancer recurrence and drug resistance remains to be the main issue. In addition 

to the altering common cell fate regulations, cancer cells modify signaling pathways to 

overcome cytotoxicity. Notch signalling pathway is a conserved ligand-receptor pathway 

that necessarily plays role in survival homeostasis, yet it is dysregulated in various 

cancers. Currently, novel treatment strategies are targeting this pathway through Gamma 

Secretase Inhibitors (GSI) DAPT, R04929097 and MK0752 that are use both as a single 

agent and in combinations with Docetaxel or Cisplatin. The clinical success of these 

inhibitors requires further examination of potential intrinsic or acquired resistance 

profiles. In this study, we generated breast cancer cells (MDA-MB-231 and MCF-7) 

resistant to DAPT or R04929097 and ovarian cancer cells (IGROV-1, BG-1, SKOV-3 

and A2780) resistant to MK0752 by gradual treatments of increasing doses based on 

drugs’ IC50 values. Morphological changes, growth rates, migration alterations, mRNA 

expressions of Notch pathway components and epithelial mesenchymal transition 

markers, 3D setups for acidosis responses and protein expressions for c-myc and 

oxidative stress response markers were analyzed. Furthermore, proteomic analysis was 

carried out with the ovarian cancer cell line IGROV-1. The response of the cells to 

different drug treatments and dysregulated protein families exposed in resistance 

mechanisms behind DAPT, R04929097 and MK0752 for both breast and ovarian cancer 

cells are reported. Overall, this study reveals possible resistance mechanisms against GSIs 

and emphasizes potential targets through well-known hallmarks of cancer drug resistance. 
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ÖZET 

 

MEME VE YUMURTALIK KANSERLERINDE NOTCH 

BASKILAYICILARINA KARŞI OLUŞAN MOLEKÜLER DİRENÇ 

MEKANİZMALARININ ARAŞTIRILMASI 

 

Meme ve yumurtalık kanserleri dünyada yaygın olarak %11’ den fazla insidans 

oranı ile kadınlarda en yüksek maligniteye sahiptir. Geleneksel tedavi stratejileri, 

kemoterapi, radyoterapi ve hormon tedavileri başarılı olmaya devam etse de uzun vadede 

kanserin yeniden nüks etmesi ve ilaç direnci ana sorun olmaya devam etmektedir. Hücre 

kaderini belirlemede yapılan değişimlere ek olarak kanser hücreleri sinyal yolaklarını da 

modifiye ederek sitotoksisteye karşı gelmektedir. Notch, korunmuş, hücrenin yaşamsal 

homeostazını koruyan lüzumlu bir sinyal yolağı olmak ile birlikte farklı kanser türlerinde 

düzensiz ifade edilmektedir. Yeni tedavi srtratejilerinde biri olan gama sekretaz 

inhibitörleri, DAPT, R04929097 ve MK0752 günümüzde tek ya da anti-kanser ajanları, 

Docetaxel veya Cisplatin ile kombinasyonel terapötik stratejisi olarak Notch’u 

hedeflemek için kullanılmaktadır. Bu inhibitörlerin klinik başarılarının devamlılığı için 

öncü veya sonradan direnç mekanizmalarının profil edilebilmesi için ek çalışmalar 

gerektirmektedir. Bu projede, MDA-MB-231 ve MCF-7 meme kanseri hücreleri DAPT 

veya R04929097’e dirençli, IGROV-1, BG-1, SKOV-3 ve A2780 yumurtalık kanseri 

hücreleri ise MK0752’ya ilaçların dereceli IC50 artışına maruz kalması yöntemi ile 

dirençli hale getirilip, kombinasyonel sinerji skorları bilinen Docetaxel veya Cisplatin ile 

combine edilmiştir. Meme ve yumurtalık kanserinde morfolojik değişimler, proliferasyon 

oranları, migrasyon değişimleri, EMD RNA ekspresyon markerları, 3D asidoz yanıt 

deneyleri ve protein c-Myc ve oksidatif stress yanıt markerları, proteomic deneyler ile 

desteklenerek düzensiz regüle olan protein ailelerinin DAPT, R04929097 ve MK0752 

direnç mekanizmalarını ortaya çıkarmıştır. Sonuç olarak bu proje gama sekretaz 

baskılayıcılarının potansiyel ilaç direnç hedef mekanizmaları hakkında geniş spektrumlu 

araştırmayı, bilinen kanser ilaç direnci buluşları ile vurgulamaktadır. 
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1. Cancer 

 

Cancer is collection of diverse, dynamic, and complex neoplastic diseases that 

remains to be causing highest mortality worldwide. Such diversity is associated with the 

origin of the tissue, genetic regulators, epigenetic switches, and cell signalling 

pathways. The archetype cells merged in eight hallmarks and two enabling 

characteristics listed by Hanahan and Weinberg for a better understanding of cancers 

biological machinery (2000; 2011). Hallmarks categorize cancer cells routine as; growth 

without contact inhibition, evading cell cycle checkpoint inhibitions, and becoming 

replicable immortal, uncontrolled proliferating signalling’s, escaping destructive 

immune response, tumour-associated inflammatory response, angiogenesis, genomic 

instability, and accumulation of mutations, evading cell death, unbalanced cellular 

metabolism, invasive and metastatic behaviour (Hanahan and Weinberg, 2011). Altered 

homeostatic stages in progenitor cells endure remodelled intra/intercellular mechanisms 

which results in malignancy (McGranahan and Swanton, 2017). Chemotherapy, 

hormone therapies, surgery and radiotherapy are reductionist treatment strategies used 

over decades (Zugazagoitia et al., 2022). Metastatic and invasive behaviour of 

malignant cells and inclusion of cumulative genetic modifications complicate traditional 

cancer treatments (Sarkar et al., 2013). Main hindrance for successful and long-term 

cancer treatments remains to be the resistance against therapy followed by recurrence. 

Highest therapy resistance and recurrence rates lingers among ovarian and breast 

cancers (Garzon et al., 2020; Riggio et al., 2021). Modern and personalized treatments 

are currently designed to target specific molecules or pathways to overcome recurrence 

conundrum in the clinic (Harbeck et al., 2019). 
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1.1.1. Breast Cancer  

 

Breast cancer is highly malignant among woman remains 11.7% of overall 

incidence rate and 6.9% mortality rate worldwide (Sung et al., 2021). Breast 

malignancies originates from mammary gland, from either the basal tissue 

(myoepithelial) or luminal tissue near lumen area (epithelial cellular phenotype) (Yates 

et al., 2017; Mollen et al., 2018; Giuoli et al., 2019). Breast cancer can be classified into 

histological and molecular subtypes. Histological characterization classifies breast 

cancer as, in situ carcinoma (lobular or ductal), invasive carcinoma (lobular and/or 

ductal or both), invasive carcinoma type specific (papillary, medullary, apocrine, 

mucinous, tubular, cribriform, clear cell, and Paget disease), and Miscellaneous 

(anaplastic, metaplastic, malignant phyllodes tumour and pleomorphic sarcoma). 

Molecular characterization classifies breast cancer as, Luminal A (estrogen receptor 

(ER) +, progesterone receptor (PR) +, HER2-), Luminal B (ER+, PR+/-, HER2+/-), 

Triple Negative (ER-, PR-, HER2-) and HER2 (HER2+). (Mollen et al., 2018 and Waks 

and Winer, 2019). Breast cancer screening and detection are done via mammography, 

ultrasound, and magnetic resonance imaging (Wang, 2017). Oestrogen, progesterone 

hormone receptors and HER2 expressions, cell cycle proteins and Ki67 cancer cell 

proliferation markers are determined by immunohistochemical staining assay to define 

the stage as well as treatment strategy (Waks and Winer, 2019). ER/PR+ breast cancers 

are sequentially treated with hormone therapy (tamoxifen and fulvestrant), 

chemotherapy (paclitaxel, cisplatin, doxorubicin, docetaxel, vincristine, erlotinib and 

pertuzumab) after surgical operations. HER2 targeted therapies applied for HER2+ 

subtype.  Triple negative breast cancer is treated with chemotherapy as they are not 

responsive to available hormone or targeted therapies. Anthracycline-based therapies 

(doxorubicin, cisplatin, paclitaxel, taxane, eribulin and vinorelbine) and taxane based 

therapies (capecitabine) are used as a single/multiple chemo-treatments or in 

combination with radiotherapy (Moo et al., 2018).   
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1.1.2. Ovarian Cancer 

 

Ovarian cancer (OC) is main gynaecologic malignancy among woman 

worldwide (Waks and Winer., 2019). OC originates from surface epithelial-stromal 

cells, germ cells, sex cord-stroma and further metastasize to ovaries accordingly to 

staging (Hirst et al., 2018). Histological subtypes of epithelial OC are serous, 

endometroid, clear cell, mucinous and malignant Brenner whereas germ cells are 

subtyped as teratoma, dysgerminoma, endodermal sinus tumor, choriocarcinoma. Sex 

cord-stroma histological subtyping consists of fibroma, Granulos-theca cell tumor, 

Sertoli-Leydig cell tumor accordingly to the diagnosis frequency (Flaum et al., 2020). 

Molecular biomarkers of serous ovarian cancers consist of low expressions of BRCA1, 

BRCA2 and p53 additional to, increased KRAS, BRAF, and PI3KCA expressions. 

Low-grade serous, mucinous, clear cell and endometrioid carcinoma, expresses 

dysregulations in Ras, BRAF, PIK3CA and PTEN biomarkers (Guo et al., 2021). 

Surgery and chemotherapy are the main treatment strategies for OC’s. Traditional 

chemotherapeutics as paclitaxel, gemcitabine, topotecan, vinorelbine, cisplatin, 

docetaxel is used to treat OC’s. Recurrence in short time and drug resistance against 

platinum-based treatments shortens therapeutic options. Bevacizumab is an angiogenic 

inhibitor used to treat platinium resistant OC’s as well as PARP inhibitor Olaparib 

supported with immunotherapies. Estrogen and progesterone receptors stimulate 

aberrant cell cycle and OC progression (Matulonis et al., 2016). OC diagnosis involves 

pelvic exam, transvaginal ultrasound, CT scan of abdomen and pelvis, MRI, PET scan, 

biopsy, and genetic testing of BRCA1/2, PTEN, RAS family proteins, BRAF, PI3KCA 

and p53. Chemoresistance, non-efficient hormone therapy outcome and recurrence 

remains to be the main hinder for breast and ovarian cancer treatments (Waks and 

Winer, 2019 and Anouk et al., 2020). 

 

1.2. Traditional Chemotherapy 

 

Chemical agents used to induce anti-neoplastic outcome is termed as 

chemotherapy. Traditional chemotherapeutics induces cell death in rapidly dividing 

cells via structural DNA modifications or inhibition of cell division whereas millennial 
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treatments are aiming to target pathway specific abnormalities to overcome cancer 

response in long term.  Commonly, chemotherapeutics is derived from herbal, bacterial 

and synthetic combinations (Mallat, Tanios and Itani, 2013). Alkylating agents, 

anthracyclines, antibiotics, taxanes and antimetabolites are some of the typical 

chemotherapy categories. Effectiveness of these agents counteracts with the fact of drug 

resistance and cancer recurrence. Homeostasis of dysregulated pathways through target 

specific drugs gives new aspect outcome overcoming such cancer dilemma. Cisplatin 

and docetaxel are the most common chemotherapeutics used both as a single agent and 

in combination with novel drugs in the clinic in treating breast and ovarian cancers. 

Their combinations with millennial therapies are magnified in both preclinical and 

clinical studies (Prica, Chan and Cheung, 2014). 

 

1.2.1. Cisplatin  

 

Cisplatin is an antineoplastic platinum-based DNA alkylating-like agent mostly 

used for cancer treatment (Goodsell, 2006). Discovery of cisplatin in 1844 by M. 

Peyrone raised platinum-based therapies in demand use for various types of cancer 

treatments. Supportively, preclinical, and clinical trials have widened the knowledge 

about the benefits of metal-based (platinum and palladium etc.) medicines in cancer 

therapy (Muggia et al., 2015). Cisplatin mostly used for solid tumors such as soft tissue 

sarcoma, lymphomas, ovarian, breast and small cell lung cancer (Siddik, 2003). 

Mechanism of action starts by cisplatin entering the cell by passive diffusion and CI- in 

the structure exchanged by H2O molecule to create a bond and swap the bond between 

platinum and Guanine at N
7 position to start crosslinking the DNA. Cisplatin induced 

lesion stimulates repair mechanisms such as nucleotide excision repair and homologous 

repair to activate DNA repair, sidewise, if damage remains under continuous treatments 

DNA replicates lesion area via translesion synthesis and induces cells to undergo 

apoptosis (Cerón-Carrasco and Jacquemin, 2015; Rocha, Silva, Quinet, Cabral-Neto & 

Menck, 2018). Cisplatin, carboplatin and oxaliplatin are the most widely used platinum-

based chemotherapeutic drugs (Wang, Lin, Liu & He, 2013).  

Cisplatin is approved worldwide and the one with the least adverse effects in 

treating cancers like breast, ovarian and sarcoma’s (Killari et al., 2016). Cisplatin is only 

affective in high doses and severely toxic to organs (induces cardiotoxicity, ototoxicity, 
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and kidney failure) which is creating dilemma that remains unsolved as contrarily 

optimum/low dose induces intrinsic or acquired drug resistance (Wang et al., 2014).  

Platinum-based drug resistance is one of the main restrictions in the usage of cisplatin 

for both short- and long-term cancer treatments. High levels of DNA damage after three-

six months of chemotherapy with cisplatin urges drug resistance then tumors relapse 

(Callejo et al., 2015). Such resistance can be induced through multiple pathways; 

dysfunctioning drug influx-efflux mechanisms (imbalance in the expression of 

transporters), DNA repair sufficiency (increased repair machinery) and drug 

detoxification (increased expression of Glutathione S-transferase). Cisplatin is 

transported inside the cell via CTR1 (chloride transport receptor 1), and decreased influx 

induces resistant behavior (Dasari & Bernard Tchounwou, 2014; Rocha, Silva, Quinet, 

Cabral-Neto & Menck, 2018). On the other hand, increased efflux property of 

transporter family MRP-1 (multidrug resistance-associated protein 1) also decreases the 

toxicity of cisplatin. Dysregulation in ATP-dependent glutathione S-conjugate export 

pump (GS-X pump) also leads resistant cell behavior for cisplatin treatment (Dasari & 

Bernard Tchounwou, 2014; Zhu et al., 2016).  

 

1.2.2. Docetaxel 

 

Docetaxel (Taxotere) is member of a taxane family, an anti-microtubule agent, 

which binds to β subunits of tubulin and inhibits depolymerization, blocking cell 

division by causing mitotic catastrophe and induces cell death through Smac-DIABLO 

pathway. Docetaxel is commonly used as first line chemotherapeutic treating breast and 

ovarian cancers (Magadoux, et al., 2014). It is efficacy and tolerability (side effects such 

as neutropenia) are proven to be better when compared to the doxorubicin and paclitaxel 

monotherapies. Docetaxel is also used as secondary option after a prior 

chemotherapeutic strategy that proves its usability in drug resistance-cancer relapse 

models (Williamson and Fenton, 2005). Docetaxel is pumped out of the cell slower than 

paclitaxel and such mechanism is stimulated by P-glycoprotein pumps on the cell 

surface. On the other hand, docetaxel induces β tubulin mutations which then leads to 

survival pathways causing drug resistance. The mechanism of resistance remains 

unknown in metastatic breast cancer cells and ovarian cancers (Magadoux, et al., 2014). 

Docetaxel is used both as a single and combinational treatments in the clinics for treating 
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various cancers including breast cancer and to this date, there are over hundred clinical 

studies conducted (National Cancer Institute, 2020).  

 

1.3. Drug Resistance 

 

Toxic stimuli adaptation is defined as resistance and cancer cells mimic such 

adaptive behaviours against anti-neoplastic drug treatments such as chemotherapy 

(Bizzarri, Cucina and Proietti, 2014). Chemotherapy is one of the most powerful 

efficient treatments, used for over 60 years to treat many types of cancer (Luqmani, 

2008 and Alfarouk et al., 2015). Resistance to chemotherapy limits the effectiveness of 

anti‐cancer drug treatment and it causes treatment failure in over 90% of patients with 

metastatic cancers. Such response commonly induces cells become cross‐resistant to 

other drugs with known or unknown mechanisms of action (Sh et al., 2019 and Wang 

and Guo, 2013).  

Drug resistance can be divided into either intrinsic or acquired based on the 

innate or continuous response against the drug. Intrinsic resistance refers to innate lack 

of response against the therapeutic agent at clinically admissible dose. Heterogenic 

tumour populations with diverse sensitivity patterns and mutations can also become the 

cause of intrinsic resistance. Cancer stem cells evade from the traditional 

chemotherapies that results in rampant toxicity and cancer recurrence (Wang, Zhang, 

and Chen, 2019).  

Contrariwise, acquired resistance indicates the lack of response that develops 

after initial successful therapy. Acquired resistance can depend on accordingly to the 

therapeutic agent used, dose and treatment schedule. Acquired resistance can induce 

novel mutations that might trigger the recurrence and cancer cell longevity due to the 

usage of traditional chemotherapeutic drugs (Nussinov et al., 2021). For instance, acute 

myeloid leukaemia patients with tumour recurrence after chemotherapy proved 

transversion mutations results in further DNA damage that might be caused by 

chemotoxicity (Ding et al., 2012). Intrinsic and acquired resistance can co-exist and 

induce single or multiple drug resistance responsible for cancer recurrence (Moulder, 

2010 and Cree and Charlton, 2017). Common networks for intrinsic and acquired 

resistance can be represented as hallmarks of drug resistance as increased drug efflux, 

epigenetic modifications, changes in tumour microenvironment, cancer metabolism, 
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epithelial-mesenchymal transition (EMT), altered drug targets, altered DNA damage 

repair, inactivated drug chemistry, oxidative stress, and evading apoptosis (Figure 1). 

These factors could emanate alone or in combination for cancer cells to overcome 

cytotoxic stimuli (Zunino and Gatti, 2005; Housman et al., 2014; Cree and Charlton, 

2017; Benko et al., 2021; Nussinov et al., 2021). Resistance mechanisms differs 

depending on the specificity of the drug, drug exposure routines, applied combinational 

strategies, stage of cancer and tissue/cell origin (Lippert, Ruoff and Volm, 2011). 

 

 

Figure 1.  Schematic representation of hallmarks of intrinsic and acquired drug 

lresistance in cancers  (Source: Nussinov et al., 2021; created with 

lBioRender.com, accessed in 2022).  

 

1.3.1. Hallmarks of Drug Resistance 

 

Increased drug efflux by ATP binding cassette (ABC) superfamily 

transmembrane transporters endures cellular homeostasis against chemical imbalance 

as well as cytotoxicity (Szakács, Homolya, Sarkadi & Váradi, 2008). Cancer cells 
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increase the number of ABC transmembrane transporters to lower/overcome 

intracellular toxicity prior or after the chemotherapeutic agent introduction (Wang et al., 

2019). There are 48 human ABC superfamily genes classified in to 7 sub-groups ABCA-

G and each includes minimum of 3 members. ABCB1 (Permeability glycoprotein (P-

gp)), ABCC1 (Multidrug Resistance Protein 1 (MRP1)) and ABCG2 (Breast Cancer 

Resistance Protein (BCRP)/Mitoxantrone Resistance Protein (MRP)) ATP dependent 

transporters are overexpressed in cancers. Aberrant activation of these transmembrane 

exporters induces Cisplatin, Doxorubicin, Mitoxanrone, Epirubicin, Etoposide, 

Adriamycin, Vincristine and 5-flourouracil resistance in cancers (Ughachukwu and 

Unekwe, 2012). Intracellular drug concentration can also be decreased by drug 

inactivation strategy of cancer cells inducing aberrant expression of metabolic enzymes 

to biochemically modify drug’s structure. Cytochrome P450, carboxylesterases, folyl 

polyglutamate synthase, cytarabine triphosphate and glutathione-S-transferase enzyme 

superfamilies accommodates pivotal roles in both catabolism of fatty acids, cell 

proliferation, differentiation, and apoptosis (Zahreddine & Borden, 2013). Their 

overexpression induces resistance against high profile chemotherapeutics such as 

tamoxifen, 5-flourouracil, cisplatin and doxorubicin (Dong et al., 2019). Epigenetic 

alterations, DNA methylation, chromatin remodelling, histone and noncoding RNA 

modifications initiates impaired gene expression in cancer cells that results in drug 

resistance (Zeller and Brown, 2010). ABCB1 hypomethylation, abnormal histone 

methylation, decreased acetylation, altered chromatin structures, translational 

repression of microRNA, changes in the nucleosome density through non-coding 

RNA’s induces multidrug resistance against platinium based drugs and recurrence in 

cancers (Aziz and Ahmad, 2020).  

Metabolism is firing requirement of constantly growing and dividing cancer 

cells. It is the gateway to becoming less vulnerable in thdrug-induceded 

microenvironment. Dependent on the cancer cell heterogeneity, cells have with different 

levels of energy requirements compared to homeostatic healthy cells (Gertler et al., 

2019). Migrating to the nearest efficient blood supply for both nutrition, growth factors 

and oxygen support becomes vital for pre-metastatic cancer cells. This results in overall 

cancer treatment failure with resistant and relapsed cellular phenotype. Studies provide 

proximity difference in cancer cells to the oxygen supply induces acidic varieties in the 

tumor microenvironment (Feron and Corbet, 2017). This phenomenon refers as the 

Warburg effect and it explains cancer cell’s ability to use glucose as the main energy 
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supply with aerobic conditioning, normal cells on the other hand, produces lactate under 

anaerobic conditions via glycolysis (Gillies et al., 2011). Lactate overproduction results 

in excessive bicarbonic acid/bicarbonate that further acidities the tumor 

microenvironment. Cancer cells form two acidic/acidosis conditions that either can be 

acute and chronic due to flow in the pH differences. Noncancerous breast cells balance 

extracellular pH as 7.4 and intracellular pH as 7.2 however, in ductal carcinoma in situ, 

acute acidosis represents as 6.8 extracellular and 7.4 intracellular pH levels whereas 

chronic acidosis refers to extracellular pH as 6.5 to 6.7 and intracellular pH being 

approximately at 7.2 (Longo et al., 2019). Under acidosis conditions, ATP production 

can be conducted independently from oxygen levels in anaerobic metabolism by 

stimulating the mitochondrial metabolic pathways. Mitochondrial respiration 

differences play crucial step in drug resistance phenotype formation (Khacho et al., 

2014). Acidic changes can stimulate cellular insensitivity against chemotherapeutic that 

being used for treatment by blocking the drugs activity (Feron and Corbet, 2017). Over 

acidic conditions, cell membrane pumps (ABC transporter family and P-glycoproteins) 

found to be overly active that results in intracellular drug concentration to be lowered 

by using cells natural toxic material defense mechanism via drug efflux stimulation 

(Zhang et al., 2017).  

Drugs in clinical oncology fails due to severe toxicity and side effects of drugs 

either not active or harmfully active to the environment caused by acidosis environment. 

For instance, anti-cancer agents found to be over-influxed inside the normal cells under 

acidosis conditions and resulted in apoptosis more than cancerous ones because normal 

cells are alkaline. This selective toxicity produces severe side effects and drug dose 

escalation for the possible future treatments due to drug resistance (Kobayashi et al., 

2017; Milito et al., 2018). Chemotherapeutics can add into dynamic irregularity of the 

tumour microenvironment and thus result in drug resistance. Acidic environment 

interferes with the weak acidic drugs and increase pronation of the drugs and increase 

intracellular passive diffusion of the drugs known as ion trapping phenomenon. One 

example for this phenomenon can be given as when extracellular pH is around 7.4, 

Cisplatin and Docetaxel toxicity found to be increasing and forcing cells to undergo 

apoptosis whereas when extracellular pH is around 6.6 drug toxicity decreases 

significantly (Geckle et al., 2014).  Acidosis also increases the cancer stem cell marker 

CD44 and stimulate recurrence and metastatic phenotypes (Rohani et al., 2019). 

Connectedly, increase in the cancer stem cell markers initiate drug resistance and cancer 
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relapse. Acidosis conditions stimulate invasiveness in MCF-7 and MDA-MB-231 breast 

cancer cells (Mo et al., 2014). Raghuand et al., suggested that modern drugs (alkylating 

agents, pathway inhibitors, and hormone therapies) require further structural inspection 

and checking deeply under physiological ionization conditions counting on acidosis as 

a disadvantage (2000).  

Morphological changes such as EMT induce molecular events through reduction 

of E-cadherin, Laminin-1, Cytokeratin, ZO1 and Desmoplakin involved in epithelial 

morphology and increase in the expression of Vimentin, Snail 1/2, N-cadherin, B-

catenin, Zeb 1/2, Twist 1/2, Slug and Fibronectin through mesenchymal state of cells 

(Challagundla et al., 2015) (Figure 2).  Mesenchymal tumour cells present increase in 

the metabolic activities, generation of hypoxic conditions and eventually drug resistance 

(Huang et al., 2016). Degree of EMT shift changes due to cancer’s heterogeneity which 

then stimulates morphological changes and metastatic behaviours as known to be 

responsible for cancers aggressiveness and drug resistance (Gupta et al., 2019).  

 

 

Figure 2. lEMT transitions and genes involved in stimulation of epithelial and 

mesenchymal state of the cell shape (Source: Gupta et al., 2019; created 

with BioRender.com, accessed in 2022). 
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Prior or after chemotherapies cancer cells induce dysregulated DNA damage 

repair mechanisms to overcome drug toxicity. Drug based treatments (cisplatin, 

vincristine, doxorubicin, and 5-fluorouracil) mostly introduce DNA lesions, which 

result in programmed cell death of cancer cells. However, genomic instability of cancer 

cells results in evasion of cell death to display drug resistance and cancer recurrence (Li 

et al., 2021). Programmed cell death markers, Bcl-2 family, TRAIL-R3/4, TRAF, 

inhibitor of apoptotic proteins (IAPs), BAX, BAK, p53, caspase 3/7/8 restricts 

chemotherapeutic activity (Rathore et al., 2017).  

Overactivated DNA damage repair mechanisms and their active regulatory 

proteins; base excision repair (Poly (Adenosine diphosphate-Ribose) Polymerase 1 

(PARP1)), homologous recombination (Breast Cancer 1 and 2 (BRCA1 and 2), Ataxia-

Telangiectasia and Mantle cell lymphoma (ATM) and RAD51), non-homologous end 

joining (Ku70/80), nucleotide excision repair (ERCC Excision Repair 1/4 (ERCC1/4)), 

mismatch repair (MutS homolog 2 (MSH2) and MutL homolog 1 (MLH1)) and direct 

repairs (O-6-Methylguanine-DNA Methyltransferase (MGMT)) stimulate drug-

resistance in cancers (Chang and Zou, 2020; Nephytou et al., 2021).  

Reactive oxygen species (ROS); hydrogen peroxide, the hydroxyl radical, 

superoxide and singlet oxygen maintain cellular oxi/antioxidants further for cell fate 

determination. Increase in the ROS production stimulates cancer prognosis and 

chemoresistance through overactivation of drug efflux transporters (Liu et al., 2016). 

Due to all these hallmarks, drug resistance paradox lingers to challenge success of 

treatment strategies for curing cancers (Vasan, Baselga and Hyman 2019). 

 

1.4. Notch Signalling Pathway in Cancer 

 

Notch is complex and conserved signalling pathway that involves cell-to-cell 

interactions (Figure 3). It plays an important role in regulating cell proliferation, 

differentiation, and apoptosis (Han et al., 2011; Zlobin and Olsauskas Kuprys, 2013). 

Dysregulation of Notch signaling pathway elements are associated with cancers’ worse 

prognostic outcome, drug resistance and cancer recurrence (Han et al., 2011; Zlobin and 

Olsauskas Kuprys, 2013). Targeting Notch signaling activity is currently in high 

demand for both pre and clinical stages in treating cancers (Hossain et al., 2018). 
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Figure 3.   Key events of Notch signalling pathway discovery (Source: Dexter, 1914; 

Poulson et al., 1937; Foster et al., 1973; Welshons, 1974; Whorton et al., 

1985; Breeden and Nasmyth, 1987; Yonchem et al., 1988; Preiss et al., 

1988; Kidd et al, 1989; Coffman et al., 1990; Ellisen et al., 1991; Adams et 

al., 1991; Frukawa et al., 1991; Xu et al., 1992; Weinmaster et al., 1992; 

Bierkamp et al., 1993; Watson et al., 1993; Lindshell et al., 1995; Jarriaultet 

al., 1995; Zagouras et al., 1995; Myatt et al., 1996; Ortega et al., 1996; Lee 

et al., 1996; Li et al., 1998; Shimizu et al., 2000 and Soriano et al., 2000; 

created with BioRender.com, accessed in 2022). 

 

1.4.1. Notch signalling pathway 

 

Mammalian Notch signaling involvesfive ligands (Jagged 1, 2, Delta like 1 

(DLL1), 3, and 4) on the signal sending cells and four receptors (Notch 1, 2, 3 and 4) 

on the signal receiving cells (Tsakonas et al., 1995). Ligand-receptor interactions are 

highly stable and based on each component structure units occurs in favorable 

combinations such as, Notch1 interacts with Jagged1, 2, Notch2 with DLL1, Notch3 

with DLL3 and Notch4 interacts with DLL4 (Henrique and Schweisguth, 2019). 

Receptors have three main components based on their cellular location: Notch 

extracellular complex, Notch transmembrane domain and Notch intracellular domain 

(Zlobin and Olsauskas Kuprys, 2013). Notch receptors carry Epidermal Growth Factor 



 

13 

like repeat (EGF) sequences that can vary between 29 to 36 repeats among receptors 

and contain calcium binding sites required for stable and authentic receptor-ligand 

bindings. Diversely, Notch ligands have Cysteine rich lin12 repeats (LNR) and 

heterodimerization domains (HD) responsible for sufficient binding stability and 

cleavage site accuracy. Negative regulatory regions (NRR) are the checkpoints of Notch 

activation based on ligand accuracy (Henrique and Schweisguth, 2019).  

Defects on the sequence of receptors disrupt cell homeostasis as in, HD or NRR 

mutations induce uncontrolled Notch activation and stimulates cancerous cell 

phenotype. Region rich in proline (P), glutamine (E), serine (S) and threonine (T) 

residues (PEST) and HD contain hotspot regions reported being responsible for various 

diseases (Mas et al., 2017). On the other hand, each ligand also carries EGF-like repeats 

that vary between 8 to 16 repeats and component numbers matter for binding affinities 

(Gordon et al., 2009 and Mas et al., 2017). For instance, DLL1/4 requires extracellular 

signal initiation based on its recognition at PDLZ component whereas DLL3 can be 

expressed and stimulated through intracellular initiation for further signaling 

(Pancewicz and Nicot, 2011).  

Jagged (Jag) and DLL family of ligands also contains, MNNL region, PDZL 

domain at C-terminus in Delta like family ligands 1, 4, cysteine rich sequences in Jagged 

family ligands and signal peptides. Binding of Notch receptor to the ligand stimulates 

Notch signaling pathway activation and further induction of Notch target genes 

transcription (Arruga et al., 2018).   

Notch receptor production and pre-processing starts in the Endoplasmic 

reticulum (ER) by sequential addition of O-fucose by O-fucosyltransferases 1 

(POFUT1), addition of N-acetylglucosamine by one of the N-

acetylglucosaminetransferases (Lunatic Fringe (LFNG), Manic Fringe (MFNG), and 

Radical Fringe (RFNG)), then it is cleaved by Furin for further processing (Steinbuck 

et al., 2018) (Figure 4).   
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Figure 4.   Schematic structures of Notch receptors and ligands. Abbreviated terms 

represents; Epidermal growth factor (EGF)-like repeats, negative regulatory 

region (NRR), recombination signal binding protein for immunoglobulin 

kappa J region association molecule (RAM), LIN12-Notch repeats (NLS), 

ankyrin repeat sequence (ANK), transactivation domain (TAD), Proline 

Serine and threonine to maintain protein stability (PEST), (Feng et al., 2020) 

and Notch ligands; Signal Peptide (SP), Module at N-terminal Domain of 

Notch Ligands (MNNL), Delta, Serrate and LAG-2 Domain (DSL), EGF-

like repeats, cysteine rich region, PDZ ligand domain (PDZL). Notch 

extracellular domain (NECD), Notch intracellular domain (NICD) and 

Transmembrane (TM) (Source: Arruga et al., 2018; created with 

BioRender.com, accessed in 2022).  

 

Tagged Notch receptors then transported to the cell surface for further ligand 

interaction and signaling pathway activation. Interacted complex can further be cleaved 

at three specific sites; S1 (Furin cleavage) required for either receptor production or 

recycling through cell surface transports, S2 (Metalloprotease; ADAM/TACE) at close 

location on the membrane and S3 (gamma secretase cleavage) at intramembrane, which 

releases the NICD to the cytoplasm (Ayaz and Osborne, 2014). Furin like protease is 

critical for Notch receptor maturation as the Notch receptor undergoes post-translational 

modifications through fringe glycosylation and proteolysis occurs in the Golgi apparatus 

before being transported to the cell membrane. S1 cleavage generates a non- covalently 

associated heterodimer at the cell surface which is necessary for Notch ligand 
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recognition (Handford et al, 2012).  S2 cleavage starts with the endocytosis of the 

Notch-ligand complex by the ligand-expressing cells, leads to ADAM metalloprotease 

mediated cleavage at S2 and removes the extracellular fragment of the heterodimer 

formed by the Furin-like proteases (Feng et al., 2020) (Figure 5). 

 

 

Figure 5.  Cleavage locations required for activation of Notch signaling (Source: 

Crabtree, Singleton, and Miele, 2016; Craig & Brady-Kalnay, 2010; created 

with BioRender.com, accessed in 2022).  

 

Gamma secretase complex is composed of four core subunits; PS (catalytic 

domain; including PS1 and PS2), nicastrin, anterior pharynx defective 1 (APH-1), and 

presenilin enhancer 2 (stabilizer; PEN- 2) at the membrane and each component builds 

up a complex in sequential manner (Takasugi et al. 2003; Zhang et al., 2014). Presenilin 

complex; presenilin 1 and 2: proteolytic/catalytic cores. Nicastrin, is responsible to 

stabilize PSEN and coordinate correct positioning for the complex searching for HD 

and RAM sequences (Keewan & Naser, 2020). APH1 forms seven transmembrane 

domains, responsible for proteolytic activity and proof checks to stabilize the assembled 

complex location. PEN2 is a presenilin enhancer, responsible for locating APH1 and 

nicastrin close to presenilin complex to form gamma secretase complex. Five 

components are necessary for gamma secretase cleavage. Aberrant activation of such 

complex results in cancers (Feng et al., 2020) (Figure 6).   
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Figure 6.   Illustration of Gamma secretase complex assembly and clinically available 

inhibitors; DAPT/MK0752 and R04929097 (Source: Zhang et al., 2014; 

created with BioRender.com, accessed in 2022).  

 

Notch signaling pathway can proceed canonical or non-canonical based on the 

NICD being CSL-dependent or –independent activity. Canonical Notch signaling 

pathway, NICD translocation to nucleus initiates inhibition of suppressor proteins and 

stimulates histone acetyltransferases to be active. NICD then proceeds to binding to 

continuously repressed Co-Repressor and CBF1, Suppressor of Hairless, Lag-1 (CSL) 

transcription factors to activate gene transcription. Co-Activator and CSL becomes 

active for further transcriptional activation of Notch target genes such as Hey Hes c-

myc Bcl-2 cyclin D1 IRF6 Sox2 and p21 (Han et al., 2011; Zlobin and Olsauskas-

Kuprys, 2013). Such genes are crucial for neuronal development, apoptosis, and cellular 

homeostasis. Transcriptional corepressors (BCL-6, Bend6, CtBP1, NKAP etc.), histone 

deacetylases (HDCA1,2 and sirtuin 1), CSL/RBPJ and Mastermind like (MAML) 

bound Notch target genes, are also transcriptionally repressed when NICD is inside the 

nucleus.  MAML and p300 stimulates HDAC activation (Talora et al., 2008). NICD 

then stimulates activation of CSL/RBPJ for further transcriptions (Chillakuri et al., 

2012). After downstream genes are transcribed, NICD undergoes proteasomal 

degradation (Kopan and Ilagan, 2009). Non-canonical Notch signaling pathway 

regulates Wnt/β-Catenin, p53, PI3K/AKT, mTORC2, NFkB and HIF1-α which are 

necessary for cell survival and homeostasis (Dsouza et al., 2010) (Figure 7). 
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Figure 7. lOverall schematic representation of Notch signaling pathway (Source: 

Bazzoni and Bentivegna, 2019; created with BioRender.com, accessed in 

2022). 

 

After signaling activity, Notch receptors can be recycled by endocytosis and/or 

degraded by alpha adaptin protein and Numb which sequentially ubiquitinylates 

receptors for lysosomal destruction. Recycling process of Notch ligands occurs via 

Mind bomb 1 (ubiquitinated by ligase) and receptors are recycled via Epsin, Clathrin, 

Picalm and Dynamin or lysosomal degradation. Such process initiates with the extra 

help from pulling action of actin cytoskeleton components (Tetering et al., 2009). 

Recycling and uptake of Notch ligands or receptors starts with NICD release into the 

cell which induces ubiquitination of Notch components and bound to the clathrin on the 

membrane. PKC triggers its phosphorylation and clathrin dependent endocytosis takes 

place in cytoplasm. Clathrin recognition and vesicle formation are dictated by Rab 

family proteins (Rab 4, 5 and 11). Then, Epsin binds to clathrin-Notch receptor complex 

to be taken back into the cell for further endocytosis and degradation. Ligand-receptor 

interaction stimulates all these cellular uptake mechanisms. Proteasomal degradation 

occurs when Nedd4 (E3 ubiquitin ligase) and numb polyubiquitinylates ligand by 

Deltex for both ligand and receptors. Homeostasis in the production and recycling is 

crucial for appropriate Notch signaling (Kopan and Ilagan 2010).  
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1.4.2. Role of Notch Signalling Pathway in Breast and Ovarian 

Cancers 

 

Notch is a conserved ligand–receptor signaling pathway. It is essential for 

cellular machinery as it helps the embryonic development, organogenesis, and tissue 

homeostasis (Cappacione et al., 2013). Notch can both function as an oncogene or a 

tumor suppressor and it is dysregulated in many cancers. Disrupted differentiation ratios 

stimulate increased levels of transmembrane glycoprotein cluster of differentiation 44 

(CD44) cancer stem cell marker and decreases CD24 which mediates Sox2 transcription 

factor for growth to be active and initiates tumour formation. Reversing the activity of 

Notch1 overcomes tumor growth and metastasis (Braune and Seshire, 2018). Such 

change also reverses drug resistant phenotype. Hypoxia markers HIF1/2 alpha 

stimulates Notch overexpression and induces Hes1/Hey1 transcription factors to be 

overactive in addition to its regulative role in cancer stem cell elimination (Yuan et al., 

2015; Francesco and Maggiolini, 2018; Yan et al., 2018). DLL-Notch4 interaction 

triggers epithelial mesenchymal transition markers to be overly active and this ends up 

with more aggressive type of endothelial cells and stimulates drug resistance (Nami et 

al., 2017; Kar et al., 2019). In breast cancer, Notch activity stimulates decreased levels 

of E-cadherin and increased levels of N-cadherin, vimentin, Snail, Slug, Zeb1, β-catenin 

for migration (Shao et al., 2015). Numb defects also induce EMT and invasive 

behaviour in breast cancer cells. DLL4 induces overexpression of VEGFR so creates 

angiogenic behaviour in breast cancer cells. Notch dysregulation stimulates overactive 

MDM2 which destroys p53 and induces cancer (Sun et al., 2017; Tamagnone et al., 

2018). Notch can bind to p53 and downregulates its phosphorylation and blocks its DNA 

binding function (Zhang et al., 2019). Furthermore, Delta/Notch complex was found 

responsible for PI3K/AKT based breast cancer metastatic behaviour and drug resistance 

(Wang et al., 2019). Notch1 downregulation by small interfering RNA (siRNA) 

treatment generates chemosensitivity in doxorubicin resistant MCF-7 breast cancer cells 

(Alshaer et al., 2019). Notch1 inhibits PTEN signaling stimulates Her2+ breast cancer 

cell survival and therapy resistance (Baker et al., 2018). For instance, Notch3 ICD 

(intracellular domain) found highly expressed in mice and caused development of 

mammary neoplasia. Notch pathway regulates and controls mammary gland 

development (Guo et al., 2010). Notch components when overexpressed induces 
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mammary cells breaking the asymmetric cell division strategy and induces cancerous 

tissue formation (Mollen et al., 2018; Locatell and Curr, 2017).  

Breast cancer patients with high levels of Notch1 and Jagged1/2 showed a poorer 

prognostic profile and lower survival rates. Notch receptor, Notch1 overexpression 

induces mammary tumour relapse in mouse models (Simmons et al., 2012). On the other 

hand, ERbB2 positive breast cancer cells are also becoming transzumab and lapatinib 

sensitive when Notch1 is silenced (Pandya et al., 2016).  Mammary epithelia found 

overexpressing Notch4 and overexpression of Notch3 and Notch4 also leads to murine 

mammary tumor formation (Pan et al., 2014). Controversially, Notch2 signaling 

reported to function as a tumor suppressor in breast cancer (Wang et al., 2010). In 

ovarian cancer, Notch receptors (Notch1-4) and ligands (Jagged1/2 and Dll1/3) are 

dysregulated and responsible for cancers poor prognosis, drug resistance and recurrence 

(Rose et al., 2010; Groeneweg, et al., 2014). More than 50% of human of ovarian tumors 

express reduced protein levels of Numb, which has been associated with high-grade 

breast cancers (Brennan and Clarke, 2012). Notch signalling components balances 

ovarian stem cell differentiation (Rizzo et al., 2011). Notch3 overexpression induces 

ovarian cancer cells for distant metastasis in metastatic xenografts (Leontovich et al., 

2018; Boelens et al., 2015). Ovarian cancer cisplatin and paclitaxel resistance induces 

overexpressions of cancer stem cell markers CD44, CD117 and increase in protein 

levels of Notch receptors in spheroids (Groeneweg et al., 2014). Serous ovarian cancer 

exhibits overactive EMT induced through Notch signalling pathway (Gupta et al., 

2013). Notch 1 and Notch 3 overactivation prolongs OC development (Lu et al., 2004; 

Hopfer et al., 2005; Park et al., 2006). Additionally, increased expressions of PSEN2 

complex in ovarian cancer found diagnostic in drug resistance and cancer recurrence 

patterns (Steg et al., 2012). Due to its oncogenic properties in both breast and ovarian 

cancer, targeting Notch signaling pathway is promising therapeutic approach (Hossain 

et al., 2018).  

 

1.5. Inhibition of Notch Signalling as a therapeutic approach in 

cancer  

 

Therapeutic approaches targeting Notch, are focus of the clinical perspective 

treating and eliminating recurrence phenomenon when treating advance stages of 
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cancers (Venkatesh et al., 2018). Gamma secretase inhibitors are used to overcome 

resistance patterns in preclinical and clinical studies to balance aberrant Notch signaling 

pathway (Kontomanolis et al., 2018; Lamy et al., 2017). Unlike other pathways, Notch 

signalling pathway does not require intense signalling, that turns hardship of complete 

inhibition of its components to an ease.  

Notch signalling can be inhibited through either targeting notch receptor ligand 

cleavage (via gamma secretase inhibitors) (GSI) or ligand interaction (via monoclonal 

antibodies) (mAbs) (Allen and Mailard, 2021). GSI treatments were the first set of 

treatment passed clinical development in oncology. Although, there are more than 100 

GSI’s produced, only few could make successful clinical outcome such as DAPT, 

MK0752, RO4929097, BMS906024 and LY3039478 (NCT001001152, 

NCT00106145, NCT00572182, NCT00645333, NCT01098344, NCT00803894, 

NCT00756717, NCT01653470 and NCT01695005). Notch mAbS such as OMP-59R5, 

OMP21M18, REGN421 and OMP52M51 prevent ligand-receptor interaction between 

DLL-4 and Notch1-3 results in anti-tumour response (NCT01277146, NCT01647828, 

NCT00744562, NCT01189942, NCT01189968, NCT01189929, NCT00871559 and 

NCT01778439).  

There are 52 promising single agent GSI and 19 combinational treatments 

reported to be resulting in chemosensitivity, decreased tumour size, invasion, tumour 

cell spheroids formation and cancer stem cell renewal (Tamagnone et al., 2018). 

However, prevention of Notch interactions results in severe side effects in the clinic 

which makes GSI treatments preferable. GSI’s and mAb’s single use or combinations 

with common chemotherapeutics (docetaxel, cisplatin, and gemcitabine) show anti-

neoplastic outcome, decreasing cancer stem cell production and angiogenesis in thyroid, 

lung, colorectal, breast, ovarian and intracranial cancers, as well as sarcomas (Zhou et 

al., 2022). 

 

1.5.1. Gamma secretase inhibitor; Dual Antiplatelet Therapy (DAPT) 

 

DAPT was primarily used to prevent cleavage of a β-amyloid protein by gamma 

secretase complex for Alzheimer’s disease. However, it is also a GSI which inhibits the 

proteolysis of Notch receptors. It blocks the presenilin-γ-secretase complex to prevent 

Notch activation (Gu, 2011). Numerous other GSI’s have been developed from DAPT 
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that are even more effective such as, LY-411,575 and LY-450,139. DAPT was tested 

clinically for T-cell leukemia, sarcomas, and breast cancer (Wang et al., 2011).  

Angiogenesis is one of the crucial hallmarks of cancer, as it is commonly stimulated by 

excessive Vascular Endothelial Growth Factor (VEGF) release. Notch signaling 

pathway is capable of regulating angiogenic signals based on its gamma secretase 

complex cleavage and downstream gene transcription system. Accordingly, DAPT was 

used to normalize such imbalance and found effective in treating angiogenesis in colon 

adenocarcinomas (Khazaei et al., 2013). As a single treatment, DAPT enhanced the 

lethality of gastric cancer cells via inhibition of extracellular signal-regulated kinase 

(ERK)1/2 (Yao et al., 2013). DAPT was found as inducing G2/M cell cycle arrest and/or 

downregulation of antiapoptotic proteins in breast cancer cell lines (Rasul et al., 2009). 

DAPT blocks the MRP1 expression caused by doxorubicin therapy in T47D cell lines 

(Harrison et al., 2010). DAPT decreases cell proliferation as well as lateral motility in 

MDA-MB-231 cells (Guo et al., 2009). Combination of the DAPT with phenytoin (anti-

epileptic medicine used commonly to treat seizures but also found reducing breast 

cancer invasion) were not beneficial as the single DAPT treatment on MDA-MB-231 

breast cancer cells (Aktas, Zeybek and Piskin, 2015). DAPT causes apoptotic effects 

with melphalan (antineoplastic/chemotherapeutic drug) in MCF-7 breast cancer cells. It 

reduces CSCs population and tumor self-renewal ability both in vitro and in vivo (Kim 

et al., 2015). Downregulation of Hes1 were associated with DAPT inhibition of Notch 

cascade in ovarian cancer cells (Wang et al., 2014). DAPT directly down-regulates the 

expression of Notch1 in MDA-MB-231 cells and this inhibition is associated with 

Integrin β1, FAK, Akt, β-catenin, that is important for migration/invasion of breast 

cancer cells (Harrison et al., 2010). Recent article suggested that the cisplatin and DAPT 

combination has effectively treated osteosarcoma (Wang et al., 2013). In another study, 

DAPT was used for both in combination with cisplatin, as pretreatment and as secondary 

treatment to sensitize cisplatin resistant ovarian cancer cells against chemotherapy 

(Wang et al., 2014). DAPT also inhibited cancer stem cell formation when given with 

cisplatin for treating gastric cancer (Kato et al., 2018). Notch signaling pathway 

inhibition via DAPT in combination with cisplatin treatment also leads to enhanced 

toxicity in resistant osteosarcoma (Dai et., al 2018).   

On the other hand, downregulation of Notch1 found to be inducing 

chemosensitivity of cisplatin and docetaxel treatments in head and neck squamous cell 

carcinoma which was studied under DAPT treatment model (Zhang et al., 2019). DAPT 
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treatment in combination with cisplatin reduces side effects of organ toxicity (Soni, 

Matthews, Pallikkuth, Gangaraju & Adebiyi, 2018). Preclinical studies with breast 

tumor graft models proved that Docetaxel and DAPT combination decreases cancer 

stem cell formation (Schott et al., 2013). DAPT with cisplatin or docetaxel in short term 

induces Notch1 inhibition which caused sensitivity in cancer cells by also reducing 

cancer stem cell formation (Zhao et al., 2016). 

 

1.5.2. Gamma secretase inhibitor; R04929097  

 

R04929097 inhibits Notch signaling pathway through the blockage of Gamma 

Secretase complex and induces apoptotic outcome (Albain et al., 2010). R04929097 

were used to treat ER positive, HER2 negative, Triple negative breast cancer, advanced 

and metastatic breast cancers and found safe and effective according to mid-reports 

(NCT01149356, NCT01151449, NCT01217411 and NCT02299635). R04929097 was 

also combined with various chemotherapeutics such as vismodegib, paclitaxel and 

carboplatin to treat metastatic breast cancer patients (NCT01071564 and 

NCT01238133) (Schott et al., 2010). Its combination with Letrozole and Tamoxifen in 

separate studies were promising to treat early to late stage breast cancer patients 

(NCT00756717 and NCT01208441). However, R04929097 studies were terminated 

due to drug’s distribution issues (Kontomanolis et al., 2018; Lamy et al., 2017). 

1.5.3. Gamma secretase inhibitor; MK0752  

 

MK0752 is a non-competitive synthetic GSI, which is used as chemotherapeutic 

agent. It targets overactivated Notch signaling pathway and results in cell cycle (G0/G1) 

arrest and/or cell death in tumor cells (Zlobin and Olsauskas-Kuprys, 2013). MK0752 

had successful preclinical activity for many cancers as well as breast cancer (Takebe et 

al., 2013). It is being combined with docetaxel in locally advanced/metastatic breast 

cancer at clinical phase II to find whether this combination kills the breast cancer stem 

cells (NCT00645333). Letrozole; chemotherapeutic agent was combined with and MK-

0752 (combined also with another estrogen receptor modulator; tamoxifen) in separate 

studies to treat early to late staged breast cancer patients (NCT00756717 and 

NCT01208441). Even short period of MK0752 oral usage reduced cancer stem cell 
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production and resulted in pro-apoptotic outcome (Albain et al., 2010; Wang et al., 

2010). MK-0752 decreases tumour growth in both vitro and vivo studies of ovarian 

cancer (Chen et al., 2016). Clinical trial phase I’s are ongoing; with hormone 

(endocrine) therapy and combination with tamoxifen and letrozole in early-stage breast 

cancer (Deangleo et al., 2006). MK0752’s combination with ridaforolimus (MK-8669) 

is now on preclinical stage in patients with advanced solid sarcomas (Zlobin and 

Olsauskas-Kuprys, 2013). Chemoresistance studies were not yet conducted based on the 

cytotoxicity of continuous treatment because of grade 3/4 gastrointestinal side effects 

(Thomas et al., 2014). Clinical trial phase I patients with T-cell acute lymphoblastic 

leukemia tolerated this GSI well and, it was shown that MK0752 therapies were dose 

dependent by reducing the NICD (Krop et al., 2012). MK0752 is also found being 

synergistically useable with docetaxel combinational therapies for metastatic breast 

cancers by reducing cancer stem cell formation (Takebe et al., 2013) (Clinical trial 

number: NCT00645333). Both MK0752 monotherapy and combinational therapy with 

cisplatin found to induce cell cycle arrest and apoptosis in ovarian cancer cells both in 

vitro and in vivo studies which can initiate clinical studies for combinational therapies 

using gamma secretase inhibitors with antineoplastic drugs (Chen et al., 2016).  
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CHAPTER 2 

 

AIMS AND OBJECTIVES OF THE PROJECT 

 

 

Cancer cells acquire new phenotypes to overcome both intrinsic and acquired 

resistance through Notch signalling pathway. Leading questions to the pathway related 

response observations stimulated Notch pathway inhibitors, including GSIs, to become 

under the glass for targeted therapy research. Use of DAPT, R04929097 and MK0752 

as single treatments and in combinations with Docetaxel or Cisplatin resulted in 

successful preclinical/clinical outcome for breast and ovarian cancers. Drug resistance 

is a hallmark for cancer cells to survive under toxic environments, which leads to 

therapy failures over the long run. Potential resistance mechanism behind DAPT, 

R04929097 and MK0752 remains unstudied. This project aims to uncover both 

morphological and molecular responses of breast (MDA-MB-231 and MCF-7) and 

ovarian (IGROV-1, BG-1, SKOV-3 and A2780) cells against DAPT, R04929097 and 

MK0752 resistance. Intrinsic and acquired resistance studies were carried out for single 

agent GSI treatments and combinations of GSIs with chemotherapeutic agents for both 

cancer types under 2D and 3D cell culture conditions. Every treatment and cell line 

combination aimed to be investigated for, drug toxicities, synergistic capability, 

viability changes, morphological alterations, and mRNA expressions levels, migration 

behaviours, and the proteomic variations. Overall, this study aimed to reveal intrinsic 

and acquired resistance responses and mechanisms against DAPT, R04929097 and 

MK0752 with their Docetaxel or Cisplatin combinations in both breast and ovarian 

cancer cell lines.  
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CHAPTER 3 

 

MATERIALS AND METHODS 

 

 

3.1. Cell lines and Cell Culture Conditions 

 

Human triple negative breast adenocarcinoma cell line MDA-MB-231 (ATCC® 

HTB26TM) and Oestrogen and Progesterone receptors positive breast adenocarcinoma 

cell line MCF-7 (ATCC® HTB22TM) were used as breast cancer models. IGROV-1 

(SCC203, Sigma) endometrioid stage III ovarian cancer cells lacking hormone 

receptors, SKOV-3 (ATCC® HTB77TM), ascites originated ovarian adenocarcinoma, 

BG-1 (SCC415, Sigma) stage III solid primary ovarian adenocarcinoma, A2780 

(93112519, Sigma) ovarian endometroid adenocarcinoma cell lines were used as 

ovarian cancer models. Cisplatin-resistant IGROV-1 clones were provided by 

Linköping University, Dr. Padraig Darcy’s laboratory. MDA-MB-231 and MCF-7 

breast cancer cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) 

(Sigma) with 1% Penicillin/Streptomycin (Thermo), 10% Fetal Bovine Serum 

(Biological Industries) at 37 C° in 5% CO2 incubation conditions. IGROV, A2780, BG-

1 and SKOV3 ovarian cancer cells were cultured in RPMI (Sigma) medium with 1% 

Penicillin/Streptomycin (Thermo), 10% Fetal Bovine Serum (Biological Industries). 

Cells, when reached confluency level of 80-90%, washed with room temperature 

phosphate buffer saline (PBS) and trypsinized (0.05%) for further passaging and 

cryofreezing. 

 

3.2. Measuring Half-Maximal Inhibitory Concentrations (IC50)  

 

R04929097 (ADOOQ), DAPT (Cayman), MK0752 (Cayman), Docetaxel 

(TOCRIS) were prepared in Dimethyl sulfoxide (DMSO), Cisplatin (Sigma) were 

dissolved in 0.9% Sodium Chloride (NaCI). Each solvent was included as a control 

throughout experiments. IC50 dose determinations were conducted by using MTT (3-
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(4,5-Dimethylthiazol-2-yl)-2,5 Diphenyltetrazolium Bromide) assay. Cells were plated 

into 96 well plates and treated with increasing doses of R04929097, DAPT, MK0752, 

Docetaxel and Cisplatin (from 1nM to 100µM) or respective solvent control (DMSO or 

0.9% NaCI) for 24, 48 or 72 hours. The cells were treated with 5mg/mL of 3-(4,5-

Dimethylthiazol-2-yl)-2,5 Diphenyltetrazolium Bromide (Amnesco) for 4 hours, 

followed by dissolving of tetrazolium salts in 10% Sodium Dodecyl Sulfate (SDS) and 

0.01M Hydrochloric acid (HCI). Then, the absorbance values at 570 nm and 650 nm 

were measured in a microtiter plate reader (Thermo Scientific Multiskan Spectrum). 

Intrinsic resistances were scaled as; IC50<1 ratio, highly sensitive, IC50=1-50 ratio, 

Sensitive, IC50=50-100 ratio, Resistant, and IC50 values higher than 100 ratio called as 

Highly Resistant. 

 

3.2.1. Measuring Drug Synergies 

 

Drug doses in combinations were selected according to each cell line’s IC50 

values. IC12.5, IC25, IC50 and IC100 dose combinations were tested for DAPT, MK0752 

with Docetaxel and Cisplatin. MTT absorbance values of three independent 

combination conditions were analysed for synergisticity by using Synergy Finder tool. 

Bliss test was used to confirm effectiveness of two independent drugs combinations. 

Values between -10-0 refers for additive effects obtained by two drug combinations 

whereas 0-10 refers to synergistic activity. Each independent experimental setup was 

replicated at least three times and normalized to control group. 

 

3.3. Proliferation Assay and Multidrug treatment strategies 

 

Breast and ovarian cancer cell lines were seeded 10.000 cell per well into 96 

well plates. Treatment was applied as a single agent, combinational and sequential 

treatments of DAPT, MK0752, Docetaxel and Cisplatin (Figure 8). DAPT and MK0752 

treatments were applied for 24 hours, Docetaxel and Cisplatin for 48 and 72 hours, 

respectively, based on each drugs’ half-life. After treatments MTT cell proliferation 

assay was applied for the proliferation rate determinations. Each set up was repeated at 
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least three times and results were graphed by GRAPH PAD Prism 9. Two-way 

ANOVA, multiple comparisons and paired t tests were applied to analysis (Figure 8). 

 

 

Figure 8.   lTreatment strategies. Multidrug treatments were divided into three catego-

ries; single agent treatment, combinational treatments where two drugs were 

applied at the same time and sequential treatments where the first treatment 

with one drug is followed by the second treatment with another drug. 

Treatments times were scheduled based on drugs half-life time points. 

 

3.4. Generating Intrinsic and Acquired resistance 

 

Intrinsic and Acquired resistance definitions were specified by McDermott et 

al.’s published protocol (2014).  Cells’ initial response to IC100 of R04929097, DAPT, 

MK0752, Docetaxel and Cisplatin were measured via MTT assay to determine intrinsic 

resistance. To generate acquired resistance, cells were treated with gradually increasing 

doses of R04929097, DAPT or MK0752 from half of the IC50 value (IC25) to a four-fold 

IC50 value (IC200). Drug treatments started twenty-four hours after cells were seeded 

into six-well plates. After reaching 80-90% of confluency in the presence of drug, 

approximately in ten days, media was removed, and cells were maintained in a drug-

free medium for twenty-four hours. During the confluency period of ten days, media 

was refreshed when needed without the drug treatments. Then, the unconfirmed 

resistant cells were visualized under the light microscope for morphological analysis, 

flash frozen for mRNA expression analysis, and cryofreezed for further experiments. 

Each dose exposure was repeated twice. The treatment procedure including treatment 

free cycles took six months. DAPT’s solvent; Dimethyl sulfoxide (DMSO) was included 
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as the control. Cell numbers were set to 15.000 per condition and treatments also 

included DMSO controls of each treatment (Figure 9). IC50 values of MK0752 treated 

IGROV-1, BG-1, SKOV-3 and A2780 was measured again for resistance cell line 

confirmations and results were specified as Resistance index ratio. 

 

 

Figure 9.  The schematic explanation of the protocol used to generate R04929097, 

DAPT and MK0752 resistant cells is shown. Each treatment with a specific 

dose was twice, along with DMSO controls. Cells then were preserved for 

further analysis. Viability changes of DAPT-resistant cells were confirmed 

with MTT assay.   

 

3.5. Quantitative Real Time-PCR 

 

Total RNA was isolated using PureLink RNA Mini isolation kit (Invitrogen). 1 

μg of total RNA was used to synthesize cDNA using the RevertAid First Strand cDNA 

Synthesis Kit (Fermentas). PCR amplification and detection were done on LightCycler 

96 Real Time PCR detection system (Roche) using Maxima SYBR Green qPCR Master 

Mix (Fermentas). The primer sequences are listed on Table 1. The comparative delta-

delta Ct method was applied and TATA box- binding protein (TBP) expression was 

used for normalization. PCR reactions for each individual gene were repeated three 

times. One-way ANOVA combined with paired t-test were used to determine statistical 

significance. 
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Table 1. List of primers used for quantitative real-time PCR (Q-RT-PCR). 

 

 

 

3.6. Wound Healing Assay 

 

MDA-MB-231 (5 x105 cells per well) and MCF-7 cells (7.5 x105 cells per well) 

were seeded in 24-well plates to grow in a monolayer. 24 hours later, cells were 

incubated with 5 µg/ml Mitomycin C (SantaCruz) at 37 °C for 3 hours. Then the medium 

is removed, and a sterile 10μL pipette tip was held vertically to scratch across in each 

well. The detached cells were removed by washing with PBS and cells were monitored 

in 500μL of fresh serum-free medium per well. The wound closure was monitored at 3 

different positions per well and imaged in 1-hour intervals for 24 hours using a Leica 

SP8 microscope at 4x magnification. Images were analysed via Image J. Data are 
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represented as the means and ± standard deviation (SD) of three independent 

experiments, graphed by using Graph Pad PRISM 9. One-way ANOVA and t test 

analysis was used for statistical analysis.  

3.7. Circularity analysis  

 

MDA-MB-231 and MCF-7 cells including DAPT and R04929097 resistant lines 

(1 x104 cells per well) were seeded in 6-well plates to grow in a monolayer for 24 hours 

for morphological analysis. Phase contrast, light microscopy images at 20x 

magnification were taken using Leica DMI8 confocal microscope. 100 cells were 

imaged for each condition and analysed with Image J’s circularity testing with the 

circularity baseline set to 4pi (area/perimeter2). 

 

3.8. Spheroid formation and Area Measurement  

 

MDA-MB-231, MCF-7, IGROV-1, IGROV-1CisR, BG-1, SKOV-3 and A2780 

cells were seeded as 5.000 cell per well of U bottom 96 well plate for 3-4 days in growth 

media of each cell line. Treatments were done after spheroid formation and images were 

taken by Incucyte Cell Analysis Systems up to 72 hours. Treatment dose determined as 

IC100 of DAPT, MK0752, Docetaxel and Cisplatin. Each cell line and treatment 

conditions were repeated at least three times and images were analysed with Image J’s 

Spheoid J plugin (Figure 10). 

 

3.8.1 Acid Phosphatase Assay  

 

Treated and control spheroids were treated with p-NPP solution with sodium 

acetate buffer and Triton-X-100 (0.1%) was added and incubated at 37 C° for 90 

minutes. 0.2% 1N NaOH was used to terminate phosphatase reaction and measured at 

405 nm absorbance in a microtiter plate reader (Thermo Scientific Multiskan Spectrum). 

Conditions were normalized to each cell lines’ untreated conditions. Results then 

graphed and analysed via Two-way ANOVA, multiple comparisons, and paired t test 

by using Graph Pad Prism software. 
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Figure 10.  Spheroid assays and Spheroid formations. Spheroids are formed fully after 

3-4 days, and treatment was applied for further imaging and viability assays.  

 

3.9. Protein extraction and Western Blotting 

 

Monolayer and spheroids of MK0752 resistant and parental IGROV-1, BG-1, 

SKOV-3 and A2780 cells were incubated with IC100 of MK0752 for 6 hours in six-well 

plates. Cells then washed with cold PBS and RIPA lysis buffer (Millipore) with protease 

inhibitor was used for the lysis. Protein concentrations were measured by using DC 

protein assay kit (Bio-Rad). Total of 25 μg of protein with sample reducing agent and 

loading dye (NuPAGE) was incubated for 5 minutes at 95°C before loading to 4–12% 

Bis-tris gels (NuPAGE) with the protein molecular weight standard, precision all blue 

(Bio-Rad). Proteins were transferred to nitrocellulose membrane by using Thermo 

Scientific Pierce G2 Fast Blot and membranes were incubated with blocking solution of 

PBST and 5% skimmed milk for one hour on the shaker. Primary antibodies: C-Myc 

(Cell Signalling, 1:1000 dilution ratio), OXPHOS antibody cocktail (Abcam, 1x dilution 

ratio) and B-actin (Thermo Fisher, 1:5000 dilution ratio) were diluted in PBST with 2% 

BSA overnight at 4°C. Membranes then washed and further incubated with the 

secondary antibody diluted in PBST with 5% skimmed milk for an hour at room 
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temperature. Blots were developed using Clarity Western ECL substrate (Bio-Rad) and 

imaged using ChemiDoc MP Imager (Bio-Rad). Images were analysed by ImageJ and 

graphed after Two-way ANOVA, multiple comparison tests and paired t tests via Graph 

Pad Prism 9. 

 

3.10. LC-MS/MS and Label-Free Quantification 

 

IGROV-1, IGROV-1CisR and IGROV-1MK0752R peptide digests were desalted by 

using Pierce C18 desalting columns (Thermo). The desalted peptide solution is then 

dried in a vacuum concentrator, reconstituted with 0.5% Formic acid, and analyzed 

using LTQ Orbitrap Velos Pro mass spectrometer (Thermo) coupled to an EASY-nLC 

II (Thermo Scientific) chromatography system. Peptides were separated by reverse-

phase chromatography using a 20 mm x 100 µm C18 precolumn followed by a 100 mm 

x 75 µm C18 column with a 5 µm particle size (NanoSeparations) using the following 

solvent system: Buffer A, 0.1% Formic Acid v/v in water; Buffer B, 0.1% Formic Acid 

v/v in Acetonitrile.The mass spectrometer was operated using XCalibur software v2.6 

(Thermo Scientific) and analysis was done in positive ionization mode. Full scans were 

performed at a resolution of 30,000. The top 20 most intense ions were fragmented with 

Collision-induced dissociation (CID) using a normalized collision energy of 35%, 

isolation width of 2.0, and activation time of 10 ms. Protein identification and 

quantification were done with Proteome Discoverer 2.5.0.400 (Thermo) using the 

Sequest HT search engine. All searches were performed on human reference proteome 

obtained from UniProt (http://www.uniprot.org Accessed: 19 September 2022). 

Cysteine carbamidomethylation was set as a fixed modification and methionine 

oxidation as a variable modification. Label-free quantification of proteins was done, and 

protein abundances were quantified based on precursor intensity. The abundances were 

then normalized based on the total peptide amount. 
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CHAPTER 4 

 

 

RESULTS 

 

 

4.1. DAPT resistance in MDA-MB-231 triple-negative breast cancer 

cells  

 

Half maximal doses (IC50) of DAPT, Cisplatin and Docetaxel were measured 

for intrinsic resistance scaling and determining tolerable dose range for further acquired 

resistance studies. IC50 values of DAPT, Cisplatin and Docetaxel were determined by 

MTT cell viability assay for the MDA-MB-231 triple-negative breast cancer cell line. 

Dose-dependent normalized inhibition response was recorded as 8.2 µM for DAPT, 

1.01 µM for Cisplatin and 0.5 µM for Docetaxel. The intrinsic resistance scale 

represented MDA-MB-231’s high sensitivity pattern against Docetaxel and Cisplatin 

and moderate sensitivity to DAPT (Figure 11).  
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Figure 11.  IC50 curves of DAPT, Docetaxel, and Cisplatin treatments for MDA-MB-

231 breast cancer cell line. MTT absorbance values were normalized and 

graphed by using GraphPad Prism 8. 

 

To further model acquired resistance, MDA-MB-231 cells were treated with 

gradually increasing doses of DAPT, starting from half (IC25) to four times (IC200) the 

IC50 value. Eventually, MDA-MB-231 cells were obtained that can grow to 90% 

confluency in the presence of IC200 of DAPT, which is referred to as MDA-MB-231-R 

throughout this section (Figure 2A). The control (MDA-MB-231-C) MDA-MB-231 

cells were treated with the respective volumes of DMSO while MDA-MB-231-R cells 

received DAPT treatments. Altered morphologies were stated as one of the hallmarks 

of drug resistance. To test this, MDA-MB-231-C MDA-MB-231-R cells were 

monitored for 120 hours. Cellular shapes were not altered for both MDA-MB-231-C 

and MDA-MB-231-R cells after 24 and 120 hours after the DAPT treatments (Figure 

12). The difference in the viability ratios was measured with an MTT cell viability assay 

to record probable differences between MDA-MB-231-C and MDA-MB-231-R cells. 

Moreover, MDA-MB-231-R cells expanded significantly by 40% more than the MDA-

MB-231-C cells. (Figure 13). Mesenchymal phenotype lingers to be the passageway for 

cancer cells’ increased migration and development of drug resistance. To compare 

potential resistance-dependent changes in mesenchymal phenotype, cells were plated at 

a lower density and visualized with higher magnification (Figure 14A). The mean 

circularity (a.u) of the MDA-MB-231-C cells was 0.38 and reduced to 0.36 in MDA-

MB-231-R cells. However, the change was not statistically significant and presumed as 

MDA-MB-231-R cells showed no comparable difference in mesenchymal morphology 

(Figure 14B).  
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Figure 12. MDA-MB-231-R breast cancer cells reach confluency in the presence of 

DAPT. Light microscopy images of MDA-MB-231 cells resistant to IC200 

DAPT treatment (MDA-MB-231-R) and DMSO-treated control cells 

(MDA-MB-231-C) were taken at 24 h and 120 h respectively after the IC200 

of DAPT and respective DMSO treatments (Scale bar: 50 and 100 μm). 

 

 

Figure 13. DAPT-resistant MDA-MB-231 cells exhibit increased viability than the 

MDA-MB-231-C cells. MDA-MB-231-R and MDA-MB-231-C cells were 

cultured in drug-free media and the viability analyses were performed at 

three different time points (24, 48 and 72 hours). One-way ANOVA analysis 

and student t-test confirmed the significance of the conditions. Data 

represent means and ± SD of three independent experiments (**p<0.01, 

***p<0.001, ****p ≤ 0.0001). 
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Figure 14.  Circularity analysis of DAPT resistant and control MDA-MB-231 cells.(A) 

Representative phase-contrast images of MDA-MB-231-C and MDA-MB-

231-R cells plated in a drug-free medium. Red outlines representing the cell 

borders were used to assess circularity. (Scale bar, 50 μm) (B) The 

circularity values (a.u) of control and resistant cells are shown. Student t-

tests confirmed the significance of the conditions. Data represents the means 

and ± SD of randomly selected 100 cells (ns: not significant). 

 

4.1.1. DAPT-resistant MDA-MB-231 cells alter Notch receptors, Notch 

target genes and Epithelial-Mesenchymal Transition markers’ 

mRNA expression levels 

 

The Notch signalling pathway regulates multiple downstream targets. To gain a 

wider insight into understanding the mechanism behind the DAPT resistance in MDA-

MB-231, mRNA expression levels of Notch receptors (Notch1,2,3 and 4), Notch’s main 

downstream targets (Hes5, Hes1, Hey1) and EMT regulators (E-Cadherin, ZO1, Snail2, 

Snail1 and N-Cadherin) were measured. mRNA expression profiles were analysed by 

quantitative real-time Q-RT-PCR. In MDA-MB-231-R cells, mRNA expression of 

Notch receptors Notch1 and Notch2 was downregulated by 12% and 1%, respectively. 

Notch3 and Notch4 were downregulated by 6%, and (Figure 15A). Notch target genes 

Hes5 and Hey1 were downregulated by 5% and 2% as well as Hes1 by 12% (Figure 

15B). E-Cadherin was increased by 10-fold while ZO1 decreased by 7% (Figure 15C). 

On the contrary, mRNA expressions of epithelial-mesenchymal transition (EMT) 

regulator Snail2 were increased by 4-fold. Mesenchymal marker N-Cadherin was 

decreased by 36% as well as Snail1 by 14% (Figure 15D).  
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Collectively, MDA-MB-231-R suppresses the expression of Notch receptors, 

and this is supposed to decrease the expression of its targets; Hes5, Hes1, Hey1 as 

observed in the data. An increase in the EMT/MET shift is known to be associated with 

the characteristics of drug resistance. However, no clear pattern of a shift towards any 

of the phenotypes was detected in the mRNA analysis as where one epithelial marker 

increases other decreases. Mesenchymal stimulators, Snail2 expression increases yet 

Snail1 expression decreases. Morphological changes were also not observed; thus, we 

could not conclude whether EMT is a potential route in DAPT for MDA-MB-231 breast 

cancer cells.  

 

 

Figure 15.  mRNA expression analysis of Notch receptors, downstream targets, and E-

MT markers for DAPT resistant-MDA-MB-231 cells. mRNA expression 

Figure 15levels of (A) Notch receptors (Notch 1,2,3 and 4), (B) Notch 

pathway downstream target genes (Hes5, Hes1, Hey1), (C) EMT regulators, 

epithelial markers (E-Cadherin, ZO1), and (D) mesenchymal markers 

(Snail2, N-Cadherin, and Snail1) of MDA-MB-231-C and MDA-MB-231-

R cells were shown. Data represent the means and ± SD of 3 independent 

experiments One-way ANOVA analysis and student t-test confirmed the 

significance for conditions (*p<0.05, **p<0.01, ***p<0.001). 
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4.1.2. DAPT resistant MDA-MB-231 cells exhibit increased migration  

 

Increased EMT shift established to be associated with increased migration 

potential to overcome drug toxicity and induce resistance behaviour in cancers. To test 

this, MDA-MB-231-R cells were evaluated for potential changes in the migration 

phenotype by wound healing assay. The wound area for MDA-MB-231-C cells was 

closed by 30% whereas MDA-MB-231-R cells reduced the gap by 52% in 10 hours. 

Overall closure of the wound for MDA-MB-231 control cells was 67% and MDA-MB-

231-R cells reduced the gap by 89% in 20 hours indicating an increased migration 

potential of DAPT-resistant cells (Figure 16).   

 

Figure 16.  DAPT resistance increases migration in MDA-MB-231 breast cancer cells. 

Migration phenotype was evaluated by wound healing assay. Time-lapse 

microscopy images of wound closure of MDA-MB-231-C and MDA-MB-

231-R cells at t=0, 10, and 20 h after the wound formation. Cells were 

treated with IC200 of DAPT, and images were analyzed via Image J. Yellow 

lining defines the area lacking cells. Scale bars, 100 μm. (B) Quantification 

of the wound area after the DAPT treatment in MDA-MB-231-C and MDA-

MB-231-R cells. Results represent three independent experiments 

(***p<0.001). 

 

4.1.3. Docetaxel and Cisplatin’s synergistic activities with DAPT in 

MDA-MB-231 cells 

 

Commonly used chemotherapeutics Docetaxel and Cisplatin’s combinations 

with various GSIs including DAPT exhibits successful preclinical/clinical outcomes for 
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breast cancer. Yet, the synergistic effect of such a combination remains unstudied. To 

investigate DAPT’s potential synergistic outcomes with Cisplatin and Docetaxel, cell 

viability data were plotted, and Bliss synergy scores were quantified. A Bliss score less 

than -10 represents two drugs are likely to be antagonistic, from -10 to 10 two drugs are 

likely to be additive and larger than 10 two drugs are likely to be synergistic. Bliss scores 

of DAPT combinations with Cisplatin were 17.7 (Figure 17) and 15.3 with Docetaxel 

for the MDA-MB-231 cell line (Figure 18). DAPT’s combination with Cisplatin and 

Docetaxel showed a highly synergistic pattern. These results suggest that MK0752 can 

be used in further combinational treatments with Cisplatin and Docetaxel to explore 

potential responses against GSI’s intrinsic resistance. 
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Figure 17.  DAPT and Cisplatin have synergistic effects for MDA-MB-231 cells. Drug 

synergy analysis of DAPT with Cisplatin was conducted by Synergy Finder 

tool. Bliss synergy scores of three independent experiments were analyzed 

for combinations. The drug response curve with the inhibition matrix and 

heatmap shows IC100 for DAPT and Cisplatin was the optimum dose 

combination for MDA-MB-231 cell lines.   
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Figure 18.   DAPT and Docetaxel have synergistic effects for MDA-MB-231 cells. Drug 

synergy analysis of DAPT with Docetaxel was conducted by Synergy 

Finder tool. Bliss synergy scores of three independent experiments were 

analyzed for combinations. The drug response curve with the inhibition 

matrix and heatmap shows IC100 for DAPT and Docetaxel was the optimum 

dose combination for MDA-MB-231 cell lines. 
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Effects of the DAPT, Docetaxel and Cisplatin’s single agent and combinational 

treatments on MDA-MB-231 cells viability were measured by the MTT assay based on 

the optimum synergistic doses (IC100 of each drug) calculated via the Bliss charts. 

Viability was decreased to 51% for DAPT, to 35% for Docetaxel and Cisplatin single 

agent treatments. DAPT single treatments compared to its combination with Docetaxel 

showed a decrease in cell viability to 25% where Cisplatin combinations decreased to 

21%. Docetaxel single agent treatments when compared to its DAPT combinations 

showed a 10% difference. Cisplatin single agent treatments compared to its 

combinations with DAPT showed 14% additional decrease in cell viability (Figure 19).  

Clinical studies referred to the success of sequential treatments of GSIs with 

common chemotherapeutics to increase their anti-cancer effects. To test this, DAPT, 

Docetaxel and Cisplatin pre-treatment studies were conducted sequentially one after 

initial treatments of the selected drug.  In the first group, the cells were initially treated 

with DAPT (IC100) for 24 hours, which was followed by Docetaxel (IC100) 

(DAPT_Docetaxel) for 48 hours, or Cisplatin (IC100) (DAPT_Cisplatin) treatment for 

72 hours. In the second group, DAPT (IC100) treatment for 24 hours was applied after 

the cells were initially treated with Docetaxel (IC100) (Docetaxel_DAPT) for 48 hours 

or Cisplatin (IC100) (Cisplatin_DAPT) for 72 hours.  

DAPT pre-treatments followed by Docetaxel treatments resulted in a decreased 

viability to 40% and Cisplatin treatments showed a 23% reduction compared to the non-

treated cells. Both Docetaxel and Cisplatin pre-treatments decreased the cell viability to 

23%. DAPT_Docetaxel treatments compared to Docetaxel_DAPT showed an additional 

decrease by 17%. DAPT_Cisplatin treatments compared to Cisplatin_DAPT induced a 

decrease by 11% (Figure 20).  

DAPT single-agent treatments were compatible with Docetaxel and Cisplatin, 

which confirms its potential success in single-agent treatments. Either combinational or 

sequential treatments of DAPT with Docetaxel and Cisplatin resulted in lessened cell 

viability in MDA-MB-231 cells which strengthens their synergistic activities and 

supposes a promising treatment plan.  



 

43 

 

Figure 19. Decreased viability percentages of MDA-MB-231 cells in response to-

DAPT, Docetaxel and Cisplatin treatments. MTT assay was carried out after 

the cells were treated with IC100 of DAPT (for 24 hours), Docetaxel (for 48 

hours), and Cisplatin (for 72 hours) alone or in combinations applied 

simultaneously. Combinational treatments were performed with Docetaxel 

for 48 hours and with Cisplatin for 72 hours. (**p<0.01, ***p<0.001, ****p 

≤ 0.0001). 

 

 

Figure 20. Decreased viability percentages of MDA-MB-231 cells in response to se-

quential DAPT, Docetaxel and Cisplatin treatments. MTT absorbance 

values were normalized to untreated groups and graphed by Graph Pad 

PRISM 8. NTR: non-treated. (**p<0.01, ***p<0.001, ****p ≤ 0.0001). 
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4.1.4. DAPT Combinations with Cisplatin and Docetaxel in MDA-MB-

231 spheroids 

 

Tumors evade apoptosis and induce drug resistance through the regulation of pH 

and acidity through various events. 3D cell cultures mimic such pH alterations and 

acidosis that are commonly used for monolayer culture comparisons. Comparing both 

monolayers (2D) and spheroid (3D) setups were conducted to understand the potential 

effects of acidosis on DAPT and its combinations with Docetaxel and Cisplatin’s 

tolerance in breast cancer. MDA-MB-231 spheroids were treated with IC100 of DAPT 

and its combinations with IC100 of Docetaxel or Cisplatin the optimum synergistic dose 

measured by the Bliss chart. Spheroid areas were measured by Spheroid J plugin and 

days (0, 1, 2 and 3) were compared within the experiment group. Results were 

normalized to the untreated condition and each treatment’s day 0 condition (Figure 21). 

DAPT-treated MDA-MB-231 spheroids decreased to 61% at day 3. Docetaxel-treated 

spheroids decreased the sphere size to 21% whereas its DAPT combinations showed 

19% sphere size difference when compared to single agent Docetaxel treatments. 

Cisplatin single-agent treatments for spheroids decreased to 41% whereas its DAPT 

combination showed 35% shrunken sphere size (Figure 22).  

Spheroid volume analysis was followed by the APA cell viability experiments 

with the same conditions and doses. DAPT single agent treatments showed 35%, 

Docetaxel treatments 32% and Cisplatin treatments 27% decrease when compared to 

treatment-free MDA-MB-231 cells (Figure 23A and B). DAPT combinations with 

Docetaxel resulted in 43% decrease, and Cisplatin combinations resulted in a 49% 

decrease when compared to the non-treated group. DAPT combined with Docetaxel and 

Cisplatin represents a significant decrease when compared to their single treatments 

(Figure 23 C). Images of spheroids were analyzed for area comparisons to understand 

the approximate shrinking in the spheroid size followed by the APA cell viability 

assessments upon a single agent or combinational treatments. Total toxicity of DAPT, 

Docetaxel and Cisplatin including their combinational treatments showed a synergistic 

effect of DAPT in both 2D and 3D MDA-MB-231 cell cultures. 
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Figure 21. DAPT, Docetaxel and Cisplatin’s both single agent and combinational 

treatments decrease MDA-MB-231 sphere size. DAPT (for 24 hours), 

Docetaxel (for 48 hours) and Cisplatin (for 72 hours) treatments were 

applied after the spheroids were formed. Doses were set to IC100 of DAPT, 

Docetaxel and Cisplatin. Images taken by Incucyte Cell Analysis Systems. 
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Figure 22. DAPT, Docetaxel and Cisplatin reduces MDA-MB-231 sphere size. Nor-

malized Area of measured from spheroid images were graphed. DAPT (for 

24 hours), Docetaxel (for 48 hours) and Cisplatin (for 72 hours) treatments 

were applied after the spheroids were formed. Doses were set to IC100 of 

DAPT, Docetaxel and Cisplatin. (*p<0.05, **p<0.01, ***p<0.001 and 

****p<0.0001). 

 

 

Figure 23. Decreased viability of MDA-MB-231 spheroids in response to DAPT, 

Docetaxel and Cisplatin treatments and their combinations. (A) IC100 of 

DAPT (for 24 hours), (B) Docetaxel (for 48 hours) and (C) Cisplatin (for 72 

hours) and their respective combinational treatments were applied after the 

spheroids were formed. (****p ≤ 0.0001).  
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4.2. DAPT resistance in ER/PR+ MCF-7 breast cancer cells  

 

Half maximal doses (IC50) of DAPT, Cisplatin and Docetaxel were measured 

for intrinsic resistance scaling and determining tolerable dose range for further acquired 

resistance studies. IC50 values of DAPT, Cisplatin and Docetaxel was determined by 

MTT cell viability assay for the MCF-7 breast cancer cell line.  Dose-dependent 

normalized inhibition response was recorded as 102 µM for DAPT, 0.2 µM for Cisplatin 

and 0.6 µM for Docetaxel. The intrinsic resistance scale represents MCF-7’s high 

sensitivity profile to Docetaxel and Cisplatin and its highly resistant pattern against 

DAPT (Figure 24). 

 

 

Figure 24. IC50 curves of MCF-7 breast cancer cell line to DAPT, Docetaxel, and 

Cisplatin treatments. MTT absorbance values were normalized and graphed 

by using GraphPad Prism 8. 
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To further model DAPT’s acquired resistance, MCF-7 cells were treated with 

gradually increasing doses of DAPT, from half (IC25) to four times (IC200) of IC50 value. 

Eventually, MCF-7 cells were obtained that can grow to 90% confluency in the presence 

of IC200 of DAPT, which is referred to as MCF-7-R (Figure 25). The control MCF-7 

(MCF-7-C) cells were treated with the respective volumes of DMSO as MCF-7-R cells 

received the DAPT treatments. Morphological data showed mesenchymal-like 

structures for MCF-7-R cells. In contrast to the control MCF-7-C cells, which have an 

epithelial-like phenotype, MCF-7-R cells were a more elongated phenotype (Figure 25). 

The growth rate assessment by MTT analysis showed that MCF-7-R cells expand 

significantly more by 39% than the control MCF-7-C cells (Figure 26). Increased 

proliferation could be correlated with DAPT-resistant MCF-7 cell’s mesenchymal-like 

shapes. To further assess MCF-7-R cells mesenchymal morphology, cells were plated 

at a lower density and visualized with higher magnification (Figure 27A). The mean 

circularity of the control cells was 0.88, while it was reduced to 0.61 in MCF-7-R cells, 

representing a more elongated shape (Figure 27B). Increased mesenchymal phenotype 

and growth rate represents MCF-7 cell’s potential escape routes to tolerate DAPT 

toxicity.  

 

 

Figure 25. lMCF-7-R breast cancer cells reach confluency in the presence of DAPT. 

Light microscopy images of MCF-7 cells resistant to IC200 DAPT treatment 

(MCF-7-R) and DMSO treated control cells (MCF-7-C) were taken at 24 h 

and 120 h after IC200 of DAPT and respective DMSO treatments. (Scale bar: 

50 and 100 μm). 
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Figure 26.  DAPT resistant MCF-7 cells exhibits increased viability than the MCF-7-C 

cells. MCF-7-R and MCF-7-C cells cultured in drug-free media at three 

different time points. (**p<0.01, ****p ≤ 0.0001). 

 

 

Figure 27. Circularity analysis of DAPT resistant- and control MCF-7 cells. (A) Re-

presentative phase-contrast images of MCF-7-C and MCF-7-R cells plated 

in a drug-free medium. Red outlines representing the cell borders were Cont.  

used to calculate circularity. (Scale bar, 50 μm) (B) The circularity values 

(a.u) of control and resistant cells are shown. Data represents the means and 

± SD of randomly selected 100 cells. The student t-test confirmed the 

significance for conditions (***p<0.001). 
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4.2.1. DAPT resistant MCF-7 cells alter Notch receptors, Notch target 

genes and Epithelial-Mesenchymal Transition markers’ 

expression levels 

 

The Notch signalling pathway regulates multiple downstream targets. To gain 

wider insight into understanding possible pattern behind the DAPT resistance in MCF-

7 cells, mRNA expression levels of Notch receptors (Notch1,2,3 and 4), Notch’s main 

downstream targets (Hes5, Hes1, Hey1) and EMT regulators (E-Cadherin, ZO1, Snail2, 

Snail1 and N-Cadherin) were measured. mRNA expression profiles were analysed by 

quantitative real-time Q-RT-PCR.  

In MCF-7-R cells, mRNA expression of Notch receptors Notch1 and Notch2 

were downregulated by 50% and 60%, respectively, while Notch3 was upregulated by 

2-fold, and Notch 4 did not change (Figure 28A). Notch target genes Hes5 and Hey1 

were upregulated by 1.8-fold, while Hes1 was decreased by 50% (Figure 28B). Two 

epithelial markers showed an opposite trend that E-Cadherin was increased by 1.3-fold, 

while ZO1 decreased by 50% (Figure 28C).  

On the contrary, mRNA expressions of epithelial-mesenchymal transition 

(EMT) regulator Snail2 and mesenchymal marker N-Cadherin were increased by 2- and 

3-fold, respectively, while another EMT regulator Snail1 was not changed in MCF-7-R 

cells (Figure 28D).  

Overall, MCF-7-R cells showed decreased Notch1 and increased Notch3 

expressions which direct to Hes5, E-Cadherin, Snail2, Snail1 and N-Cadherin 

expressions escalation. Furthermore, with ZO1 expression suppression, mRNA 

expression profiles for MCF-7-R reflects elevated mesenchymal transition which is 

additionally represented in morphological changes.  

Thus, explains previously observed morphological changes and its association 

with the increased EMT shift that possibly roots for drug tolerance, and this could 

explain the potential DAPT resistance route for MCF-7 breast cancer cells. 
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Figure 28. lExpression analysis of Notch pathway components and EMT markers for 

DAPT resistant-MCF-7 cells. mRNA expression levels of (A) Notch 

receptors (Notch 1,2,3 and 4), (B) Notch pathway target genes (Hes5, Hes1, 

Hey1), (C) epithelial markers (E-Cadherin, ZO1), and EMT regulators (D) 

mesenchymal markers (Snail2, Snail1 and N-Cadherin) of MCF-7-C and 

MCF-7-R cells are shown. Data represents the means and ± SD of 3 

independent experiments. (ns: not significant, *p<0.05, **p<0.01, 

***p<0.001). 

 

4.2.2. DAPT resistant-MCF-7 cells exhibit increased migration  

 

Mesenchymal morphology is often associated with the increased migration 

capacity, which is a common trait of invasive and metastatic tumours. Drug resistance 

is also known to be correlated with the expression of mesenchymal traits. Thus, we 

analysed whether mesenchymal-like MCF-7-R cells had an increased migration 

capacity using wound healing assay. While only 13.2 % of the open wound was closed 

by the control cells, MCF-7-R cells reduced the gap by 51.1% in 20 hours (Figure 29) 

indicating elevated migratory phenotype in correlation with its mesenchymal 

morphology.   
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Figure 29. DAPT resistance increases migration in MCF-7 breast cancer cells. Mi-

gration phenotype was evaluated by wound healing assay. Time-lapse 

microscopy images of wound closure of MCF-7-C and MCF-7-R cells at 

t=0, 10, and 20 h after the wound formation. Cells were treated with IC200 

of DAPT, and images were analyzed via Image J. Yellow lining defines the 

area lacking cells. Scale bars, 100 μm. (B) Quantification of the wound area 

after the DAPT treatment in MCF-7-C and MCF-7-R cells. Results 

represent three independent experiments and One-way ANOVA analysis, 

and the student t-test confirmed the significance for conditions 

(***p<0.001). 

 

4.2.3. Docetaxel and Cisplatin’s synergistic activities with DAPT in 

MCF-7 cells 

 

Docetaxel and Cisplatin’s successful preclinical/clinical outcome when 

combined with GSIs further investigated in this study as the synergistic effects of such 

combination remain unstudied. To investigate potential synergistic outcomes with 

Cisplatin and Docetaxel, cell viability data was plotted and measured by Bliss synergy 

score. Bliss scores for DAPT combinations of MCF-7 cell line with Cisplatin resulted 

as 25.2 (Figure 30) and with Docetaxel 17.9 (Figure 31). DAPT’s combination either 

with Cisplatin or Docetaxel showed a highly synergistic pattern. Synergistic pattern 

suggests that DAPT can be used in combinational treatments with Cisplatin and 

Docetaxel for further MCF-7 treatments. 
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Figure 30.  DAPT’s combination with Docetaxel results in synergistic effect for MCF-

7 cells. Drug synergy analysis of DAPT with Docetaxel was conducted by 

Synergy Finder tool. Bliss synergy score of three independent experiments 

were analyzed for combinations. The drug response curve with the 

inhibition matrix and heatmap shows IC100 for DAPT and Docetaxel was 

the optimum dose combination for MCF-7 cell lines.  
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Figure 31.  DAPT’s combination with Cisplatin results in synergistic effect for MCF-7 

cells. Drug synergy analysis of DAPT with Cisplatin was conducted by 

Synergy Finder tool. Bliss synergy score of three independent experiments 

were analyzed for combinations. The drug response curve with the 

inhibition matrix and heatmap shows IC100 for DAPT and Cisplatin was the 

optimum dose combination for MCF-7 cell lines. 
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According to the suggested optimum synergistic dose (IC100 of each drug) 

determined by the Bliss chart, DAPT combinational treatments were performed by MTT 

cell viability assay. Viability was decreased to 41% for DAPT, to 45% for Docetaxel 

and to 41% for Cisplatin single agent treatments. DAPT single treatments showed a 

decrease in cell viability by 17% when compared to its combination with Docetaxel. 

Cisplatin combinations decreased by 16% than the DAPT or Cisplatin single agent 

treatments (Figure 32). 

 

 

Figure 32.  Decreased viability ratios of MCF-7 cells in response to DAPT, Docetaxel 

and Cisplatin treatments. MTT assay was carried out after the cells were 

treated with IC100 of DAPT (for 24 hours), Docetaxel (for 48 hours), 

Cisplatin (for 72 hours) alone or in combinations which applied 

simultaneously. Combinational treatments performed with Docetaxel for 48 

hours and with Cisplatin for 72 hours. (ns: not significant, *p<0.05, 

**p<0.01, ***p<0.001). 

 

Clinical studies referred to the success of sequential treatments of GSIs with 

common chemotherapeutics to increase their anti-cancer effects. To test this, DAPT, 

Docetaxel and Cisplatin pre-treatment studies were conducted sequentially one after 

initial treatments of the selected drug.  In the first group, the cells were initially treated 

with DAPT (IC100) for 24 hours, which was followed by Docetaxel (IC100) 

(DAPT_Docetaxel) for 48 hours, or Cisplatin (IC100) (DAPT_Cisplatin) treatment for 
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72 hours. In the second group, DAPT (IC100) treatment for 24 hours was applied after 

the cells were initially treated with Docetaxel (IC100) (Docetaxel_DAPT) for 48 hours 

or Cisplatin (IC100) (Cisplatin_DAPT) for 72 hours. DAPT pre-treatments followed by 

Docetaxel treatments resulted in a decreased viability to 27% and Cisplatin treatments 

showed a 74% reduction compared to the non-treated cells. Docetaxel_DAPT 

treatments compared to DAPT_Docetaxel showed an additional decrease by 1%. 

Cisplatin_DAPT treatments compared to DAPT_Cisplatin induced a decrease by 8%. 

DAPT single-agent treatments were compatible with Docetaxel and Cisplatin treatments 

which confirms its potential success over single-agent treatments. Either combinational 

or sequential treatments of DAPT with Docetaxel and Cisplatin resulted in decreased 

cell viability in MCF-7 cells which strengthens their synergistic activities and supposes 

a promising treatment plan (Figure 33).  

 

 

Figure 33.  Decreased viability ratios of MCF-7 cells in response to sequential DAPT, 

Docetaxel and Cisplatin treatments. In the first group, the cells were initially 

treated with DAPT (IC100) for 24 hours, which was followed by Docetaxel 

(IC100) (DAPT_Docetaxel) for 48 hours, or Cisplatin (IC100) 

(DAPT_Cisplatin) treatment for 72 hours. In the second group, DAPT 

(IC100) treatment for 24 hours was applied after the cells were initially 

treated with Docetaxel (IC100) (Docetaxel_DAPT) for 48 hours or Cisplatin 

(IC100) (Cisplatin_DAPT) for 72 hours. (ns: not significant, *p<0.05, 

**p<0.01, ***p<0.001). 
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4.2.4. DAPT Combinations with Cisplatin and Docetaxel in MCF-7 

spheroids 

 

Tumours evade apoptosis and induce drug resistance through the regulation of 

pH and acidity through various events. 3D cell cultures mimic such pH alterations and 

acidosis that are commonly used for monolayer culture comparisons. Comparing both 

monolayers (2D) and spheroid (3D) setups were conducted to understand the potential 

effects of acidosis on DAPT and its combinations with Docetaxel and Cisplatin’s 

tolerance in breast cancer. MCF-7 spheroids were treated with the optimum synergistic 

dose measured by the Bliss chart, IC100 of DAPT and its combinations with IC100 of 

Docetaxel or Cisplatin. Spheroid areas were measured by Spheroid J plugin and days 

(0,1,2 and 3) were compared within the experiment group to the addition of comparisons 

to treatments day 3 data (Figure 34). All data were normalized to the untreated condition 

and each treatment’s day 0 condition. DAPT single-agent treatments were decreased to 

85% on day 2 yet recovered back to 98% on day 3. Docetaxel single agent treatments 

showed an increase in the area to 151% at day 3 whereas DAPT combined with 

Docetaxel showed 108% in the spheroid volume. Each day of Docetaxel treatments 

showed a significant increase in the spheroid volume. MCF-7 spheroids treated with 

Cisplatin showed no significant change yet when compared with DAPT differed by 9%. 

(Figure 35).  

MCF-7 spheroid treatment’s APA cell viability results showed DAPT single 

treatments showed 32%, Docetaxel treatments at 38% and Cisplatin treatments 

decreased by 48% when compared to the control group (Figure 36A). DAPT 

combinations with Docetaxel resulted in no change when compared to Docetaxel single-

agent treatments (Figure 36B). Cisplatin combinations showed a 39% change when 

compared to the non-treated group. Moreover, Cisplatin combinations compared to 

Cisplatin single agent treatments induced a decrease by an additional 9% (Figure 36C). 

Images of spheroids were analysed for area comparisons to understand the approximate 

shrinking in the spheroid size followed by the APA cell viability assessments upon a 

single agent or combinational treatments. Total toxicity of DAPT, Docetaxel and 

Cisplatin including their combinational treatments showed their increased synergistic 

effects of DAPT in both 2D and 3D MCF-7 cell cultures. 
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Figure 34. DAPT, Docetaxel and Cisplatin’s both single agent and combinational 

treatments decreases MCF-7 sphere size. DAPT (for 24 hours), Docetaxel 

(for 48 hours) and Cisplatin (for 72 hours) treatments were applied after the 

spheroids were formed. Doses were set to IC100 of DAPT, Docetaxel and 

Cisplatin. Images taken by Incucyte Cell Analysis Systems. 
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Figure 35. DAPT, Docetaxel and Cisplatin their combinations reduce MCF-7 sphere 

size. Normalized Area of measured from spheroid images were graphed. 

DAPT (for 24 hours), Docetaxel (for 48 hours) and Cisplatin (for 72 hours) 

treatments were applied after the spheroids were formed. Doses were set to 

IC100 of DAPT, Docetaxel and Cisplatin. (*p<0.05, **p<0.01, ***p<0.001 

and ****p<0.0001). 

 

 

Figure 36.  Decreased viability of MCF-7 spheroids in response to DAPT, Docetaxel 

and Cisplatin treatments and their combinations. (A) IC100 of DAPT (for 24 

hours), (B) Docetaxel (for 48 hours) and (C) Cisplatin (for 72 hours) 

treatments and their respective combinations were applied after the Control: 

non-treated. (ns: not significant, **p<0.01, ***p<0.001, ****p<0.0001). 
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4.3. R04929097 resistance in MDA-MB-231 triple negative breast 

cancer cells 

 

Half maximal doses (IC50) of R04929097 were measured for intrinsic resistance 

scaling and determining tolerable dose range for further acquired resistance studies. IC50 

of R04929097 for MDA-MB-231 triple negative breast cancer cells were determined by 

the MTT assay and inhibition response was normalized as 0.01µM (Figure 37). 

Sensitivity scale represents MDA-MB-231’s natural hypersensitivity against 

R04929097.  

To model acquired resistance, MDA-MB-231 cells were treated with gradually 

increasing doses of R04929097, from half the value (IC25) up to four times the value 

(IC200) of IC50. In the end, MDA-MB-231 cells were obtained which can grow to 90% 

confluency in the presence of IC200 of R04929097, which is referred as MDA-MB-231-

R in this section. MDA-MB-231-C cells were treated with the respective volumes of 

DMSO whereas MDA-MB-231-R cells received respective R04929097 treatments.  

Morphological changes were not observed 24 and 120 hours after the 

R04929097 compared to MDA-MB-231-C versus MDA-MB-231-R cells (Figure 38). 

MDA-MB-231-R cells were not significantly more proliferative than the MDA-MB-

231-C cells. (Figure 39).  

To further compare potential resistance-dependent morphological changes, cells 

were plated at a lower density and visualized with higher magnification. The mean 

circularity of the control cells was 0.37, while it was reduced to 0.35 in MDA-MB-231-

R cells. MDA-MB-231-R cells showed no difference in growth rate, mesenchymal 

phenotype (Figure 40). R04929097 resistance might not depend on increased growth 

rate, or EMT phenotype including increased migration. Thus, these data suggest 

alternative paths for R04929097 resistance in MDA-MB-231 cells.  

 



 

61 

 

Figure 37. IC50 curves of MDA-MB-231 breast cancer cell line to R04929097 tr-

eatments. MTT absorbance values were normalized and graphed by using 

GraphPad Prism 8. 

 

 

Figure 38. MDA-MB-231-R breast cancer cells reach confluency in the presence of 

R04929097. Light microscopy images of MDA-MB-231 cells resistant to 

IC200 R04929097 treatment (MDA-MB-231-R) and DMSO treated control 

cells (MDA-MB-231-C) were taken at 24 h and 120 h after IC200 of 

R04929097 and respective DMSO treatments (Scale bar: 50 and 100 μm). 
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Figure 39. R04929097 resistant MDA-MB-231 cells exhibit no changes in viability. 

MDA-MB-231-R and MDA-MB-231-C cells cultured in drug-free media at 

three different time points. Data represents the means and ± SD of three 

independent experiments. (ns: not significant). 

 

 

Figure 40. Circularity analysis of R04929097 resistant- and control MDA-MB-231 

cells. (A) Representative phase-contrast images of MDA-MB-231-C and 

MDA-MB-231-R cells plated in a drug-free medium. Red outlines 

representing the cell borders were used to calculate circularity. (Scale bar, 

50 μm) (B) The circularity values (a.u) of control and resistant cells are 

shown. Data represents the means and ± SD of randomly selected 100 cells. 

(ns: not significant). 
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4.3.1. R04929097 resistant MDA-MB-231 cells alter Notch receptors, 

Notch target genes and Epithelial-Mesenchymal Transition 

markers’ expression levels 

 

The Notch signalling pathway regulates multiple downstream targets. To gain 

wider insight into understanding the pattern behind the R04929097 resistance in MDA-

MB-231, mRNA expression levels of Notch receptors (Notch1,2,3 and 4) and Notch’s 

main downstream targets (Hes5, Hes1, Hey1) and EMT regulators (E-Cadherin, ZO1, 

Snail2, Snail1 and N-Cadherin) were measured. mRNA expression profiles were 

analysed by quantitative real-time Q-RT-PCR. MDA-MB-231-R cells downregulated 

expressions of Notch receptors, Notch1 by 2% as well as Notch2 Notch3 and Notch4 

by 0.1% (Figure 41A).  

Resistant cells expressed decreased levels of Hes5 by 2% and Hey1 by 0.1%, 

while Hes1 expression was decreased by 7% (Figure 41B). Reduced trend of ZO1 

expressions by 1% were also observed (Figure 41C).  

N-Cadherin was repressed by 6% as well as Snail2 by 3.2-fold in MDA-MB-

231-R cells compared to MDA-MB-231-C. R04929097 resistance showed 

downregulation in the expression of Snail1 by 1% (Figure 41D).  

Decreased mRNA expressions of Notch1,2,3 and 4 resulted in overall 

suppression of Notch’s main downstream targets (Hes5, Hes1 and Hey1) and EMT 

regulators (E-Cadherin, ZO1, Snail2, Snail1 and N-Cadherin).  

Thus, the data suggests R04929097’s continuous treatments result in successful 

inhibition of all four Notch receptors and thus interrupts EMT homeostasis in MDA-

MB-231-R cells yet this is not enough to confirm potential R04929097 routes for MDA-

MB-231 cells. 
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Figure 41. Expression analysis of Notch pathway components and EMT markers for 

R04929097 resistant-MDA-MB-231 cells. mRNA expression levels of (A) 

Notch receptors (Notch 1,2,3 and 4), (B) Notch pathway target genes (Hes5, 

Hes1, Hey1), (C) epithelial markers (E-Cadherin, ZO1), and EMT 

regulators (D) mesenchymal markers (Snail2, N-Cadherin, and Snail1) of 

MDA-MB-231-C and MDA-MB-231-R cells are shown. (ns: not 

significant, *p<0.05, **p<0.01, ***p<0.001). 

 

4.3.2. R04929097 resistant MDA-MB-231 cells display accelerated 

migration 

 

Dysregulations in the homeostatic stage of EMT known to be associated with 

increased migrative behaviours in breast cancer to overcome drug toxicity and induce 

resistance pattern. To assess this, MDA-MB-231-R cells were analysed for potential 

changes in the migration phenotype by wound healing assay. MDA-MB-231-R cells 

were then analysed for migrative changes by wound healing assay. The wound for 

MDA-MB-231-C cells were closed by 12% whereas MDA-MB-231-R cells reduced the 

gap by 43% in 10 hours. Overall closure of the wound for MDA-MB-231-C cells was 

fully closed whereas 10% of the area was left for closure (Figure 42). Although mRNA 

expressions of EMT regulators were aberrantly expressed, MDA-MB-231-R cells 
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showed no difference in proliferation or mesenchymal morphology. R04929097 

resistance might potentiate through another drug resistance patterns in MDA-MB-231 

cells. 

  

 

Figure 42.  R04929097 resistance delays migration rate in MDA-MB-231 breast cancer 

cells. Migration phenotype was evaluated by wound healing assay. Time-

lapse microscopy images of wound closure of untreated and treated with 

R04929097 (IC200) MDA-MB-231 cells at t=0, 10, and 20 h after the wound 

formation were analyzed via Image J. Yellow lining defines the area lacking 

cells. Scale bars, 100 μm. (B) Quantification of the wounded area invaded 

control and R04929097 treated MDA-MB-231 cells. (*p<0.05, 

***p<0.001). 

 

4.4. R04929097 resistance in ER/PR+ MCF-7 breast cancer cells  

 

Half maximal doses (IC50) of R04929097 were measured for intrinsic resistance 

scaling and determining tolerable dose range for further acquired resistance studies. IC50 

of R04929097 for ER/PR+ MCF-7 breast cancer cell line was initially determined by 

MTT assay and inhibition response was normalized as 0.01 µM (Figure 43). Sensitivity 

scale represents MCF-7’s intrinsic high sensitivity profile against R04929097. To model 

acquired resistance, MCF-7 cells were treated with gradually increasing doses of 

R04929097, from half the value (IC25) up to four times the value (IC200) of IC50. In the 

end, MCF-7 cells were obtained which can grow to 90% confluency in the presence of 

IC200 of R04929097, which is referred as MCF-7-R (Figure 44). As the control (MCF-

7-C), MCF-7 cells were treated with the respective volumes of DMSO as MCF-7-R 

cells received R04929097 treatments. Morphological changes were not observed 24 and 
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120 hours after the R04929097 compared to MCF-7-C versus MCF-7-R cells. Cell 

viability ratios showed that MCF-7-R cells were not significantly different than the 

MCF-7-C cells (Figure 45). Cells were plated at a lower density to compare potential 

resistance-dependent morphological changes and visualized with higher magnification 

(Figure 46A). The mean circularity of the control cells was 0.72, while it was reduced 

to 0.70 in MCF-7-R cells, (Figure 46B). MCF-7-R cells showed no difference in 

proliferation or mesenchymal morphology. 

 

 

Figure 43.   IC50 curves of MCF-7 breast cancer cell line to R04929097 treatments.  

 

 

Figure 44.  MCF-7-R breast cancer cells reach confluency in the presence of R04929-

097. Light microscopy images of MCF-7 cells resistant to IC200 R04929097 

treatment (MCF-7-R) and DMSO treated control cells (MCF-7-C). (Scale 

bar: 50 and 100 μm). 
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Figure 45.  R04929097 resistant MCF-7 cells exhibits no changes in viability. MCF-7-

R and MCF-7-C cells cultured in drug-free media at three different time 

points. Data represents the means and ± SD of three independent 

experiments. (ns: not significant). 

 

 

 

Figure 46. Circularity analysis of R04929097 resistant MCF-7 and control cells. (A) 

Representative phase-contrast images of MCF-7-C and MCF-7-R cells 

plated in a drug-free medium. Red outlines representing the cell borders 

were used to calculate circularity. (Scale bar, 50 μm) (B) The circularity 

values (a.u) of control and resistant cells are shown. Data represents the 

means and ± SD of randomly selected 100 cells. Student t-test confirmed 

the significance for conditions (ns: not significant). 
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4.4.1. R04929097 resistant MCF-7 cells alter Notch receptors, Notch 

target genes and Epithelial-Mesenchymal Transition marker’s 

expression levels 

 

The Notch signalling pathway regulates multiple downstream targets. To gain 

wider insight into understanding the mechanism behind the R04929097 resistance in 

MCF-7, mRNA expression levels of Notch receptors (Notch1,2,3 and 4) and Notch’s 

main downstream targets (Hes5, Hes1, Hey1) and EMT regulators (E-Cadherin, ZO1, 

Snail2, Snail1 and N-Cadherin) were measured. mRNA expression profiles were 

analysed by quantitative real-time Q-RT-PCR.  

MCF-7-R cells downregulated expressions of Notch receptors, Notch1 by 23% 

and Notch2 by 69%, Notch3 expression by 71%, and upregulated Notch 4 by 1.11-fold 

change (Figure 47A). Resistant cells expressed decreased levels of Hes1 by 72% and 

increased levels of Hey1 by 1.48-fold as well as Hes5 by 1.07-fold change (Figure 47B). 

Elevated expressions of E-Cadherin by 1.59-fold and an increased trend of ZO1 

expressions by 11-fold were also observed (Figure 47C).  

R04929097 resistance showed decrease in the expression of Snail1 by 1.09-fold 

(Figure 47D). Decreased Notch1 expression led to Hes1 and Snail1 suppression. On the 

other hand, Hes5, Hey1 and ZO1 expressions were increased significantly. Thus, 

accounts for partial inhibition of the Notch receptors induces dysregulations in EMT 

markers which might indicate a potential resistance route for R04929097 in MCF-7 

cells, yet this is not enough to confirm such route. 
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Figure 47. Expression analysis of Notch pathway components and EMT markers for 

R04929097 resistant-MCF-7 cells. mRNA expression levels of (A) Notch 

receptors (Notch 1,2,3 and 4), (B) Notch pathway target genes (Hes5, Hes1, 

Hey1), (C) epithelial markers (E-Cadherin, ZO1), and EMT regulators (D) 

mesenchymal markers (Snail2, N-Cadherin, and Snail1) of MCF-7-C and 

MCF-7-R cells are shown. (*p<0.05, **p<0.01). 

 

4.4.2. R04929097 resistant MCF-7 cells exhibits no change in the 

migration potential  

 

Dysregulations in the homeostatic stage of EMT known to be associated with 

increased migrative behaviours in breast cancer to tolerate drug toxicity. To assess this 

MCF-7-R cells were then analysed for migrative changes by wound healing assay. The 

wound for MCF-7-C cells were closed by 13% same as MCF-7-R cells in 10 hours. 

Overall closure of the wound for MCF-7-C cells were 27% and MCF-7-R cells reduced 

the wound by 25% in 20 hours (Figure 48) indicating no changes in the migratory 

phenotype of resistant cells. Although mRNA expressions of EMT regulators were 

aberrantly expressed, MCF-7-R cells showed no difference in growth rate and 

mesenchymal morphology. R04929097 resistance might potentiate through another 

drug resistance patterns in MCF-7 cells. 
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Figure 48. R04929097 resistance shows no change in the migration rate for MCF-7 

breast cancer cells. Migration phenotype was evaluated by wound healing 

assay. Time-lapse microscopy images of wound closure of untreated and 

treated with R04929097 (IC200) MCF-7 cells at t=0, 10, and 20 h after the 

wound formation were analyzed via Image J. Yellow lining defines the area 

lacking cells. Scale bars, 100 μm. (B) Quantification of the wounded area 

invaded control and R04929097 treated MCF-7 cells. (ns: not significant). 

 

4.5. Intrinsic MK0752 resistance and Docetaxel and Cisplatin’s 

synergistic activities with MK0752 in MDA-MB-231 cells 

 

Half maximal doses (IC50) of MK0752 were measured for intrinsic resistance 

scaling. IC50 of MK0752, for the MDA-MB-231 triple-negative breast cancer cell line, 

was initially determined by MTT assay and inhibition response was normalized as 66 

µM for MK0752 (Figure 49).  

 

 

Figure 49.   IC50 curves of MDA-MB-231 breast cancer cell line to MK0752 treatments. 
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The sensitivity scale represents MDA-MB-231’s innate resistance against MK0752. 

Docetaxel and Cisplatin is combined with various GSIs exhibits successful 

preclinical/clinical outcome for breast cancer. Yet the synergistic effect of such 

combination remains unstudied for MK0752. To investigate potential synergistic 

outcomes with Cisplatin and Docetaxel, cell viability data was plotted and measured by 

Bliss synergy score. Bliss score of MK0752 combinations of MDA-MB-231 with 

Docetaxel 3.6 (Figure 50) and Cisplatin represented as 8.2 (Figure 51) and MK0752’s 

combination either with Cisplatin or Docetaxel showed a highly additive pattern. These 

results suggest that MK0752 can be used in combinational treatments with Cisplatin and 

Docetaxel for MDA-MB-231 treatments.  

According to the suggested optimum synergistic dose (IC100 of each drug) 

determined by the Bliss chart, MK0752 combinational treatments were performed by 

MTT cell viability assay. Cell viability of non-treated MDA-MB-231 decreased by 56% 

for MK0752 and Docetaxel treatments and Cisplatin by 47%. MK0752 single treatments 

compared to MK0752’s combination with Docetaxel showed additional decrease by 

6%. Docetaxel treatments compared to its MK0752 combinations were decreased 

further by 12%, Cisplatin combinations with MK0752 decreased the viability to 52% 

(Figure 52). MK0752_Docetaxel sequential treatments resulted in 87%, 

MK0752_Cisplatin treatments by 88%, Cisplatin_MK0752 treatments showed 86% 

decrease when compared to control groups. Sequential treatments indicated no 

difference between the order of treatments (Figure 53).  
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Figure 50.  MK0752’s combination with Docetaxel results in additive effect for MDA- 

MB-231 cells. Drug synergy analysis of MK0752 with Docetaxel was 

conducted by Synergy Finder tool. Bliss synergy score of three independent 

experiments were analyzed for combinations. The drug response curve with 

the inhibition matrix and heatmap shows IC100 for MK0752 and Docetaxel 

was the optimum dose combination for MDA-MB-231 cell lines.  
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Figure 51.  MK0752’s combination with Cisplatin results in additive effect for MDA-

MB-231 cells. Drug synergy analysis of MK0752 with Cisplatin was 

conducted by Synergy Finder tool. Bliss synergy score of three independent 

experiments were analyzed for combinations. The drug response curve with 

the inhibition matrix and heatmap shows IC100 for MK0752 and Cisplatin 

was the optimum dose combination for MDA-MB-231 cell lines. 
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Figure 52.  Decreased viability ratios of MDA-MB-231 cells in response to MK0752, 

Docetaxel and Cisplatin treatments. MTT assay was carried out after the 

cells were treated with IC100 of MK0752 (for 24 hours), Docetaxel (for 48 

hours), Cisplatin (for 72 hours) alone or in combinations which applied 

simultaneously. Combinational treatments performed with Docetaxel for 48 

hours and with Cisplatin for 72 hours. (ns: not significant, *p<0.05, 

**p<0.01, ***p<0.001). 

 

 

Figure 53.  Decreased viability ratios of MDA-MB-231 cells in response to sequential 

MK0752, Docetaxel and Cisplatin treatments. (ns: not significant, *p<0.05, 

**p<0.01, ***p<0.001). 
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4.5.1. MK0752 Combinations with Cisplatin and Docetaxel in MDA-

MB-231 spheroids 

 

Tumors evade apoptosis and induce drug resistance through the regulation of pH 

and acidity through various events. 3D cell cultures mimic such pH alterations and 

acidosis that are commonly used for monolayer culture comparisons. Comparing both 

monolayers (2D) and spheroid (3D) setups were conducted to understand the potential 

effects of acidosis on MK0752 and its combinations with Docetaxel and Cisplatin’s 

tolerance in breast cancer. MDA-MB-231 spheroids were treated with IC100 of MK0752 

and its combinations with IC100 of Docetaxel or Cisplatin the optimum synergistic dose 

measured by the Bliss chart. Spheroid areas were measured by Spheroid J plugin and 

days (0,1,2 and 3) were compared within the experiment group. Results were 

normalized to the untreated condition and each treatment’s day 0 condition (Figure 54). 

MK0752 treated MDA-MB-231 spheroids represented 65% decrease in the sphere size. 

Docetaxel single agent treatments showed no change when compared to MK0752 

combined Docetaxel treatments as well as Cisplatin treatments. Yet, MK0752 combined 

with Cisplatin resulted in 45% decreased sphere size. Each day of Docetaxel and its 

MK0752 combinations showed a significant decrease in the spheroid volume (Figure 

55). MDA-MB-231 spheroid treatment’s APA cell viability results showed MK0752 

single treatments showed 47%, Docetaxel treatments 59% and Cisplatin treatments 

decreased by 53% when compared to the control group (Figure 56A). MK0752 

combinations with Docetaxel resulted in 66% decrease, and Cisplatin resulted in 62% 

decrease when compared to the control group (Figure 56B). MK0752 combined with 

Docetaxel and MK0752 combined with Cisplatin represents significant change when 

compared to their single treatments. Cisplatin combinations showed 15% change when 

compared to MK0752 single-agent treatments. Docetaxel or Cisplatin’s single agent 

treatments compared to their combination with MK0752 treatments resulted in 18% 

difference, although the change did not reach to a statistically significant level (Figure 

56C). MK0752 single-agent treatments were compatible with Docetaxel and Cisplatin 

treatments which confirms its potential success in further single-agent treatments. Either 

combinational or sequential treatments of MK0752 with Docetaxel and Cisplatin 

resulted in lessened cell viability in MDA-MB-231 cells for both 2D and 3D cultures 

which strengthens their synergistic activities and supposes a promising treatment plan. 
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Figure 54. MK0752, Docetaxel and Cisplatin’s both single agent and combinational 

treatments decreases MDA-MB-231 sphere size. MK0752 (for 24 hours), 

Docetaxel (for 48 hours) and Cisplatin (for 72 hours) treatments were 

applied after the spheroids were formed. The doses were set to IC100 of 

MK0752, Docetaxel and Cisplatin. Images taken by Incucyte Cell Analysis 

Systems. 
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Figure 55.  MK0752, Docetaxel, Cisplatin and their combinations reduces MDA-MB-

231 sphere size. Normalized Area of measured from spheroid images were 

graphed. MK0752 (for 24 hours), Docetaxel (for 48 hours) and Cisplatin 

(for 72 hours) treatments were applied after the spheroids were formed. The 

doses were set to IC100 of MK0752, Docetaxel and Cisplatin. (*p<0.05, 

**p<0.01, ***p<0.001 and ****p<0.0001). 

 

 

Figure 56. Decreased viability of MDA-MB-231 spheroids in response to MK0752, 

Docetaxel and Cisplatin treatments and their combinations. (A) MK0752 

(for 24 hours), (B) Docetaxel (for 48 hours) and (C) Cisplatin (for 72 hours) 

(ns: not significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 
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4.6. Intrinsic MK0752 resistance and Docetaxel and Cisplatin’s 

synergistic activities with MK0752 in MCF-7 cells 

 

Half maximal doses (IC50) of MK0752 were measured for intrinsic resistance 

scaling. IC50 of MK072, for MCF-7 breast cancer cell line was initially determined by 

MTT assay and inhibition response was normalized as 75 µM for MK0752 treatments. 

Sensitivity scale represents MCF-7’s natural resistance against MK0752 (Figure 57). To 

investigate MK0752’s potential synergistic outcomes with Cisplatin and Docetaxel, cell 

viability data was plotted and measured by Bliss synergy score. Bliss score of MK0752 

combinations ofwereF-7 with Docetaxel was 11.8 (Figure 58) indicating a synergistic 

and with Cisplatin it was 6.1 (Figure 59) indicating an additive effect. These results 

suggests that DAPT can be used in combinational treatments with Cisplatin and 

Docetaxel for MCF-7 treatments. According to the suggested optimum synergistic dose 

determined by the Bliss chart, MK0752 combinational treatments were performed via 

MTT cell viability assay. Cell viability of non-treated MCF-7 decreased to 54% for 

MK0752, Docetaxel to 34% and Cisplatin treatments to 46%. MK0752’s combination 

with Docetaxel decreased to 18% and its Cisplatin combination decreased to 23%. 

Docetaxel treatments compared to MK0752 combinations were decreased by 16%, 

Cisplatin single agent treatments compared to MK0752, and Cisplatin combinations 

showed 23% decrease. (Figure 60).  

 

 

Figure 57. lIC50 curves of MCF-7 cell lines to MK0752 treatments. MTT absorbance 

values were normalized and graphed by using Graph Pad PRISM 8. 
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Figure 58. MK0752’s combination with Docetaxel results in synergistic effect for     

MCF-7 cells. Drug synergy analysis of MK0752 with Docetaxel was 

conducted by Synergy Finder tool. Bliss synergy score of three independent 

experiments were analyzed for combinations. The drug response curve with 

the inhibition matrix and heatmap shows IC100 for MK0752 and Docetaxel 

was the optimum dose combination for MCF-7 cell lines. 
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Figure 59. lMK0752’s combination with Cisplatin results in additive effect for MCF-7 

cells. Drug synergy analysis of MK0752 with Cisplatin was conducted by 

Synergy Finder tool. Bliss synergy score of three independent experiments 

were analyzed for combinations. The drug response curve with the 

inhibition matrix and heatmap shows IC100 for MK0752 and Cisplatin was 

the optimum dose combination for MCF-7 cell lines. 
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MK0752_Docetaxel sequential treatments resulted in 31% decrease as well as 

MK0752_Cisplatin treatments to 23%. Cisplatin_MK0752 treatments showed 10% 

viability when compared to control groups. MK0752_Cisplatin compared to 

Cisplatin_MK0752 treatments showed 13% difference and MK0752_Docetaxel 

compared to Docetaxel_MK0752 treatments showed 8% difference (Figure 61). 

 

 

Figure 60.   Decreased viability ratios of MCF-7 cells in response to MK0752, Docetaxel 

and Cisplatin treatments. MTT assay was carried out after the cells were 

treated with IC100 of MK0752 (for 24 hours), Docetaxel (for 48 hours), 

Cisplatin (for 72 hours) alone or in combinations which applied 

simultaneously. (**p<0.01, ***p<0.001, ****p<0.0001). 

 

 

Figure 61.   Decreased viability ratios of MCF-7 cells in response to sequential MK0752, 

Docetaxel and Cisplatin treatments. (***p<0.001, ****p<0.0001). 
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4.6.1. MK0752 Combinations with Cisplatin and Docetaxel in MCF-7 

spheroids 

 

Tumours evade apoptosis and induce drug resistance through the regulation of 

pH and acidity through various events. 3D cell cultures mimic such pH alterations and 

acidosis that are commonly used for monolayer culture comparisons. Comparing both 

monolayers (2D) and spheroid (3D) setups were conducted to understand the potential 

effects of acidosis on MK0752 and its combinations with Docetaxel and Cisplatin’s 

tolerance in breast cancer. MCF-7 spheroids were treated with IC100 of MK0752 and its 

combinations with IC100 of Docetaxel or Cisplatin the optimum synergistic dose 

measured by the Bliss chart. Spheroid areas were measured by Spheroid J plugin and 

days (0,1,2 and 3) were compared within the experiment group. Results were 

normalized to the untreated condition and each treatment’s day 0 condition. MCF-7 

spheroids were treated with the optimum synergistic dose measured by the Bliss chart, 

IC100 of MK0752 and its combinations with IC100 of Docetaxel or Cisplatin. Spheroid 

areas were measured by Spheroid J plugin and days were compared within the 

experiment group to the addition of comparisons to treatments day 3 data (Figure 62). 

All data was normalized to the untreated condition and each treatment’s day 0 condition. 

MK0752 treated MCF-7 spheroids represented shrinking to 72% at day 3. Docetaxel 

single agent treatments showed 50% decrease and its MK0752 combinations 

represented 57% decrease in sphere volume. Each day of Docetaxel and MK0752 

combinations with Cisplatin showed significant decrease in the spheroid volume. 

Cisplatin single agent treatments showed 61% sphere size whereas its MK0752 

combination decrease the sphere volume to 41% (Figure 63). MCF-7 spheroid 

treatment’s APA cell viability results showed MK0752 single treatments showed 35%, 

Docetaxel treatments 32% and Cisplatin treatments decreased by 27% when compared 

to the control group (Figure 64 A). MK0752 combinations with Docetaxel resulted in 

40% decrease, and Cisplatin resulted in 41% decrease when compared to MK0752 

single agent treatments. MK0752 combined with Docetaxel and MK0752 combined 

with Cisplatin represents significant change when compared to their single treatments. 

Docetaxel single treatments showed 37% decrease when compared to the control group. 

Cisplatin combinations showed 57% change when compared to the nontreated group. 

Docetaxel or Cisplatin’s single agent treatments compared to their combination with 
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MK0752 treatments resulted in 22% difference (Figure 64 B and C). MK0752 single-

agent treatments were compatible with Docetaxel and Cisplatin treatments which 

confirms its potential success in further single-agent treatments. Either combinational 

or sequential treatments of MK0752 with Docetaxel and Cisplatin resulted in decreased 

cell viability in MCF-7 cells for both 2D and 3D cultures which strengthens their 

synergistic activities and suggest a promising treatment plan. 

 

 

Figure 62. MK0752, Docetaxel and Cisplatin’s both single agent and combinational 

treatments decreases MCF-7 sphere size. MK0752 (for 24 hours), Docetaxel 

(for 48 hours) and Cisplatin (for 72 hours) treatments were applied after the 

spheroids were formed. The doses were set to IC100 of MK0752, Docetaxel 

and Cisplatin. Images taken by Incucyte Cell Analysis Systems.  
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Figure 63.  MK0752, Docetaxel, Cisplatin and their combinations reduces MCF-7 sp-

here size. Normalized Area of measured from spheroid images were 

graphed. MK0752 (for 24 hours), Docetaxel (for 48 hours) and Cisplatin 

(for 72 hours) treatments were applied after the spheroids were formed. 

(*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001). 

 

 

Figure 64.   Decreased viability of MCF-7 spheroids in response to MK0752, Docetaxel 

and Cisplatin treatments and their combinations. (A) MK0752 (for 24 

hours), (B) Docetaxel (for 48 hours) and (C) Cisplatin (for 72 hours) 

treatments were applied after the spheroids were formed. (ns: not 

significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 
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4.7.  MK0752 Resistance in Ovarian Cancer Cells 

 

4.7.1. Intrinsic MK0752 resistance and Docetaxel, Cisplatin synergistic 

effects in Ovarian Cancer Cells 

 

Half maximal doses (IC50) of MK0752, Cisplatin and Docetaxel were measured 

for intrinsic resistance scaling and determining tolerable dose range for further acquired 

resistance studies. SKOV-3, IGROV-1, A2780, BG-1 ovarian cancer cell lines were 

treated with logarithmically increasing doses of MK0752 for 24 hours and MTT 

absorbances were normalized and set into toxicity response curve of Graph Pad PRISM 

8. IGROV-1’s IC50 for Cisplatin 2.2µM, Docetaxel 7.7µM and MK0752 was 68 µM. 

A2780’s IC50 for Cisplatin 0.2µM, Docetaxel 0.06µM and MK0752 was 66 µM. BG-

1’s IC50 for Cisplatin 0.5µM, Docetaxel 0.05µM and MK0752 was 0.2 µM. SKOV-3’s 

IC50 for Cisplatin 2.9µM, Docetaxel 2.2µM and MK0752 was 0.9 µM. A2780, BG-1, 

SKOV-3 cells were highly sensitive and IGROV-1 cells were moderate sensitive to 

Cisplatin and Docetaxel (Figure 65). Continuously, IGROV-1 and A2780 responses 

were moderate resistant, and BG-1 and SKOV-3 were highly sensitive to MK0752 

treatments. Docetaxel and Cisplatin is combined with various GSIs exhibits successful 

preclinical/clinical outcome for breast cancer. Yet the synergistic effect of such 

combination remains unstudied for MK0752. To investigate potential synergistic 

outcomes with Cisplatin and Docetaxel, cell viability data was plotted and measured by 

Bliss synergy score. Synergistic effects of MK0752 with Docetaxel and Cisplatin were 

assessed by Bliss synergy scoring. IGROV-1 cells synergistic score with Docetaxel 1.8 

(Figure 66) and with Cisplatin were measured as -5.3 (Figure 67). IGROV-1CisR cells 

Bliss synergistic score with Docetaxel were measured as 7.8 (Figure 68) and with 

Cisplatin 1.45 (Figure 69). All drug interactions for ovarian cancer cell lines showed 

additive effect of MK0752 on Cisplatin and Docetaxel combinations.  

IGROV-1 and IGROV-1’s Cisplatin resistant cell line IGROV-1CisR were treated 

with MK0752, Docetaxel and Cisplatin single agent, combinational and sequential 

treatments. Treated IGROV-1’s showed no difference when compared with IGROV-

1CisR except the Cisplatin treatments. Docetaxel treatments were not significantly 

different from Cisplatin treatments for IGROV-1 cells. IGROV-1 is sensitive to IC100 of 

Cisplatin treatments and MK0752 combinations decrease viability to 45% (Figure 70). 
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IGROV-1 and IGROV-1CisR sequential treatments of initial MK0752 with Docetaxel 

resulted in 59% and 69% viability respectively. Docetaxel initial treatments decreased 

the cell viability to 6.9% for IGROV-1 and 12% for IGROV-1CisR cells. MK0752 initial 

treatments followed by Cisplatin resulted in 61% cell viability for IGROV-1CisR cells. 

Cisplatin initial treatments followed by MK0752, decreased the viability the most to 7% 

for IGROV-1 and 11% IGROV-1CisR cells (Figure 71).  

 

 

Figure 65.  IC50 curves of IGROV-1, SKOV3, A2780 and BG-1 cell lines to MK0752, 

Docetaxel, and Cisplatin treatments. MTT absorbance values were 

normalized and graphed by using Graph Pad PRISM 8.  
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Figure 66.  MK0752’s combination with Docetaxel results in additive effect for IGR-

OV-1 cells. Drug synergy analysis of MK0752 with Docetaxel was 

conducted by Synergy Finder tool. Bliss synergy score of three independent 

experiments were analyzed for combinations. Drug response curve with the 

inhibition matrix and heatmap shows IC100 for MK0752 and Docetaxel was 

the optimum dose combination for IGROV-1 cell lines. 
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Figure 67.   MK0752’s combination with Cisplatin results in additive effect for IGROV-

1 cells. Drug synergy analysis of MK0752 with Cisplatin was conducted by 

Synergy Finder tool. Bliss synergy score of three independent experiments 

were analyzed for combinations. Drug response curve with the inhibition 

matrix and heatmap shows IC100 for MK0752 and Cisplatin was the 

optimum dose combination for IGROV-1 cell lines. 
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Figure 68.  MK0752’s combination with Docetaxel results in additive effect for IGR-

OV-1CisR cells. Drug synergy analysis of MK0752 with Docetaxel was 

conducted by Synergy Finder tool. Bliss synergy score of three independent 

experiments were analyzed for combinations. The drug response curve with 

the inhibition matrix and heatmap shows IC100 for MK0752 and Docetaxel 

was the optimum dose combination for IGROV-1CisR cell lines. 
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Figure 69.   MK0752’s combination with Cisplatin results in additive effect for IGROV-

1CisR cells. Drug synergy analysis of MK0752 with Cisplatin was conducted 

by Synergy Finder tool. Bliss synergy score of three independent 

experiments were analyzed for combinations. The drug response curve with 

the inhibition matrix and heatmap shows IC100 for MK0752 and Cisplatin 

was the optimum dose combination for IGROV-1CisR cell lines. 
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Figure 70.  Decreased viability ratios of IGROV-1 and IGROV-1CisR cells in response 

to MK0752, Docetaxel and Cisplatin treatments. MTT assay was carried out 

after the cells were treated with IC100 of MK0752 (for 24 hours), Docetaxel 

(for 48 hours), Cisplatin (for 72 hours) alone or in combinations which 

applied simultaneously. (ns: not significant, *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001). 

 

 

Figure 71.  Decreased viability ratios of IGROV-1 and IGROV-1CisR cells in response 

to sequential MK0752, Docetaxel and Cisplatin treatments. (ns: not 

significant, *p<0.05, **p<0.01, ***p<0.001). 
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A2780 cells synergistic score with Docetaxel were measured as 3.2 (Figure 72) 

and with Cisplatin 8.5 (Figure 73). A2780’s single treatments indicated decrease when 

treated with MK0752 by 32%, with Docetaxel 48%, and with Cisplatin treatments by 

37%. Docetaxel combinations with MK0752 decreased the viability to 58% and 

Cisplatin combinations with MK0752 decreased cell viability to 43% when compared 

to the nontreated control group. Docetaxel single agent treatments compared to its 

combinations with MK0752 resulted in decrease by 6%. Cisplatin combinations resulted 

in 20% difference when compared with Cisplatin single-agent treatments (Figure 74). 

MK0752 pre-treatments with Docetaxel decreased the viability to 28% and MK0752’s 

pre-treatments with Cisplatin decreased the cell viability to 43%. Docetaxel initial 

treatment followed by MK0752 decreased to 18% and Cisplatin initial treatments 

decreased to 31% when compared to their nontreated conditions. Sequential treatments 

initially with Docetaxel differed by 10% and Cisplatin initial treatments changed the 

viability by 12% when compared with their MK0752 initial treatment combinations 

(Figure 75). Bliss score of MK0752 combinations of BG-1 cells with Docetaxel was 7.5 

(Figure 76) whereas with Cisplatin was 4.1 (Figure 77). BG-1’s single agent treatments 

showed decreased cell viability with MK0752 to 67%, Docetaxel to 86% and Cisplatin 

to 83%. Docetaxel combinations with MK0752 resulted in 53% and MK0752’s 

Cisplatin combinations resulted in 61% viability. Docetaxel combinational treatments 

compared to single agents induced 43% difference whereas cisplatin combinational 

treatments with MK0752 compared to single agent treatments resulted in 21% 

difference. (Figure 78). MK0752 initial treatments with Docetaxel were decreased the 

viability to 26% and MK0752 sequential Cisplatin treatments to 24%. Docetaxel initial 

treatments followed by MK0752 resulted in 13% and Cisplatin initial treatments 

resulted in 27% cell viability. MK0752 sequential treatments with Docetaxel showed 

13% difference when compared with Docetaxel initial treatments whereas Cisplatin 

sequential treatments showed 3% difference in cell viability (Figure 79). Bliss score of 

MK0752 combinations of SKOV-3 cells with Docetaxel was 7.5 (Figure 80) whereas 

with Cisplatin was 6.1 (Figure 81).  
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Figure 72.  MK0752’s combination with Docetaxel results in additive effect for A2780 

cells. Drug synergy analysis of MK0752 with Docetaxel was conducted by 

Synergy Finder tool. Bliss synergy score of three independent experiments 

were analyzed for combinations. The drug response curve with the 

inhibition matrix and heatmap shows IC100 for MK0752 and Docetaxel was 

the optimum dose combination for A2780 cell lines. 
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Figure 73.  MK0752’s combination with Cisplatin results in additive effect for A2780 

cells. Drug synergy analysis of MK0752 with Cisplatin was conducted by 

Synergy Finder tool. Bliss synergy score of three independent experiments 

were analyzed for combinations. The drug response curve with the 

inhibition matrix and heatmap shows IC100 for MK0752 and Cisplatin was 

the optimum dose combination for A2780 cell lines. 
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Figure 74.   Decreased viability ratios of A2780 cells in response to MK0752, Docetaxel 

and Cisplatin treatments. MTT assay was carried out after the cells were 

treated with IC100 of MK0752 (for 24 hours), Docetaxel (for 48 hours), 

Cisplatin (for 72 hours) alone or in combinations which applied 

simultaneously. (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 

 

 

Figure 75.   Decreased viability ratios of A2780 cells in response to sequential MK0752, 

Docetaxel and Cisplatin treatments. (*p<0.05, ***p<0.001, ****p<0.0001). 

BG-1’s single agent treatments showed decreased cell viability with MK0752 to 

63%, Docetaxel to 62% and Cisplatin to 61%. Docetaxel combinations with MK0752 

resulted in 52% and MK0752’s Cisplatin combinations resulted in 54% viability. 

Docetaxel combinational treatments compared to single agents induced 10% and 

Cisplatin combinational treatments with MK0752 resulted in 7% difference. Docetaxel 

single agent and combinational treatments were not significantly different (Figure 82). 
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Figure 76.  MK0752’s combination with Docetaxel results in additive effect for BG-1 

cells. Drug synergy analysis of MK0752 with Docetaxel was conducted by 

Synergy Finder tool. Bliss synergy score of three independent experiments 

were analyzed for combinations. The drug response curve with the 

inhibition matrix and heatmap shows IC100 for MK0752 and Docetaxel was 

the optimum dose combination for BG-1 cell lines. 
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Figure 77. MK0752’s combination with Cisplatin results in additive effect for BG-1 

cells. Drug synergy analysis of MK0752 with Cisplatin was conducted by 

Synergy Finder tool. Bliss synergy score of three independent experiments 

were analyzed for combinations. The drug response curve with the 

inhibition matrix and heatmap shows IC100 for MK0752 and Cisplatin was 

the optimum dose combination for BG-1 cell lines. 
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Figure 78.  Decreased viability ratios of BG-1 cells in response to MK0752, Docetaxel 

and Cisplatin treatments. MTT assay was carried out after the cells were 

treated with IC100 of MK0752 (for 24 hours), Docetaxel (for 48 hours), 

Cisplatin (for 72 hours) alone or in combinations which applied 

simultaneously. (*p<0.05, ***p<0.001, ****p<0.0001). 

 

 

Figure 79.  Decreased viability ratios of BG-1 cells in response to sequential MK0752, 

Docetaxel and Cisplatin treatments. (ns: not significant, *p<0.05, 

***p<0.001, ****p<0.0001). 

MK0752 initial treatments with Docetaxel and Cisplatin were decreased to 52% 

and Docetaxel initial treatments followed by MK0752 resulted in 42% cell viability. 

Cisplatin initial treatments resulted in 10% viability. MK0752 sequential treatments 

with Docetaxel showed 10% difference when compared with Docetaxel initial 

treatments whereas Cisplatin sequential treatments differed by 42% (Figure 83). 
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Figure 80.   MK0752’s combination with Docetaxel results in additive effect for SKOV-

3 cells. Drug synergy analysis of MK0752 with Docetaxel was conducted 

by Synergy Finder tool. Bliss synergy score of three independent 

experiments were analyzed for combinations. The drug response curve with 

the inhibition matrix and heatmap shows IC100 for MK0752 and Docetaxel 

was the optimum dose combination for SKOV-3 cell lines. 
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Figure 81.  MK0752’s combination with Cisplatin results in additive effect for SKOV-

3 cells. Drug synergy analysis of MK0752 with Cisplatin was conducted by 

Synergy Finder tool. Bliss synergy score of three independent experiments 

were analyzed for combinations. The drug response curve with the 

inhibition matrix and heatmap shows IC100 for MK0752 and Cisplatin was 

the optimum dose combination for SKOV-3 cell lines. 
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Figure 82. Decreased viability ratios of SKOV-3 cells in response to MK0752, Do-

cetaxel and Cisplatin treatments. MTT assay was carried out after the cells 

were treated with IC100 of MK0752 (for 24 hours), Docetaxel (for 48 hours), 

Cisplatin (for 72 hours) alone or in combinations which applied 

simultaneously. (ns: not significant, *p<0.05, ***p<0.001, ****p<0.0001). 

 

 

Figure 83. Decreased viability ratios of SKOV-3 cells in response to sequential MK-

0752, Docetaxel and Cisplatin treatments. (**p<0.01, ****p<0.0001). 
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4.7.2. Acquired MK0752 resistance in Ovarian Cancer Cells 

 

To model MK0752 acquired resistance, IGROV-1, A2780, BG-1 and SKOV-3 

cells were treated with gradually increasing doses of MK0752, from their IC25 up to 

IC200 values. Resistant cells were obtained by their ability to grow up to 90% confluency 

in the presence of IC200 of MK0752. Resistance confirmations after treatments were 

conducted by recalculating IC50 values of MK0752 for resistant cell lines (Figure 84). 

Resistance index ratio were applied and, accordingly, A2780 and IGROV-1 cells 

resulted in 2.5-fold, SKOV-3 was 40-fold and BG- 1 cells resulted in 160-fold increase 

of IC50 values which confirms resistant cell line generations (Table 2).  

 

 

Figure 84.   IC50 curves of parental and MK0752 resistant IGROV-1, A2780, BG-1 and 

SKOV-3 cell lines. MTT absorbance values were normalized and graphed 

by using GraphPad PRISM 8. Each dose represents at least three 

independent experiments. 
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Table 2.      IC50 values of MK0752 resistant ovarian cancer cell lines, IGROV-1, A27-

80, BG-1 and SKOV-3. RI: Resistance Index signifies resistance scaling 

(Standard deviations represented as ±). 

 

 

Morphologies were recorded for potential resistance behaviour and changes 

were not observed for BG-1, SKOV-3, IGROV-1 whereas A2780 cells exhibited 

mesenchymal like shapes (Figure 85). Viability rates of A2780 cells compared to 

A2780MK0752R cells showed no significant changes until 72 hours of comparisons by 

17% (Figure 86). BG-1MK0752R cells increased by 81% in the growth rate when compared 

to 72 hours (Figure 87). IGROV-1CisR showed higher viability by 73% whereas IGROV-

1MK0752R cells exhibited growth increase by 7% compared to IGROV-1 cell lines (Figure 

88). SKOV-3MK0752R resistant cell lines increased by 34% difference in viabilty when 

compared to SKOV-3 cells at 72 hours (Figure 89). MK0752 resistant A2780, BG-1 

and SKOV-3 cells showed increased growth rate which is related to common drug 

resistance pattern. 

 

 

Figure 85. Morphological changes of parental and MK0752 resistant A2780, BG-1, 

SKOV-3, and IGROV-1 ovarian cancer cell lines. Scale bars is 100 µm. 
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Figure 86.  A2780MK0752R cells exhibits increased viability when compared to A2780. 

A2780 and A2780MK0752R cells cultured in drug-free media at three different 

time points. Data represents the means and ± SD of three independent 

experiments. One-way ANOVA analysis confirmed significance for 

conditions (ns: not significant, *p<0.05).  

 

 

Figure 87.   BG-1MK0752R cells exhibits increased viability when compared to BG-1. BG-

1 and BG-1MK0752R cells cultured in drug-free media at three different time 

points. Data represents the means and ± SD of three independent 

experiments. One-way ANOVA analysis confirmed significance for 

conditions (ns: not significant, ****p<0.0001). 
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Figure 88.   IGROV-1CisR cells exhibits increased viability when compared to IGROV-

1MK0752R. IGROV-1, IGROV-1CisR and IGROV-1MK0752R cells cultured in 

drug-free media at three different time points. (ns: not significant, *p<0.05, 

****p ≤ 0.0001). 

 

 

Figure 89.   SKOV-3MK0752R cells exhibits increased viability when compared to SKOV-

3. SKOV-3 and SKOV-3MK0752R cells cultured in drug-free media at three 

different time points. One-way ANOVA analysis confirmed significance for 

conditions (ns: not significant, ****p<0.0001). 
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4.7.2.1. MK0752, Cisplatin and Docetaxel treatments in 2D and 3D 

cultures in parental and MK0752 resistant ovarian cancer 

cells  

 

Acidosis is a drug tolerating pathway of tumors to evade cell death through 

regulation the pH. Comparing both monolayer (2D) and spheroid (3D) setups were 

conducted to understand potential effects on cancer’s acidity on drug tolerance and 

resistance.  

 

 

Figure 90. MK0752, Docetaxel and Cisplatin’s both single agent and combinational 

treatments decreases IGROV-1 sphere size. MK0752 (for 24 hours), 

Docetaxel (for 48 hours) and Cisplatin (for 72 hours) treatments were 

applied after the spheroids were formed.  
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IGROV-1, BG-1, SKOV-3 and A2780 spheroids were treated with the optimum 

synergistic dose measured by the Bliss chart, IC100 of MK0752 and its combinations 

with IC100 of Docetaxel or Cisplatin. Spheroid areas were measured by Spheroid J plugin 

and days were compared within the experiment group to the addition of comparisons to 

treatments day 3 data. All data was normalized to the untreated condition and each 

treatment’s day 0 condition. IGROV-1 and IGROV-1CisR spheroids showed no 

significant change on daily trend (Figure 90 and 91). Day 2 of IGROV-1MK0752R cells 

showed decreased spheroid volume however cells recovered back to day 0 ratio at day 

3 (Figure 92). IGROV-1, IGROV-1MK0752R and IGROV-1CisR spheroids showed no 

significant difference when treated with IC100 of MK0752. IGROV-1 spheroids were 

decreased to 25% for MK0752, 55% for Docetaxel and 52% for Cisplatin single agent 

treatments at day 3 which represents moderate sensitivity yet effective treatments. There 

were 21% difference between Docetaxel and its MK0752 combination. 24% difference 

in sphere area between Cisplatin’s MK0752 combinations compared to Cisplatin single 

agent treatments (Figure 90 and 91). 

 

 

Figure 91. MK0752, Docetaxel, Cisplatin and their combinations reduce IGROV-1 

sphere size. Normalized Area of measured from spheroid images were 

graphed. MK0752 (for 24 hours), Docetaxel (for 48 hours) and Cisplatin 

(for 72 hours) treatments were applied after the spheroids were formed. 

(*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001). 
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IGROV-1CisR spheroids were decreased to 43% for MK0752 and increased to 

108% for Docetaxel and 206% for Cisplatin single agent treatments at day 3 that shows 

its resistance behavior to Cisplatin and non-responsiveness to Docetaxel treatments. 

Almost 50% decrease for MK0752 IC100 shows IGROV-1CisR’s sensitiveness against 

MK0752 retreatments. There were 48% difference between Docetaxel and its MK0752 

combination. 80% difference in the sphere area was observed when Cisplatin’s MK0752 

combinations were compared to Cisplatin single agent treatments. IGROV-1CisR 

MK0752 combinations with retreatment of Cisplatin induced significant sensitivity 

which can be promising for further studies (Figure 92 and 93).  

IGROV-1MK0752R spheroids were decreased to 53% for MK0752 and increased 

to 97% for Docetaxel and 148% for Cisplatin single agent treatments at day 3. Thus 

shows IGROV-1MK0752R spheres remains sensitivity against re-treatments of MK0752 

and reflects resistance against Docetaxel and Cisplatin.  that shows moderate sensitivity 

yet effective treatments. There were 37% difference between Docetaxel and its MK0752 

combination. 7% difference in the sphere area was observed when Cisplatin’s MK0752 

combinations were compared to Cisplatin single agent treatments (Figure 94 and 95). 

Collectively, MK0752 resistant spheroids of IGROV-1, induces Docetaxel and/or 

Cisplatin resistance yet their combinational treatments remain effective. 
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Figure 92. MK0752, Docetaxel and Cisplatin’s both single agent and combinational 

treatments decreases IGROV-1CisR sphere size. MK0752 (for 24 hours), 

Docetaxel (for 48 hours) and Cisplatin (for 72 hours) treatments were 

applied after the spheroids were formed.  

 

 

Figure 93.  MK0752, Docetaxel, Cisplatin and their combinations reduce IGROV-1CisR 

sphere size. (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001). 
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Figure 94. MK0752, Docetaxel and Cisplatin’s both single agent and combinational 

treatments decreases IGROV-1MK0752R sphere size. MK0752 (for 24 hours), 

Docetaxel (for 48 hours) and Cisplatin (for 72 hours) treatments were 

applied after the spheroids were formed.  

 

 

Figure 95. MK0752, Docetaxel, Cisplatin and their combinations reduces IGROV-

1MK0752R sphere size. (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001). 
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BG-1 spheroids were decreased to 42% for MK0752, 31% for Docetaxel and 

30% for Cisplatin single agent treatments at day 3. There were 20% difference between 

Docetaxel and its MK0752 combination. 11% additional shrinking in the sphere area 

was observed when Cisplatin’s MK0752 combinations were compared to Cisplatin 

single agent treatments (Figure 96 and 97).  

BG-1MK0752R spheroids were decreased to 90% for MK0752, 69% for Docetaxel 

and 50% for Cisplatin single agent treatments at day 3. Only 10% decrease for MK0752 

IC100 retreatments shows BG-1MK0752R’s resistant outcome. There were 36% difference 

between Docetaxel and its MK0752 combination. 11% additional shrinking in the 

sphere area was observed when Cisplatin’s MK0752 combinations were compared to 

Cisplatin single agent treatments (Figure 98 and 99).  

BG-1 represents success of MK0752 both as a single agent and combinational 

treatments with Docetaxel and Cisplatin. On the other hand, BG-1MK0752R spheres 

remain sensitive to single agent chemotherapeutics and Cisplatin’s MK0752 

combinations which reflects its promising responsiveness.  

SKOV-3 and SKOV-3MK0752R spheroids represented changes for MK0752 single 

agent treatments when compared with in day comparisons. SKOV-3 spheroids were 

decreased to 42% for MK0752, 48% for Docetaxel and 43% for Cisplatin single agent 

treatments at day 3. There were 14% difference between Docetaxel and its MK0752 

combination. 6% additional shrinking in the sphere area was observed when Cisplatin’s 

MK0752 combinations were compared to Cisplatin single agent treatments (Figure 100 

and 101).  

SKOV-3MK0752R spheroids were decreased to 51% for MK0752, 40% for 

Docetaxel and 31% for Cisplatin single agent treatments at day 3. Almost 50% decrease 

for MK0752 IC100 retreatments shows SKOV-3MK0752R’s sensitiveness against MK0752 

retreatments. There were 4% difference between Docetaxel and its MK0752 

combination. 1% additional shrinking in the sphere area was observed when Cisplatin’s 

MK0752 combinations were compared to Cisplatin single agent treatments (Figure 102 

and 103).  

SKOV-3 and its MK0752 resistant clone’s spheres represented similar 

sensitivity patterns against MK0752, Docetaxel and Cisplatin in addition to further 

sphere size decrease when in combinations might be promising for further studies. 
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Figure 96. MK0752, Docetaxel and Cisplatin’s both single agent and combinational 

treatments decreases BG-1 sphere size. MK0752 (for 24 hours), Docetaxel 

(for 48 hours) and Cisplatin (for 72 hours) treatments were applied after the 

spheroids were formed.  

 

 

 

Figure 97.  MK0752, Docetaxel, Cisplatin and their combinations reduce BG-1 sphere 

size. (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001). 
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Figure 98. MK0752, Docetaxel and Cisplatin’s both single agent and combinational 

treatments decreases BG-1MK0752R sphere size. MK0752 (for 24 hours), 

Docetaxel (for 48 hours) and Cisplatin (for 72 hours) treatments were 

applied after the spheroids were formed.  

 

Figure 99.  MK0752, Docetaxel, Cisplatin and their combinations reduces BG-1MK0752R 

sphere size. (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001). 
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Figure 100. MK0752, Docetaxel and Cisplatin’s both single agent and combinational t-

reatments decreases SKOV-3 sphere size. MK0752 (for 24 hours) 

Docetaxel (for 48 hours) and Cisplatin (for 72 hours) treatments were 

applied after the spheroids were formed.  

 

 

 

Figure 101. MK0752, Docetaxel, Cisplatin and their combinations reduces SKOV-3 sp-

here size. (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001). 
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Figure 102. MK0752, Docetaxel and Cisplatin’s both single agent and combinational t-

reatments decreases SKOV-3MK0752R sphere size. MK0752 (for 24 hours), 

Docetaxel (for 48 hours) and Cisplatin (for 72 hours) treatments were 

applied after the spheroids were formed.  

 

 

Figure 103. MK0752, Docetaxel, Cisplatin and their combinations reduces SKOV-3MK-

0752R sphere size. (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001). 
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Figure 104. MK0752, Docetaxel and Cisplatin’s both single agent and combinational t-

reatments decreases A2780 sphere size. MK0752 (for 24 hours), Docetaxel 

(for 48 hours) and Cisplatin (for 72 hours) treatments were applied after the 

spheroids were formed.  

 

Figure 105. MK0752, Docetaxel, Cisplatin and their combinations reduces A2780 sphe-

re size. (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001). 
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Figure 106. MK0752, Docetaxel and Cisplatin’s both single agent and combinational t-

reatments decreases A2780MK0752R sphere size. MK0752 (for 24 hours), 

Docetaxel (for 48 hours) and Cisplatin (for 72 hours) treatments were 

applied after the spheroids were formed.  

 

Figure 107. MK0752, Docetaxel, Cisplatin and their combinations reduces A2780MK07-

52R sphere size. (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001). 
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A2780 spheroids were decreased to 15% for MK0752, 28% for Docetaxel and 

17% for Cisplatin single agent treatments at day 3 which represents oversensitivity to 

single agent treatments. There were 18% difference between Docetaxel and its MK0752 

combination. There was no change in sphere area between Cisplatin’s MK0752 

combinations compared to Cisplatin single agent treatments (Figure 104 and 105). 

A2780MK0752R spheroids were decreased to 53% for MK0752, 67% for Docetaxel and 

38% for Cisplatin single agent treatments at day 3 that shows moderate sensitivity yet 

effective treatments. Almost 50% decrease for MK0752 IC100 retreatments shows 

A2780MK0752R’s sensitiveness against MK0752 retreatments. There were 41% 

difference between Docetaxel and its MK0752 combination. 20% difference in the 

sphere area was observed when Cisplatin’s MK0752 combinations were compared to 

Cisplatin single agent treatments (Figure 106 and 107). A2780 spheres showed higher 

sensitivity to MK0752, Docetaxel and Cisplatin single agent and combinational 

treatments as well as A2780MK0752R spheres. Thus, represents despite A2780MK0752R 

resistance behaviour, it remains responsive to single agent and combinational 

treatments.   

Acid phosphatase activity of MK0752 treatments for A2780 and A2780MK0752R 

cells resulted in no different than non-treated controls. MK0752 combinations with 

Docetaxel resulted in 93% difference when compared to Docetaxel single agent 

treatments for A2780MK0752R (Figure 108 A). MK0752 combinations with Docetaxel 

showed 102% decreased pattern when compared to non-treated conditions. MK0752 

combinations with Docetaxel resulted in 106% decrease in A2780MK0752R cells when 

compared to non-treated conditions. A2780MK0752R cells induced 98% decrease and 

MK0752 combinations indicated 80% decrease when compared to the non-treated 

group. Cisplatin single treatments for A2780 cells showed 91% decrease in cell viability 

compared to nontreated controls (Figure 108 B and C). BG-1, Acid phosphatase activity 

of MK0752 treatments resulted in no different than the non-treated controls (Figure 109 

A). BG-1 cells showed 11% decrease in single agent Docetaxel treatments and MK0752 

combinations with Docetaxel by 22% decrease compared to nontreated conditions. BG-

1MK0752R cells when combined with MK0752 with Docetaxel resulted 10% decrease in 

viability when compared to nontreated BG-1MK0752R conditions. Cisplatin treated BG-

1MK0752R cells resulted in 11% decrease and BG-1 cells showed 13% decrease. MK0752 

combined with Cisplatin resulted in 17% decrease when compared to the non-treated 

control (Figure 109 B and C).  
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MK0752 treatments showed SKOV-3 cells decreased by 11% and when treated 

with MK0752 and SKOV-3MK0752R showed 50% decrease (Figure 110 A).  Docetaxel 

single treatments for SKOV-3 induced 13% decrease and its MK0752 combinations 

showed 23% decrease in cell viability when compared to nontreated controls. SKOV-

3MK0752R cells single treatment with Docetaxel and MK0752 combinations indicated 

23% decrease. Cisplatin single agent treatments for SKOV-3 cells showed 21% and 

28% decrease when combined with MK0752. Cisplatin single agent treatments for 

SKOV-3MK0752R cells showed 60% decrease and 50% when combined with MK0752 

(Figure 110 B and C).  

IGROV-1CisR cell line showed 20% decrease when compared to the non-treated 

group. IGROV-1 cell’s Docetaxel single agent treatments resulted in 12%, its 

combinations with MK0752 decrease in 16% compared to non-treated condition (Figure 

111 A). IGROV-1CisR cells Docetaxel single agent treatments were decreased by 25% 

and its combinations with MK0752 were decreased by 29%. IGROV-1MK0752R cells 

Docetaxel single agent treatments were decreased by 6% and its combinations with 

MK0752 decreased by 11% compared to non-treated condition. IGROV-1 cells 

Cisplatin single agent treatments were decreased by 19% and its combinations with 

MK0752 were decreased by 21% compared to non-treated condition. IGROV-1CisR cells 

Cisplatin single agent treatments were decreased by 18% and its combinations with 

MK0752 were 20% compared to non-treated condition. IGROV-1MK0752R cells Cisplatin 

single agent treatments were decreased by 6% decreased and its combinations with 

MK0752 decreased by 11% compared to non-treated condition (Figure 111 B and C). 

MK0752 treatments sensitized cells as Docetaxel and Cisplatin treatments yet their 

combinations increased the toxicity for IGROV-1, A2780, BG-1 and SKOV-3. IGROV-

1CisR cells were also sensitive to Cisplatin treatments when combined with MK0752. 

Overall findings represent MK0752’s successful cell viability inhibition capacity. 

MK0752 resistant cells showed less shrinking in spheroid size that represents its fitting 

in common hallmarks in drug resistance catalogues. MK0752 resistant IGROV-1, A270, 

BG-1 and SKOV-3 was still responsive to Docetaxel and Cisplatin treatments which 

suggests its probable success in long term anti-cancer treatments and availability of 

combinational treatments.  
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Figure 108. Decreased viability of A2780 and A2780MK0752R spheroids in response to 

MK0752, Docetaxel and Cisplatin treatments and their combinations. (A) 

MK0752 (for 24 hours), (B) Docetaxel (for 48 hours) and (C) Cisplatin (for 

72 hours) and their respective combinational treatments were applied after 

the spheroids were formed. (ns: not significant, *p<0.05, **p<0.01). 

 

Figure 109. Decreased viability ratios of BG-1 and BG-1  MK0752R spheroids in response 

to MK0752, Docetaxel and Cisplatin treatments and their combinations. (A) 

MK0752 (for 24 hours), (B) Docetaxel (for 48 hours) and (C) Cisplatin (for 

72 hours) and their respective combinational treatments were applied after 

the spheroids were formed. (ns: not significant, *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001). 
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Figure 110. Decreased viability ratios of SKOV-3 and SKOV-3MK0752R spheroids in res-

ponse to MK0752, Docetaxel and Cisplatin treatments and their 

combinations. (A) MK0752 (for 24 hours), (B) Docetaxel (for 48 hours) and 

(C) Cisplatin (for 72 hours) and their respective combinational treatments 

were applied after the spheroids were formed. (*p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001). 

 

Figure 111. Decreased viability ratios of IGROV-1 and IGROV-1MK0752R, and IGROV-

1CisR spheroids in response to MK0752, Docetaxel and Cisplatin treatments 

and their combinations. (A) MK0752 (for 24 hours), (B) Docetaxel (for 48 

hours) and (C) Cisplatin (for 72 hours) and their respective combinational 

treatments were applied after the spheroids were formed. (ns: not 

significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 
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4.7.2.2. MK0752 resistant ovarian cancer cells regulates C-Myc 

protein expression levels  

 

To assess potential MK0752 resistance route, protein expression levels of c-myc 

were profiled. C-myc is the one of the main downstream targets of Notch signalling 

pathway responsible for cancer recurrence and drug resistance. Its protein expression 

levels were compared for every single agent and combinational treatments of MK0752, 

Cisplatin and Docetaxel for IGROV-1, BG-1, SKOV-3 and A2780 and their MK0752 

resistant clones. IGROV-1CisR cells were also included in experiments.  BG-1-C and 

BG-1MK0752R cells MK0752 retreatments and Docetaxel treatments induced no 

significant difference of c-myc levels. BG-1MK0752R cells MK0752 combinations with 

Docetaxel resulted in 0.73-fold decrease when compared to non-treated BG-1MK0752R 

cells. BG-1 and BG-1MK0752R cells differed by 0.84-fold c-myc expression levels when 

treated with MK0752 and Docetaxel. Cisplatin single agent treatments induced 0.63-

fold decrease for BG-1 cells. BG-1MK0752R cells MK0752 combination with Cisplatin 

treatments decreased by 1.2-fold when compared to its Cisplatin single agent treatments 

as well as when it’s compared to BG-1 cells. MK0752 and Cisplatin combinations for 

BG-1MK0752R resulted in 1-fold decrease when compared to non-treated BG-1MK0752R 

cells (Figure 112).  

A2780 cells expressed c-myc by 1.4-fold when compared to A2780MK0752R cells. 

MK0752 treatments resulted in 1.2-fold difference between A2780 and A2780MK0752R 

cells. Single agent Docetaxel and Cisplatin treatments showed no significance in c-myc 

mRNA expressions.  however, MK0752 and Docetaxel combination resulted in 0.4-fold 

decrease and Cisplatin combinations resulted in 0.61-fold decrease when compared to 

A2780 cells non-treated condition. SKOV-3 and SKOV-3MK0752R cells showed no 

protein expression of c-myc naturally (Figure 113). Though, MK0752 retreated SKOV-

3MK0752R cells resulted in 0.79-fold increase when compared to nontreated SKOV-

3MK0752R cells and to MK0752 treated SKOV-3 cells. Docetaxel treated SKOV-3MK0752R 

cells increased the c-myc protein expression by 0.41 when compared to its MK0752 

combinations and nontreated conditions. Cisplatin treated SKOV-3MK0752R cells 

increased the c-myc protein expression by 1.2 when compared to nontreated conditions. 

MK0752 and Cisplatin combinations showed decreased expression by 1.02-fold when 

compared to Cisplatin single-agent treatments (Figure 114).  
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Figure 112. BG-1 and BG-1MK0752R cells c-myc protein expressions with MK0752, Doc-

etaxel and Cisplatin single agent and combinational treatments. (A) Western 

blot analysis of c-myc protein for treatments, (B) Normalized c-myc 

expression to β-actin ratios graphed for both BG-1 and BG-1MK0752R cells 

(ns: not significant, *p<0.05, **p<0.01). 

 

Figure 113. A2780 and A2780  MK0752R cells c-myc protein expressions with MK0752, 

Docetaxel and Cisplatin single agent and combinational treatments. (A) 

Western blot analysis of c-myc protein for treatments, (B) Normalized c-

myc expression to β-actin ratios graphed for both A2780 and A2780MK0752R 

cells (*p<0.05). 
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Figure 114. SKOV-3 and SKOV-3MK0752R cells c-myc protein expressions with MK075-

2, Docetaxel and Cisplatin single agent and combinational treatments. (A) 

Western blot analysis of c-myc protein for treatments, (B) Normalized c-

myc expression to β-actin ratios graphed for both SKOV-3 and SKOV-

3MK0752R cells. (**p<0.01, ***p<0.001). 

 

 

Figure 115. IGROV-1, IGROV-1MK0752R and IGROV-1CisR cells c-myc protein expressi-

ons with MK0752, Docetaxel and Cisplatin single agent and combinational 

treatments. (A) Western blot analysis of c-myc protein for treatments, (B) 

Normalized c-myc expression to β-actin ratios graphed for both IGROV-1, 

IGROV-1MK0752R and IGROV-1CisR cells (ns: not significant, *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001). 
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IGROV-1 cells showed no c-myc protein expression. IGROV-1MK0752R cells 

showed 1.1-fold increase and IGROV-1CisR cells showed 0.81-fold increase when 

compared to their non-treated conditions with IGROV-1 cells. MK0752 treatments 

decreased the expression by 0.58-fold for IGROV-1MK0752R when compared to non-

treated IGROV-1MK0752R cells whereas IGROV-1CisR’s expression was totally 

inhibited. Docetaxel single agent treatments for IGROV-1MK0752R cells increased the 

expression by 2.4-fold and its combination with MK0752 decreased the expression by 

1.3-fold. Protein expression levels of c-myc of IGROV-1MK0752R cells compared to 

IGROV-1CisR cells decreased by 0.29-fold change. Docetaxel single agent treatments 

compared to MK0752 combinations resulted in additional 0.13-fold decrease for 

IGROV-1CisR cells. IGROV-1 cells only expressed c-myc when treated with Docetaxel 

as a single agent by 0.28-fold. IGROV-1 cells were not expressing c-myc when treated 

with Cisplatin as a single agent yet its combination with MK0752 induced increase in 

the expression by 1.2-fold. MK0752 and Cisplatin combinational treatments for 

IGROV-1MK0752R showed 1.3-fold increase in the expression whereas Cisplatin’s 

single agent treatment inhibited the expression by 0.9-fold. MK0752 and Cisplatin 

combinational treatments for IGROV-1CisR showed 0.38-fold decrease in the 

expression whereas Cisplatin’s single agent treatment increased the expression by 0.42-

fold (Figure 115). A2780MK0752R, BG-1MK0752R showed overall decrease in the c-

myc protein expression in opposite to IGROV-1MK0752R and SKOV-3MK0752R. 

Thus, might explain uniqueness of the routes and regulative capacities for each ovarian 

cancer cell line tested in response to the MK0752 resistance. Spheroids differ in 

expression of various proteins to maintain 3D microenvironments homeostatic state in 

cancers. Comparing both monolayer (2D) and spheroid (3D) setups were conducted to 

understand potential effects on acidity on drug tolerance and resistance. 2D and 3D 

cell’s C-myc’s protein expression levels were compared for IGROV-1, BG-1, SKOV-3 

and A2780 and their MK0752 resistant clones. SKOV-3 cells were not expressing C-

myc for both 2D and 3D comparisons (Figure 116). BG-1 and BG-1MK0752R cells 

expressed C-myc yet, there were no significant difference measured (Figure 117). 

A2780 cells nontreated 2D condition expressed 0.6-fold increased expression difference 

compared to its 3D condition as well as to A2780MK0752R cells (Figure 118). IGROV-1 

cells 2D and 3D results were not significantly different but, IGROV-1MK0752R cells 

increased c-myc protein expression by 0.84-fold for 2D and for 0.75-fold for 3D 

experiments (Figure 119). C-myc protein expression was not the determinant factor for 
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the monolayer or spheroids comparisons for A2780MK0752R, SKOV-3MK0752R, BG-

1MK0752R and IGROV-1MK0752R. This could be due to its potential acidosis independency 

as well as not being the main target in controlling environment toxicity for A2780, 

SKOV-3, BG-1, and IGROV-1 cells to resist MK0752. 

 

 

Figure 116. SKOV-3 and SKOV-3 MK0752R cells c-myc protein expressionS with 2D and 

3D conditions. Western blot analysis of c-myc protein for treatments were 

represented (C represents SKOV-3 and R represents SKOV-3MK0752R). 

 

Figure 117. BG-1 and BG-1MK0752R cells c-myc protein expressions with 2D and 3D co-

nditions. (A) Western blot analysis of c-myc protein for treatments, (B) 

Normalized c-myc expression to β-actin ratios graphed for both BG-1 and 

BG-1MK0752R cells by Graph Pad PRISM  8. C represents BG-1 and R 

represents BG-1MK0752R. (ns: not significant). 
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Figure 118. A2780 and A2780 MK0752R cells c-myc protein expressions with 2D and 3D 

conditions. (A) Western blot analysis of c-myc protein for treatments, (B) 

Normalized c-myc expression to β-actin ratios graphed for both A2780 and 

A2780MK0752R cells by Graph Pad PRISM  8. Each experiment was 

performed twice. C represents A2780 and R represents A2780MK0752R. 

(****p<0.0001). 

 

Figure 119. IGROV-1 and IGROV-1MK0752R cells c-myc protein expressions with 2D a-

nd 3D conditions. (A) Western blot analysis of c-myc protein for treatments, 

(B) Normalized c-myc expression to β-actin ratios graphed for both 

IGROV-1 and IGROV-1MK0752R cells by Graph Pad PRISM  8. Each 

experiment was performed twice. C represents IGROV-1 and R represents 

IGROV-1MK0752R. (**p<0.01). 
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4.7.2.3. MK0752 resistant Ovarian cancer cells regulates Oxidative 

stress markers protein expression levels 

 

Oxidative stress induces acidosis which helps cancer cells to tolerate the lack of 

energy source and toxic environments that is associated with drug resistance. To assess 

MK0752’s resistance route, Oxidative stress marker’s (Catalase, Smooth muscle actin 

(SMA), Superoxide Dismutase 1 (SOD1) and Thioredoxin) protein expression levels 

were compared for every single agent and combinational treatments of MK0752, 

Cisplatin and Docetaxel for IGROV-1, BG-1, SKOV-3 and A2780 and their MK0752 

resistant clones. IGROV-1CisR cells were also included in experiments.  BG-1 and BG-

1MK0752R cells represented no significant expression difference profile for Catalase 

protein expressions except the Docetaxel treatments. Docetaxel’s combination with 

MK0752 increased Catalase expression by 0.37-fold when compared to Docetaxel 

single agent treatments of BG-1 cells (Figure 120 A and B). SMA expressions were not 

observed for BG-1MK0752R cells. Docetaxel’s combination with MK0752 increased SMA 

expression by 0.11-fold when compared to Docetaxel single agent treatments of BG-1 

cells (Figure 120 C).  

Cisplatin single agent or combinations were not significantly different when 

compared to each other however, Cisplatin single agent treatments decreased the 

expression by 0.14-fold when compared to non-treated BG-1 cells. SOD1 expressions 

for BG-1MK0752R cells showed 0.49-fold increase when treated with MK0752 and 

Docetaxel single agent treatments increased the expression by 0.34-fold when compared 

to non-treated conditions. Cisplatin single agent treatments, MK0752 combinational 

treatments showed no expression of SOD1 for BG-1MK0752R cells. SOD1 protein 

expressions were observed stabile for BG-1 cells (Figure 120 D). Thioredoxin protein 

expressions for MK0752 and Docetaxel single agent treatments showed not significant 

difference for BG-1 and BG-1MK0752R cells. Cisplatin treated BG-1MK0752R cells showed 

increased expression by 1.1-fold when compared to BG-1 cell’s Cisplatin treatments. 

MK0752’s Docetaxel combinations 0.22-fold and Cisplatin combinations, increased by 

0.12-fold when compared to non-treated conditions. Cisplatin combinational treatments 

decreased Thioredoxin expression by 1-fold (Figure 120 E). 
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Figure 120. BG-1 and BG-1MK0752R cells Catalase, Smooth muscle actin, SOD1 and Thi-

oredoxin protein expressions with MK0752, Docetaxel and Cisplatin single 

agent and combinational treatments. (A) Western blot analysis of Oxidative 

stress marker proteins for treatments, (B) Normalized Catalase expression 

(C) Smooth muscle actin expression (D) SOD1 expression (E) Thioredoxin 

expression to β-actin ratios graphed for both BG-1 and BG-1MK0752R cells 

(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 

 

Catalase expressions were not observed for A2780 cells whereas A2780MK0752R 

cells showed 1.2-fold expression. Catalase expressions of A2780MK0752R cells observed 

as decreased by 1.5-fold for MK0752, 1.59-fold for Docetaxel and 1.61-fold for 

Cisplatin single agent treatments when compared to non-treated controls. MK0752 

combinations with Docetaxel by 0.1-fold and Cisplatin by 0.05-fold increase in the 

expression were observed for A2780 cells compared to their single agent treatments. 

MK0752 combinations with Docetaxel by 1.6-fold and Cisplatin by 1.7-fold decrease 
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in the expression were observed for A2780MK0752R cells compared to their single agent 

treatments (Figure 121 A and B). SMA expressions were not observed for A2780 cells 

except when they were treated with MK0752’s Docetaxel and Cisplatin combinations 

by 0.1-fold. SMA expressions of A2780MK0752R cells observed as decreased by 1.2-fold 

for MK0752, Docetaxel and Cisplatin single agent treatments when compared to non-

treated controls. MK0752 combinations with Docetaxel by 1.0-fold and Cisplatin by 

1.1-fold decrease in the expression were observed for A2780MK0752R cells compared to 

non-treated controls (Figure 121 C).  

SOD1 expressions were not observed in Docetaxel and Cisplatin single agent 

treatments and their combinations with MK0752 except the non-treated condition by 

1.3-fold for A2780MK0752R cells. Cisplatin single agent treatments and MK0752 

combinations showed 0.23-fold decrease when compared to non-treated controls for 

A2780 cells. Docetaxel combinations with MK0752 resulted in increase of SOD1 

expression by 0.41-fold when compared to its single agent treatments for A2780 cells 

(Figure 121 D). A2780 and A2780MK0752R treatments showed no significant difference 

of Thioredoxin protein expressions (Figure 121 E). Catalase expressions of SKOV-

3MK0752R cells were not observed whereas SKOV-3 cells showed increase by 1.2-fold 

for MK0752, 0.9-fold for Docetaxel and 0.03-fold for Cisplatin single agent treatments 

when compared to non-treated control (Figure 122 A and B).  

SKOV-3 and SKOV-3MK0752R cells showed no SMA and SOD1 protein 

expressions for all treatments. MK0752 combinations with Docetaxel decreased the 

expression by 0.8-fold when compared to Docetaxel single agent treatments for SKOV-

3 cells. SKOV-3 cells showed decrease by 0.1-fold for MK0752, 0.7-fold for Docetaxel 

and 0.9-fold for Cisplatin single agent treatments when compared to nontreated control 

for Thioredoxin protein expressions. SKOV-3MK0752R cells showed increase by 0.08-

fold for MK0752, 0.56-fold for Docetaxel and Cisplatin single agent treatments when 

compared to nontreated control. MK0752 combinations with Docetaxel decreased the 

expression by 0.5-fold when compared to non-treated control for SKOV-3 cells and 0.6-

fold for SKOV-3 MK0752R cells. Docetaxel and Cisplatin combinations with MK0752 

showed no significant difference in Thioredoxin protein expression in their single agent 

treatment comparisons (Figure 122 C). 
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Figure 121. A2780 and A2780 MK0752R cells Catalase, Smooth muscle actin, SOD1 and 

Thioredoxin protein expressions with MK0752, Docetaxel and Cisplatin 

single agent and combinational treatments. (A) Western blot analysis of 

Oxidative stress marker proteins for treatments, (B) Normalized Catalase 

expression (C) Smooth muscle actin expression (D) SOD1 expression 

(E)Thioredoxin expression to β-actin ratios graphed for both A2780 and 

A2780MK0752R cells by Graph Pad PRISM  8. Each experiment was 

performed twice. Two-way ANOVA analysis and student t-test confirmed 

the significance for conditions (***p<0.001, ****p<0.0001). 
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Figure 122. SKOV-3 and SKOV-3 MK0752R cells Catalase, Smooth muscle actin, SOD1 

and Thioredoxin protein expressions with MK0752, Docetaxel and 

Cisplatin single agent and combinational treatments. (A) Western blot 

analysis of Oxidative stress marker proteins for treatments, (B) Normalized 

Catalase expression (C) Thioredoxin expression to β-actin ratios graphed 

for both SKOV-3 and SKOV-3MK0752R cells by Graph Pad PRISM  8. Each 

experiment was performed twice. Two-way ANOVA analysis and student 

t-test confirmed the significance for conditions (**p<0.01, ***p<0.001, 

****p<0.0001). 

 

Catalase protein expressions for IGROV-1, IGROV-1MK0752R and IGROV-1CisR 

cells were not significantly different from each other for MK0752, Docetaxel and 

Cisplatin single agent treatments (Figure 123 A and B). IGROV-1MK0752R cells showed 

expression increase by 0.2-fold for MK0752, 1.3-fold for Docetaxel and decrease 0.49-

fold for Cisplatin single agent treatments when compared to non-treated control. 

IGROV-1CisR cells showed expression increase by 0.3-fold for MK0752, 1.2-fold for 

Cisplatin and decrease 0.6-fold for Docetaxel single agent treatments when compared 

to non-treated control. IGROV-1 cells showed expression decrease by 0.4-fold for 

MK0752, 0.42-fold Docetaxel for and increase 1.1-fold for Cisplatin single agent 

treatments when compared to non-treated control. MK0752 combinations with 

Docetaxel resulted in increased by 3.1-fold for IGROV-1 and by 2.3-fold for IGROV-
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1CisR cells when compared to their single agent treatments. IGROV-1MK0752R cells 

combinations with Docetaxel resulted in 0.4-fold decrease compared to Docetaxel 

single agent treatments. MK0752 combinations with Cisplatin resulted in decreased by 

2.6-fold for IGROV-1 and by 1.1-fold for IGROV-1CisR cells when compared to their 

single agent treatments. IGROV-1MK0752R cells combinations with Cisplatin resulted in 

0.2-fold decrease compared to Cisplatin single agent treatments. IGROV-1, IGROV-

1MK0752R and IGROV-1CisR cells showed no protein expression of SMA for all treatment 

conditions. SOD1 expressions were not significantly different between treatment and 

cell line groups (Figure 123 C). IGROV-1 cells showed expression decrease by 1.1-fold 

for MK0752, 0.6-fold for Cisplatin and increase 0.4-fold for Docetaxel single agent 

treatments when compared to non-treated control for Thioredoxin protein expressions. 

IGROV-1MK0752R cells showed expression increase by 0.1-fold for MK0752, 0.05-fold 

for Docetaxel and decrease 0.1-fold for Cisplatin single agent treatments when 

compared to non-treated control. IGROV-1CisR cells showed expression increase by 0.1-

fold for MK0752, 0.14-fold for Cisplatin and decrease 0.05-fold for Docetaxel single 

agent treatments when compared to non-treated control. MK0752 combinations with 

Docetaxel decreased the Thioredoxin expression by 0.2-fold when compared to 

Docetaxel single agent treatments for IGROV-1 cells. MK0752 combinations with 

Cisplatin increased the expression by 1.2-fold when compared to Cisplatin single agent 

treatments for IGROV-1, IGROV-1MK0752R and IGROV-1CisR cells. MK0752 

combinations with Docetaxel increased the expression by 0.3-fold when compared to 

Cisplatin single agent treatments for IGROV-1MK0752R and IGROV-1CisR cells (Figure 

123 D). Aberrant expression patterns of Catalase, Smooth muscle actin, Superoxide 

Dismutase 1, and Thioredoxin were observed for A2780MK0752R, BG-1MK0752R, SKOV-

3MK0752R and IGROV-1MK0752R cells. Dysregulations in the Oxidative stress markers 

might be the potential route for MK0752 resistance in A2780, BG-1, SKOV-3, and 

IGROV-1 ovarian cancer cells. Oxidative stress induces acidic tumor environments and 

pH changes which forms a hallmark of drug resistance. To test this phenomenon, both 

monolayer (2D) and spheroid (3D) cell’s Oxidative stress marker’s (Catalase, Smooth 

muscle actin (SMA), Superoxide Dismutase 1 (SOD1) and Thioredoxin protein 

expression levels were compared for IGROV-1, BG-1, SKOV-3 and A2780 and their 

MK0752 resistant clones. IGROV-1 cells were not expressing SMA and showed no 

significant difference for Catalase, SOD1 and Thioredoxin expressions when compared 

for both 2D and 3D experiments (Figure 124 A, B, C and D). 
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Figure 123. IGROV-1, IGROV-1 MK0752R and IGROV-1 CisR cells Catalase, Smooth mu-

scle actin, SOD1 and Thioredoxin protein expressions with MK0752, 

Docetaxel and Cisplatin single agent and combinational treatments. (A) 

Western blot analysis of Oxidative stress marker proteins for treatments, (B) 

Normalized Catalase expression (C) SOD1 expression (D)Thioredoxin 

expression to β-actin ratios graphed for both IGROV-1, IGROV-1MK0752R 

and IGROV-1CisR cells by Graph Pad PRISM  8. Each experiment was 

performed twice. Two-way ANOVA analysis and student t-test confirmed 

the significance for conditions (*p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001). 
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SKOV-3 cells showed no expression of Catalase, SMA and SOD1 however, 

Thioredoxin protein expressions were increased by 0.42-fold for 3D SKOV-3 cells and 

decreased 0.31-fold for 3D SKOV-3MK0752R when compared to cells 2D condition. 3D 

SKOV-3 cells showed 0.6-fold difference when compared to 3D SKOV-3MK0752R cells 

(Figure 125 A and B). BG-1 and BG-1MK0752R cells showed no significant differences 

in protein expressions for Catalase, SMA and SOD1 when compared to their 2D and 3D 

conditions. Thioredoxin protein expressions showed 0.75-fold difference when 

compared to BG-1 and BG-1MK0752R cell’s 2D conditions and 0.53-fold for their 3D 

comparisons. BG-1 cells 2D condition resulted in 0.28-fold decrease when compared to 

BG-1 cells 3D condition. BG-1MK0752R cells 2D condition resulted in 0.06-fold decrease 

when compared to BG-1MK0752R cells 3D condition (Figure 126 A, B and C).  

 

 

Figure 124. IGROV-1 and IGROV-1MK0752R cells Catalase, Smooth muscle actin, SOD1 

and Thioredoxin protein expressions with 2D and 3D conditions. (A) 

Western blot analysis of oxidative stress marker proteins for treatments, (B) 

Normalized Catalase expression (C) SOD1 expression (D) Thioredoxin 

expression to β-actin ratios graphed for both IGROV-1 and IGROV-

1MK0752R cells by Graph Pad PRISM  8. (ns: not significant).  
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A2780 and A2780MK0752R cells showed no protein expression of Catalase and 

SOD1 for both 2D and 3D conditions. SMA was expressed 0.62-fold by only 

A2780MK0752R cells for 2D conditions and Thioredoxin protein expressions resulted in 

no significant difference between conditions for both A2780 and A2780MK0752R cells 

(Figure 127 A, B, C and D). Spheroids were found to be aberrantly expressing Catalase, 

SMA, SOD1 and Thioredoxin when compared to monolayer IGROV-1, A2780, BG-1 

and SKOV-3 due to their acidic nature yet this could be a route to tolerate MK0752 

treatments. 

 

 

Figure 125. SKOV-3 and SKOV-3 MK0752R cells Catalase, Smooth muscle actin, SOD1 

and Thioredoxin protein expressions with 2D and 3D conditions. (A) 

Western blot analysis of oxidative stress marker proteins for treatments, (B) 

Thioredoxin expression to β-actin ratios graphed for both SKOV-3 and 

SKOV-3MK0752R cells by Graph Pad PRISM  8. Each experiment was 

performed twice. Two-way ANOVA analysis and student t-test confirmed 

the significance for conditions (*p<0.05, **p<0.01). 
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Figure 126. A2780 and A2780 MK0752R cells Catalase, Smooth muscle actin, SOD1 and 

Thioredoxin protein expressions with 2D and 3D conditions. (A) Western 

blot analysis of oxidative stress marker proteins for treatments, (B) Smooth 

muscle actin expression (C) Thioredoxin expression to β-actin ratios 

graphed for both A2780 and A2780MK0752R cells (ns: not significant, 

**p<0.01). 
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Figure 127. BG-1 and BG-1MK0752R cells Catalase, Smooth muscle actin, SOD1 and Thi-

oredoxin protein expressions with 2D and 3D conditions. (A) Western blot 

analysis of oxidative stress marker proteins for treatments, (B) Normalized 

Catalase expression (C) Smooth muscle actin expression, (D) SOD1 

expression (E) Thioredoxin expression to β-actin ratios graphed for both 

BG-1 and BG-1MK0752R cells (ns: not significant, *p<0.05, **p<0.01). 
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4.7.2.4. Proteomic profiling and comparison of IGROV-1CisR and 

IGROV-1MK0752R cells 

 

Drugs resistance mechanisms can differ through specific treatment induced 

dysregulated pathways. Proteomic profiling was conducted to uncover and compare 

potential altered targets for IGROV-1CisR and IGROV-1MK0752R cells to clarify resistance 

pattern. IGROV-1CisR and IGROV-1MK0752R cells were collected after resistance 

confirmations and analysed by Label-free quantification of LC-MS/MS in independent 

triplicates. Results were normalized to IGROV-1 parental cells and abundance ratio’s 

including p-values were analysed. Proteomics analysis allowed an overall identification 

of 1477 proteins and fold changes of abundance higher than 2 were highlighted as 

upregulated whereas lower than -1.5 represented as downregulated. Between 2 and -1.5 

abundance fold changes were also plotted due to dysregulated patterns and significance. 

Proteins downregulated in IGROV-1MK0752R cells and upregulated in both IGROV-1CisR 

and IGROV-1MK0752R cells were listed (Table 3 and 4). Dysregulated proteins were listed 

for both conditions (Table 5). 

Table 3.   Proteins downregulated in IGROV-1MK0752R cells identified by label-free 

proteomics approach. Fold changes in bold represent the lowest ratio 

compared. 

 

Table 4.     Proteins upregulated in IGROV-1CisR and IGROV-1MK0752R cells identified 

by label-free proteomics approach. Fold changes in bold represent the 

highest ratio compared. 
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Table 5.  Proteins dysregulated in IGROV-1CisR and IGROV-1MK0752R cells cells 

identified by label-free proteomics approach. Fold changes in bold 

represents the highest ratio compared. 
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Identifying dysregulated proteins from IGROV-1CisR and IGROV-1MK0752R cells, 

MaxQuant label-free algorithm (LFQ) was applied to analyse the relative protein 

abundance created via spectral intensity. Significance was set by using t-test and False 

Discovery Rate (FDR) were set <0.05 as significance base and fold-change ratio’s as 

>2 or <−1.5 for differential abundance limit. In such profiling, there were no proteins 

found as significant and less than a -1.5-abundance fold ratio. p-values and fold ratios 

of the data represented as volcano plots showing both significant and nonsignificant 

differences between IGROV-1CisR and IGROV-1MK0752R (Figure 128A). Significantly 

dysregulated 46 hits were represented as a heatmap showing up or downregulation of 

genes for both IGROV-1CisR and IGROV-1MK0752R conditions (Figure 128B). 

 

 

Figure 128. Proteomics data interpretation and visualization of IGROV-1MK0752R and I-

GROV-1CisR cells. (A) Volcano plot comparing differential protein 

expression in IGROV-1CisR and IGROV-1MK0752R samples. The proteins 

significantly upregulated are red or blue dots and those upregulated are in a 

square shape, while the grey dots represent the proteins with insignificant 

expression. Only a few protein names were written due to lack of space. The 

p-value <0.05 was used for this significance cut-off. (B) Heatmap analysis 

of 46 significantly dysregulated proteins for IGROV-1CisR and IGROV-

1MK0752R with FDR, p-value<0.05 as significance threshold and fold-change 

>2 or <‒1.5 as the differential abundance threshold. 
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The functional proteome distribution of 46 dysregulated proteins for both 

IGROV-1CisR and IGROV-1MK0752R were represented as pie charts. Analysis was 

performed by Panther Tool and represented in enriched categories as molecular 

function, cellular component, biological processes, protein class categories and 

pathways. Utmost enriched terms in molecular function were transporter activity 

(10.5%) and catalytic activity (15.8%) (Figure 129 A). Cellular component was divided 

into a cellular anatomical entity (79.7%) and protein-containing complex (20.3%) 

(Figure 129 B).  

 

 

Figure 129. Pie charts showing the proteome distribution on molecular function, cellular 

component, and biological processes. All dysregulated proteins identified in 

IGROV-1CisR and IGROV-1MK0752R samples were annotated with the 

PANTHER Classification system (http://www.pantherdb.org/, accessed on 

19 October 2022) according to their (A) molecular function, (B) cellular 

component and (C) biological process. 

 

Biological processes represented cellular process (35.33%), localization 

(15.17%) and biological regulation (17.66%) as most enriched (Figure 129 C). The 

dysregulated proteins were predominantly in cytoskeletal (14%), transporter (9.21%), 
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RNA metabolism (11.21%), translational (10.21%), metabolite interconversion enzyme 

(20.22%) in class categories (Figure 130A). Pathway interactions were distributed 

equally among signaling and activation routes (Figure 130B). Collectively, Notch’s vital 

role in cell fate reflects in IGROV-1’s MK0752 resistance through dysregulations of its 

downstream pathways. 

 

 

Figure 130. Pie charts showing the proteome distribution on protein class categories and 

pathways. All dysregulated proteins identified in IGROV-1CisR and IGROV-

1MK0752R samples were annotated with the PANTHER Classification system 

(http://www.pantherdb.org/, accessed on 19 October 2022) according to 

their (A) protein class categories and (B) pathways. 

 

Dysregulated proteins were then applied to Gene Mania through Cytoscape 

(https://genemania.org, accessed on 19 October 2022) to map probable network among 

them. There were 24 dysregulated proteins with addition of 5-10 possible correlated 

proteins and their predicted functional associations were networked for IGROV-1CisR 

cells. Intracellular transport regulatory, cellular protein localization, cell metabolism, 

cell-cell junction, mitochondrial transport functions were the top enrichments made for 

IGROV-1CisR cells (Figure 131). IGROV-1MK0752R cell’s 20 dysregulated proteins with 

the addition of 5-10 possible correlated proteins and their predicted functional 

associations were networked. Apoptotic signalling pathway, endoplasmic reticulum 
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stress response, cell metabolism, cytochrome c release and membrane permeability 

showed as the top functional enrichments (Figure 132). Dysregulated proteins expressed 

for both IGROV-1CisR and IGROV-1MK0752R were also mapped together and cell-cell 

junction, cytochrome c release, cell metabolism, membrane permeability and 

intracellular transport molecular functions were enriched that are all related to stress 

response and drug resistance (Figure 133). 

 

 

Figure 131. Functional gene network analysis of genes dysregulated in IGROV-1CisR  

lcells. Only significant enrichment in the functional networks was identified 

and presented by GeneMania tool. Bold dots without interlines represent 

further interactions based on the database. 
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Figure 132. Functional gene network analysis of genes dysregulated in IGROV-1MK0752R 

cells. Significant enrichment in the functional networks was identified and 

presented by GeneMania tool. Bold dots without interlines represent further 

interactions based on the database. 

Dysregulated proteins were then categorized based on their cellular functional 

role and differential log2 LFQ intensities for IGROV-1, IGROV-1CisR and IGROV-

1MK0752R cells. Seven proteins, Dynein cytoplasmic 1 heavy chain 1 (DYNC1H1), 

solute carrier family 25 member 5 (SLC25A5), PHD finger protein 5A (PHF5A), LRR 

binding FLII interacting protein 1 (LRRFIP1), zinc finger CCCH-type containing 

(ZC3H), DEAD-box helicase 42 (DDX42), heterogeneous nuclear ribonucleoprotein D 

(HNNRPD) were found to be taking role in cell proliferation.  DYNC1H1 and PHF5A 

showed significant 1.5-fold decrease for IGROV-1MK0752R cells compared to IGROV-1 
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cells. LRRFIP1 resulted in 1.2-fold decrease for IGROV-1CisR cells compared to 

IGROV-1 cells. ZC3H were 0.7-fold decreased in IGROV-1MK0752R cells and 0.4-fold 

increase in IGROV-1CisR cells when compared to control group. SLC25A5, DDX42, 

HNNRPD represented no significant change for abundance comparisons (Figure 134).  

 

 

Figure 133. Collective functional gene network analysis of genes dysregulated in IGR-

lOV-1CisR and IGROV-1MK0752R cells. Significant enrichment in the 

functional networks was identified and presented by GeneMania tool. Bold 

dots without interlines represent further interactions based on the database. 
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Figure 134. Proteomic signatures of IGROV-1, IGROV-1MK0752R and IGROV-1CisR cells 

in cell proliferation. Box plots represent dysregulated proteins based on the 

LFQ intensity.  *p<0.05. 

 

Six proteins, ADP ribosylation factor interacting protein 1 (ARFIP1), pyruvate 

dehydrogenase E1 subunit alpha 1 (PDHA1), wolframin ER transmembrane 

glycoprotein (WFS1), 6-phosphogluconolactonase (PGLS), RNA binding motif protein 

8A (RBM8A), aldehyde dehydrogenase 18 family member A1 (ALDH18A1) were 

found to be taking role in cell metabolism. ARFIP1 abundance was 0.6-fold decreased 

in IGROV-1MK0752R cells when compared to nontreated control cells. WFS1 showed 

increased LFQ intensity by 0.8-fold for IGROV-1MK0752R and by 1.1-fold for IGROV-

1CisR cells. PGLS abundance was decreased by 0.4-fold for both IGROV-1MK0752R and 

IGROV-1CisR cells. PDHA1, RBM8A and ALDH18A1 represented no significant 

change for abundance comparisons (Figure 135).  
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Figure 135. Proteomic signatures of IGROV-1, IGROV-1MK0752R and IGROV-1CisR cells 

in cell metabolism. Box plots represent dysregulated proteins based on the 

LFQ intensity.  *p<0.05, **p<0.01. 

 

Four proteins were found taking role in cell growth transcription factor 25 

(TCF25), W domain binding protein 2 (WBP2), gem nuclear organelle associated 

protein 5 (GEMIN5) and La-related protein 4B (LARP4B). LARPDB abundance was 

decreased significantly by 0.4-fold for IGROV-1MK0752R cells. WBP2 LFQ intensity was 

also decreased 0.38-fold for IGROV-1CisR cells. 0.41-fold change was observed when 

IGROV-1MK0752R and IGROV-1CisR cells were compared for WBP2 abundance. TCF25 

and GEMIN5 represented no significant change for abundance comparisons (Figure 

136).  
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Figure 136. Proteomic signatures of IGROV-1, IGROV-1MK0752R and IGROV-1CisR cells 

in cell growth. Box plots represent dysregulated proteins based on the LFQ 

intensity.  *p<0.05. 

 

Six proteins, small glutamine rich tetratricopeptide repeat containing alpha 

(SGTA), translocase of inner mitochondrial membrane 10 (TIMM10), SRP receptor 

subunit alpha (SPRRA), solute carrier family 38 member 10 (SLC38A10), sorting nexin 

6 (SNX6), and extended synaptotagmin 1 (ESYT1) were found taking role in membrane 

transport. Only SNX6 IGROV-1CisR abundance was increased significantly by 0.6-fold 

when compared to IGROV-1 cells (Figure 137). Lin-7 homolog C, crumbs cell polarity 

complex component (LIN7C) and inositol 1,4,5-trisphosphate receptor type 3 (ITPR3) 

were observed taking role in exocytosis. LIN7C showed no significant changes yet, 

ITPR3 resulted in 1.1-fold increase for IGROV-1MK0752R cells and 0.3-fold decrease for 

IGROV-1CisR cells when compared to IGROV-1 cells (Figure 138).  Eight proteins were 

found taking role in the cell cytoskeleton, filamin C (FLNC), pyruvate dehydrogenase 

E1 subunit alpha 1 (PDHA1), radixin (RDX), intraflagellar transport 88 (IFT81), 

laminin 1 (LAD1), CAP-Gly domain-containing linker protein 1 (CLIP1), nitric oxide 

synthase interacting protein (NOSIP) and plastin 1 (PLS1). RDX showed a 0.7-fold 

increase for IGROV-1CisR cells and PLS1 abundance decreased by 0.6-fold for IGROV-

1MK0752R cells and 1.2-fold for IGROV-1CisR cells. LAD1 represented a 0.7-fold decrease 

in IGROV-1CisR cells. CLIP1 abundance was decreased by 0.8-fold in IGROV-1MK0752R 

cells and by 0.3-fold for IGROV-1CisR cells when compared to IGROV-1. FLNC, 

PDHA1, IFT81, and NOSIP showed no significant changes based on abundance values. 

(Figure 139). 
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Figure 137. Proteomic signatures of IGROV-1, IGROV-1MK0752R and IGROV-1CisR cells 

in membrane transport. Box plots represent dysregulated proteins based on 

the LFQ intensity.  *p<0.05.  

 

 

Figure 138. Proteomic signatures of IGROV-1, IGROV-1MK0752R and IGROV-1CisR cells 

in exocytosis. Box plots represent dysregulated proteins based on the LFQ 

intensity.  *p<0.05.  

 



 

151 

 

Figure 139. Proteomic signatures of IGROV-1, IGROV-1MK0752R and IGROV-1CisR cells 

in the cell cytoskeleton. Box plots represent dysregulated proteins based on 

the LFQ intensity. *p<0.05, **p<0.01, ***p<0.001. 

 

Nine proteins were found to take a role in carcinogenesis, tumour protein D52 

(TPD52), epiplakin 1 (EPPK1), H2AW histone (H2AW), myoferlin (MYOF), 

dimethylarginine dimethylaminohydrolase 2 (DDAH2), protein-L-isoaspartate (D-

aspartate) O-methyltransferase (PCMT1), BCL2 associated X, apoptosis regulator 

(BAX), HECT, UBA and WWE domain containing E3 ubiquitin protein ligase 1 

(HUWE1) and catenin delta 1 (CTNND1). TPD52 showed a 0.3-fold change among 

IGROV-1MK0752R and IGROV-1CisR. DDAH2 LCQ intensity was decreased by 0.4-fold 

for IGROV-1MK0752R cells and by 0.2-fold for IGROV-1CisR cells. PCMT showed a 

0.2fold change for IGROV-1MK0752R cells when compared to IGROV-1 cells. BAX 

abundance decreased by 0.6-fold for IGROV-1MK0752R and 1-fold for IGROV-1CisR cells. 

TPD52, EPPK1, H2AW, MYOF, HUWE1 and CTNND1 showed no significant 

abundance changes when compared (Figure 140). Dysregulated proteins were taking a 

role in cell proliferation, metabolism, growth, membrane transport, exocytosis, cell 
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cytoskeleton and carcinogenesis that associates with Notch’s essential roles in cell fate 

homeostasis.  Once Notch is constantly inhibited through MK0752, cells’ escape routes 

might be through these aberrant proteins to overcome drug toxicity and develop 

resistance.  

 

 

 

Figure 140. Proteomic signatures of IGROV-1, IGROV-1MK0752R and IGROV-1CisR cells 

in carcinogenesis. Box plots represent dysregulated proteins based on the 

LFQ intensity.  *p<0.05, **p<0.01. 
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CHAPTER 5 

 

 

DISCUSSION AND CONCLUSIONS 

 

 

5.1. GSI Resistance in Breast Cancer 

 

Notch signalling pathway regulates cell fate through the activation of gamma 

secretase complex for further cleavage of Notch ligand-receptor complex to regulate the 

transcription of its downstream target genes (Bray, 2006 and Zlobin and Olsauskas 

Kuprys, 2013). DAPT, R04929097 and MK0752 were used to inhibit gamma-secretase 

complex and downregulate aberrant Notch signalling activity along with effectiveness 

as an anti-neoplastic drug to treat various cancers including breast and ovarian (Feng et 

al., 2019 and Moore et al., 2020).  

Although, DAPT, R04929097 and MK0752 is categorized as GSI, their 

structures and Notch receptor inhibition capacities differ. R04929097 is transition state 

analog whereas DAPT and MK0752 is non-transition state analogs. Transition state 

analogs competitively binds to Presenilin complex’s catalytic core (PEN2), and they 

form more stable inhibition. DAPT and MK0752 binds to interface of PEN1/PEN2 

dimers. IC50 dose calculations among various cell lines revealed that DAPT requires 

IC50<5nM for Notch1 inhibition, IC50<100nM for Notch2 and Notch4, IC50>100nM for 

Notch3 receptor’s suppression. R04929097 requires IC50<5nM for all Notch receptors 

and MK0752 requires IC50<100nM for Notch1 and Notch2 yet IC50>100nM for Notch3 

and Notch4 inhibitions (Tetering and Vooijs, 2011; Osipo et al., 2013; McCaw et al., 

2021).  

Through Notch receptor inhibitions, DAPT, R04929097 and MK0752’s 

cytotoxic potential adheres vulnerable to possible resistance phenomenon which 

remains unknown. GSI therapies, including DAPT, R04929097 and MK0752, increased 

the success of chemotherapies overall (Doyle et al., 1998; Devarajan et al., 2002; Wang 

et al., 2014 and Edwards and Brennan, 2021). In this study, we focus on two main 

aspects of GSI treatments. First, we reveal the synergistic effects of co-treatments of 
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GSIs with two common chemotherapeutic drugs Cisplatin and Docetaxel. Second, we 

investigate possible routes to GSI resistance in MDA-MB-231 and MCF-7 breast cancer 

cells.  

The IC50 values for each drug allowed the classification of the cell lines as 

intrinsically resistant (IC50>50µM) or sensitive (IC50<50 µM). MDA-MB-231 cell line 

was intrinsically sensitive for both DAPT and R04929097 however resistant to MK0752 

treatments. MCF-7 cell line was intrinsically resistant to DAPT and MK0752 however 

sensitive to R04929097. Various strategies to obtain resistance against anti-neoplastic 

drugs were previously investigated and a gradual increase in the doses starting with IC50 

showed the most successful outcome (Brennan and Clarke, 2012; McDermott et al., 

2014). Here, we obtained MDA-MB-231-R and MCF-7-R cells, which survives in IC200 

of DAPT or R04929097 treatments. This value (IC200) exceeds the two-fold increase 

from IC50, that is accepted as the minimum dose the cells should survive to be 

considered as resistant (McDermott et al., 2014). Successfully generating DAPT or 

R04929097 resistance for both cell lines were conducted in approximately six months 

of continuous treatment schedules. Cell’s ability to grow and maintain proliferative 

abilities after continuous DAPT and R04929097 treatments were marked as a hallmark 

of drug resistance (Nussinov et al., 2021). Changes in the growth rates of parental and 

DAPT or R04929097 resistant MDA-MB-231 and MCF-7 cells were analysed via MTT 

cell viability assay. DAPT resistance increased growth rate in MDA-MB-231 and MCF-

7 cells by 0.41- and 0.43-fold, respectively, compared to their parental controls. In 

contrast, R04929097-resistant MDA-MB-231 and MCF-7 cells endured no change in 

growth rate. This indicates DAPT resistance might have a direct effect on cell 

proliferation unlike R04929097.  

Cancer cells endure constant morphological and molecular changes to tolerate 

anti-neoplastic drug treatments. Phenotypical changes of cancer cells escalate migration 

and invasion which are known as hallmarks of cancer drug resistance (Wang et al., 

2010). DAPT or R04929097 resistant MDA-MB-231 cells and R04929097 resistant 

MCF-7 cells showed no significant changes in morphological analysis. On the other 

hand, DAPT-resistant MCF-7 cells exhibited a more mesenchymal phenotype than the 

parental cells. Accordingly, the most striking observation in the DAPT-resistant MDA-

MB-231-R and MCF-7-R cells was the increase in the migratory behaviour whereas 

R04929097 resistance did not affect migratory phenotype for both cell lines.  
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Alterations in the strictly balanced metabolism, urges cells to undergo 

morphological and behavioural changes via epithelial-mesenchymal transition (EMT) 

(Wang et al., 2016). Thus, we investigated whether the changes in DAPT or R04929097 

resistant MDA-MB-231 and MCF-7 cells might be explained by EMT. In DAPT-

resistant MCF-7 cells, consistent with the activation of an EMT program, we observed 

an increase in EMT regulator Snail2 and mesenchymal marker N-Cadherin, while an 

epithelial marker ZO1 was decreased. ZO1 downregulation reflects metastatic 

behaviours and drug resistance (Polette et al., 2007 and Kalluri and Weinberg, 2009). 

In addition to its role in EMT, Snail2 also regulates diverse functions in development 

and disease including cancer and is regulated by Notch signalling (Alejandro et al., 2005 

and Esmeralda et al., 2011). The two other markers, epithelial marker E-Cadherin and 

EMT regulator Snail1, were not changed in MCF-7-R cells, which could be explained 

by partial EMT or the existence of transitional states during EMT. In DAPT resistant 

MDA-MB-231 cells, although an increase in E-Cadherin and decrease in N-Cadherin 

suggest a mesenchymal phenotype, the cellular morphology was not affected and the 

expression pattern of EMT effectors Snail1 and Snail2 were not consistently supporting 

EMT transition. Although, the migration rate was higher in DAPT resistant MDA-MB-

231 cells, this could not be explained by a change in EMT process.  All mesenchymal 

markers were reduced in R04929097 resistant MDA MB 231 cells, which correlates 

with reduced migration rate. However, the morphology of the cells was not changed 

towards a more epithelial phenotype. The differences between the EMT markers’ 

expression and cells’ morphology could be explained by the degree of EMT shift, which 

is cell- and context-dependent, and rarely exhibits a fully differentiated mesenchymal 

character (Singh and Settleman, 2010 and Loh et al., 2019).  

Collectively, our results support the literature in which EMT-like transitions are 

potential targets of multiple drug resistance outcome with metastatic behaviours to 

multiple anti-neoplastic drugs. Potential DAPT resistance mechanism in MCF-7 cells 

could rely on EMT, which has pleiotropic functions in cancer, such as favouring the 

migratory and invasive behaviour, acquisition of stem-cell like characteristics, immune 

suppression in addition to drug-resistance (Liao and Yang 2017). R04929097 resistance 

might not depend on increased growth rate, or EMT phenotype including increased 

migration. Thus, these data suggest alternative paths for R04929097 resistance in MDA-

MB-231 cells. DAPT- and R04929097- resistant MDA MB 231 cells showed reduced 

expression of Notch pathway components indicating that there was no upregulation of 
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the receptors to compensate for GSI treatment suggesting a Notch-independent 

resistance mechanisms. MCF-7 cells on the other hand, had increased expression of 

Notch3 receptor and Hes5 downstream target, which suggests a Notch3-induced 

compensation mechanism to restore Notch signalling activity. 

DAPT or MK0752 GSI’s were combined with Docetaxel or Cisplatin and 

resulted in successful therapeutic outcome by expunging the drug resistance hallmarks 

for both breast and ovarian cancer (Dai et al., 2018; Kato et al., 2018; Soni et al., 2018). 

In this study, DAPT and MK0752’s intrinsic synergistic activities were tested with both 

Docetaxel and Cisplatin by MTT cell viability assay. Cell lines were treated with their 

gradual setup of determined IC50 values for each combinational drug tested. DAPT 

combined with Docetaxel or Cisplatin showed highly synergistic activity for both 

MDA-MB-231 and MCF-7 cell lines. MK0752 combinations with Docetaxel or 

Cisplatin resulted in additive synergy for MDA-MB-231 cells. MCF-7 cells treated with 

MK0752, and Docetaxel combinations displayed highly synergistic activity and when 

combined with Cisplatin, additive effects were observed. Synergy matrix calculations 

also determined the optimum combinative concentration to be used for further studies. 

Clinical studies also test pre-treatment strategies of GSI’s with Docetaxel or Cisplatin 

treatments as sequential treatments found to be successful to overcome multidrug 

resistance profiles (Wang et al., 2017). Both MDA-MB-231 and MCF-7 were 

intrinsically highly sensitive to Docetaxel and Cisplatin. In MDA-MB-231 and MCF-7 

cells combined with Docetaxel or Cisplatin, DAPT resulted in greater cell viability 

decrease when compared to single drug treatments. Initial Docetaxel or Cisplatin 

treatments followed by DAPT resulted in higher toxicity than the DAPT initial treatment 

followed by Docetaxel or Cisplatin sequential treatments for MDA-MB-231 cells. The 

data is in correlation with the literature showing that chemo-therapy resistant cells could 

be targeted by GSIs. Thus, in sequential treatments, the cells that survive Cisplatin or 

docetaxel were targeted by DAPT. However, the observation was cell-type specific that 

in MCF-7 cells sequential treatments of DAPT with Docetaxel or Cisplatin showed 

greater decrease in cell viability independent of the order of the treatment. In MDA MB 

231 cells, co-treatment with MK0752 and Docetaxel or Cisplatin resulted in lowermost 

cell viability when the drugs were applied sequentially independent of the order of the 

drugs, compared to simultaneous treatment. In MCF-7 cells, MK0752 combined with 

Docetaxel or Cisplatin exhibited higher toxicity than the single agent treatments and 

Docetaxel or Cisplatin initial treatments followed by MK0752 resulted in greater 
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viability decrease like DAPT. Overall, these findings support both the preclinical studies 

and clinical outcomes of GSI usages for both single agent and combinational treatments. 

Thus, could be explained by cells receiving initial anti-cancer treatments either with 

MK0752, Docetaxel or Cisplatin applications results in the enrichment of a population 

more vulnerable to the second drug treatments whereas co-treatment targets the 

intrinsically sensitive population enrichments. This might induce initial decrease in the 

viability yet not significantly different as cells that are less vulnerable would take over 

and stabilize/increase the viability. LeVasseur and Chia explains this phenemenon for 

sequential treatments as cumulative toxicity which implies to exceeded toxic dose limit 

does not initiate additional efficacy yet induces cumulative toxicity (2017).  

Spheroid experiments were set to compare both 2D and 3D response differences 

and to test how acidosis effects the drug resistance and sensitivity. DAPT, Docetaxel 

and Cisplatin single agent treatments showed significant decrease in spheroid area for 

MDA-MB-231 cells, while the had no effect. On the other hand, viability measurements 

of the spheres showed that despite the indifference in the sphere size, combination 

therapies are more successful to induce toxicity compared to single therapies. 

Combinational treatments might be the solution to overcome acidosis-based resistance 

to toxicity (Khacho et al., 2014). However, in MCF-7 cells response was different in 3D 

that viability was not reduced in combination therapies. MK0752, Docetaxel and 

Cisplatin single agent treated MDA-MB-231 cells showed significant decrease in the 

spheroid area. They are successful as a single agent and both combinational, but 

combinations resulted in no significant difference with MK0752 when compared to 

single agent treatments.  APA’s of MK0752, Docetaxel or Cisplatin resulted in 

decreased cell viability. MK0752 combinations with Docetaxel or Cisplatin showed 

higher toxicity when combined for MDA-MB-231 cells.  MCF-7 cells showed higher 

decrease in spheroid area when compared to the nontreated cells. Docetaxel treatments 

resulted in higher toxicity than the Cisplatin single agent treatments. However, 

Docetaxel or Cisplatin treatments their combinations with MK0752 showed equal 

toxicity. Yet, Cisplatin combinations were higher than their single treatments. 

Oppositely from the spheroid area measurements, MK0752 single agent treatments 

showed no significant difference when compared to the nontreated control group based 

on APA’s. Docetaxel and Cisplatin single agent treatments showed high decrease and 

their combinations with MK0752 resulted in even more less APA activity.  Collectively, 

2D cultures of both MDA-MB-231 and MCF-7 showed significantly decreased cell 
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viability when treated with either single agent or combinational treatments of 

DAPT/MK0752, Docetaxel and Cisplatin. Doses were set as IC100 for both 2D and 3D 

cultures to avoid dose dependent toxicity which is not the main aim of the clinical study 

models. Yet, due to acidic accumulation of the environment, sphere cell’s resistant 

predisposition, sphere layering’s (proliferating, quiescent and necrotic cores), increase 

in the cell volume and medium might require increase of IC100 (Wrzesinski and Fey, 

2012). Moreover, sphere sizes images showed less shrinking when images were 

analysed. Supportingly, APA is specifically used for sphere cell viability and showed 

slight reduction in the cell viability than the 2D cultures. Thus, mutually shows the 

limitation of a single position imaging in addition to additional dose need which could 

be solved by sphere size optimizations, IC50 determinations of spheroids as a separate 

start-up, different treatment application design. DAPT, R04929097, MK0752 

treatments, resistance and their Docetaxel, Cisplatin combination’s differential 

expression profiles, morphological outcomes, and viability changes in both 2D and 3D 

cell cultures were compared. Results portrayed both GSI and cell type specific response 

in breast cancer which can be improved by using differential combinational treatments 

and strategies to expand the knowledge. 

 

5.2. GSI Resistance in Ovarian Cancer 

 

MK0752’s cytotoxic potentiality adheres vulnerable to possible resistance 

phenomenon which remains unknown for ovarian cancer. Ovarian cancer cell lines were 

selected through the literature studies based on their potential treatment sensitivity or 

resistance profiles. IGROV-1 cell line studies were also compared to its Cisplatin 

resistance clone. BG-1 and SKOV-3 were intrinsically highly sensitive to Cisplatin, 

Docetaxel and MK0752. IGROV-1 and A2780 were intrinsically resistant to MK0752 

treatments and sensitive to Docetaxel and Cisplatin treatments. Including both 

intrinsically sensitive and resistant cell lines for MK0752 treatments induces a wide 

spectrum in the study. IGROV-1, IGROV-1CisR, A2780, BG-1 and SKOV-3 cell lines 

reacted additively when MK0752 was combined with the Docetaxel or Cisplatin.  

In general, resistant cells (IGROV-1 and A2780) did not show a significant 

reduction in viability when MK0752 and the chemotherapeutic drugs were applied 

simultaneously. However, sequentially treatment of these cells with combinational 
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treatments resulted in a higher reduction in viability. Interestingly, treating the cells with 

MK0752 after an initial chemotherapeutic agent treatment, resulted in the strongest 

effect in both cell lines. Highly sensitive cells (BG-1 and SKOV-3) reduced cell death 

in response to drug combinations independent of whether they are applied 

simultaneously or sequentially. However, the best outcome was observed when 

MK0752 was applied following a chemotherapeutic agent treatment for ovarian cancer 

and breast cancer cell lines possibly due to cumulative toxicity. Moreover, MK0752 

proved to be useful in Cisplatin-resistant IGROV-1 cell lines, which had no Cisplatin-

induced death but had almost a 50% reduction in viability in response to MK0752 

treatment. Furthermore, MK0752 treatment followed by Cisplatin treatment reduced 

viability further to almost 20%. These observations suggest that Cisplatin resistance 

could be overcome by MK0752 treatment. Its potential to not only treat but overcome 

drug resistance in addition to MK0752 resistant cell’s MK0752 re-treatment sensitivity 

presents a tolerable anti-cancer treatment strategy which can be promising for further 

trials. 

MK0752 is a commonly used GSI for clinical studies and it increased the success 

of chemotherapies overall (Wang et al., 2014 and Edwards and Brennan, 2021). 

Through Notch receptor inhibitions, MK0752’s cytotoxic potential adheres vulnerable 

to possible resistance phenomenon which remains unknown. In this study, we aimed to 

explore potential intrinsic and acquired resistance mechanisms against MK0752 to 

uncover such problem for futher long-term successful treatments. We focused on two 

main aspects of GSI treatments. First, we revealed the synergistic effects of co-

treatments of MK0752 with two common chemotherapeutic drugs Cisplatin and 

Docetaxel. Second, we investigate possible routes to MK0752 resistance in IGROV-1, 

A2780, BG-1 and SKOV-3 ovarian cancer cell lines. To assess this phenemonem we 

generated MK0752-resistant ovarian cancer cell lines (IGROV-1, A2780, BG-1 and 

SKOV-3). Intrinsically MK0752 sensitive cell lines (SKOV-3 and BG-1) were the 

quickest to induce resistance and cells showed no morphological changes when 

compared to the parental cell lines. However, A2780 cells displayed a more 

mesenchymal-like shape than the parental A2780. Although mesenchymal transitions 

were not quantified, it was observed that they acquired a more elongated shape. Cells 

proliferation rates were observed higher under cell maintenance routines, and this was 

confirmed for IGROV-1CisR, A2780MK0752R, BG-1MK0752R and SKOV-3MK0752R resistant 

cells reached higher numbers each time than their corresponding parental cell lines. The 
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mechanism behind this could be investigated further to explain whether it is due to 

higher proliferation or lower spontaneous cell death rates.  

We investigated the behaviour and drug response of the cell lines in spheroid 

assays to model 3D conditions of the in vivo tumours.  3D studies showed that resistant 

cells showed no different spheroid size when compared to parental IGROV-1 or 

IGROV-1CisR. MK0752 treatments showed no significant difference when compared 

among IGROV-1, IGROV-1MK0752R and IGROV-1CisR cells. Docetaxel treatments were 

successfully decreasing the spheroid area for IGROV-1, IGROV-1MK0752R and IGROV-

1CisR cells. Cisplatin treatments only affected IGROV-1 cells based on spheroid size. 

MK0752 combinations with Docetaxel and Cisplatin were only decreasing spheroid 

area for IGROV-1 parental cells whereas IGROV-1MK0752R and IGROV-1CisR cells 

resulted in nonresponsive to treatments-among day 0,1,2 and 3 and among day 3 

comparisons. MK0752 and Cisplatin resistant cells can tolerate IC100 of each drug 

combined which explains the reason why sphere sizes were not differing on day 3. 

IGROV-1 is responsive to all treatments which remain promising for its treatments and 

overcoming intrinsic resistance profiles. IGROV-1MK0752R spheres responded to 

MK0752 but not the other treatments which can be explained by cumulative toxicity as 

well. IGROV-1CisR responded to MK0752 treatments yet its Cisplatin combinations 

resulted in no change as it can tolerate Cisplatin’s toxicity. Overall, MK0752 represents 

a successful treatment profile both as a single and combinational treatment with 

Docetaxel and Cisplatin in ovarian cancer cells. 

MK0752-treated BG-1 and BG-1MK0752R cells showed a significant decrease in 

spheroid size when compared to their parental lines. Docetaxel treatments were only 

effective to BG-1 MK0752R cells and its combinations with MK0752 showed no 

significant change when compared within growth days. Both Cisplatin and Cisplatin’s 

combinations with MK0752 resulted in decreased spheroid size for all 3 days for both 

parental and MK0752 resistant BG-1 cells and day 3. SKOV-3 and SKOV-3MK0752R 

treated with MK0752 resulted in no significant difference from the parental cell lines. 

Docetaxel combinational treatments with MK0752 resulted in less spheroid size when 

compared to Docetaxel single treatments. Both Cisplatin single agent and MK0752 

combinations resulted in a successful decrease in spheroid size among day123. Day 3 

comparisons for Docetaxel and Cisplatin treatments with MK0752 treatments resulted 

in no significant changes. A2780 and A2780MK0752R spheroid size were decreased when 

treated with MK0752. A2780MK0752R cells showed no difference when compared within 
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the 1-2-3 days. Docetaxel and Cisplatin combinations showed an additional decrease in 

spheroid size for A2780 cells and A2780MK0752R cells were nonresponsive to MK0752 

combinational treatments as much as A2780 parental cell line which associates with 

MK0752 resistance. APA’s for MK0752 retreatments showed no significant changes 

for A2780, A2780MK0752R, BG-1 and BG-1MK0752R cells. Docetaxel or Cisplatin 

combinations showed similarly reduced APA for both A2780 and A2780MK0752R when 

compared to single-agent treatments. BG-1 and BG-1MK0752R cells APA showed no 

changes between the single agent or combinational treatments. SKOV-3 cells showed 

reduced APA for MK0752, Docetaxel and Cisplatin single agent and combinational 

treatments when compared to SKOV-3MK0752R. Cisplatin combinations decrease APA 

higher than Docetaxel combinational treatment for both SKOV-3 and SKOV-3MK0752R 

cells. IGROV-1, IGROV-1MK0752R and IGROV-1CisR cells showed no difference in APA 

for all MK0752, Docetaxel, Cisplatin and combinational treatments when compared 

within the group. Cisplatin combinations with MK0752 responded successfully even 

under Cisplatin resistance for IGROV-1 cells. In general, MK0752 treatments both as a 

single agent or combinationally treated with Docetaxel or Cisplatin resulted in 

successful anti-neoplastic outcomes for all ovarian cancer cell lines tested. 

C-Myc, one of the main and direct targets of Notch signalling, induces metabolic 

activities, proliferation, and tumorigenesis through further networks. Dysregulated C-

Myc expression is correlated with drug resistance and cancer recurrence (Singh et al., 

2009; Hoffman et al., 2002; Masui et al., 2013 and Sheth et al., 2014). Due to its main 

role in the pathway, GSI resistance was assessed through C-Myc expression changes. 

In MK7502 sensitive cell lines (BG-1 and SKOV-3) intrinsic c-Myc levels were not 

different between MK7502-resistant or control groups neither in 2D nor in 3D, 

indicating that acquired resistance does not affect c-Myc protein expression. However, 

c-Myc levels were affected by drug treatments in MK7502-resistant BG-1 and SKOV-

3 cells. All single treatments, except for Docetaxel in BG-1, increased c-Myc levels in 

the resistant cells. However, co-treatment with MK0752 and Docetaxel or Cisplatin 

reduced c-Myc expression suggesting that the advantage of using drug combinations 

might stem from the regulation of c-Myc in MK7502 cells.  On the other hand, like 

MK7502-resistant BG-1 and SKOV-3 cells, c-Myc levels were reduced in A2780 cells 

in response to co-treatment with MK0752 and Docetaxel or Cisplatin. A few of the 

western blot’s total protein levels were not high in the analysis, the level of decrease 

might not represent the actual situation which requires further repetitions and 
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confirmations of blots. In contrast to other cell lines, in IGROV-1 cells, MK7502 

resistance induced a significant increase c-Myc levels, both in 2D and 3D conditions, 

which suggests c-Myc as a resistance mechanism against MK0752. Cisplatin-resistant 

IGROV-1 cells also have increased c-Myc levels indicating a global c-Myc-mediated 

resistance independent of the drug. Like all other ovarian cancer cell lines, co-treatment 

with MK0752 and Docetaxel or Cisplatin significantly reduced c-Myc levels. 

Altogether the data suggest that c-Myc might be involved in drug resistance mechanisms 

yet co-treatment strategies could be the way to overcome such resistance in ovarian 

cancer cells.  

Migrating to the nearest efficient blood supply for both nutrition, growth factors 

and oxygen support becomes vital for pre-metastatic cancer cells. This results in overall 

cancer treatment failure with resistant and relapsed cellular phenotype. Studies provide 

proximity difference in cancer cells to the oxygen supply induces acidic varieties in the 

tumor microenvironment (Feron and Corbet, 2017). This phenomenon refers as the 

Warburg effect and it explains cancer cell’s ability to use glucose as the main energy 

supply with aerobic conditioning, normal cells on the other hand, produces lactate under 

anaerobic conditions via glycolysis (Gillies et al., 2011). Increased Warburg effect is 

responsible for or stimulated by the oxidative stress markers imbalance which is 

associated with the therapy failure and drug resistance in cancers (Keatley et al., 2019; 

Lo Dico et al., 2019 and Nylund et al., 2021).  

To assess resistance outcome, Oxidative stress marker’s (Catalase, Smooth 

muscle actin (SMA), Superoxide Dismutase 1 (SOD1) and Thioredoxin) mRNA 

expression levels were investigated. Catalase is crucial for ROS activity homeostasis, 

SMA is used as an equal loading control, SOD1 stimulates lipids, proteins, and nucleic 

acids oxidation and Thioredoxin takes place in regulating redox signalling processes 

(Stancill et al.,2021 and Huntosova et al., 2021). Ovarian cancer cell line, BG-1 cells 

expressed higher Catalase, SOD1 and Thioredoxin than BG-1MK0752R cells. SKOV-3 

cells upregulated Catalase activity with no SOD1 expressions and no significant 

expression changes for Thioredoxin when compared with the SKOV-3MK0752R. 

A2780MK0752R expressed higher oxidative stress markers. IGROV-1MK0752R cells 

expressed higher Catalase when compared to IGROV-1 and IGROV-1CisR controls. 2D 

and 3D comparisons for Oxidative stress markers showed no significant changes 

between IGROV-1 and A2780 cells and their MK0752-resistant lines.  SKOV-3MK0752R 

cells for 2D conditions showed an increase in thioredoxin whereas decreased in 3D 
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setup. BG-1MK0752R cells showed overexpression of Thioredoxin for 3D background. 

However a few of the western blot’s total protein levels were not high in the analysis, 

the level of decrease might not represent the actual situation which requires further 

repetitions and confirmations of blots. Collectively, ROS imbalance through Catalase, 

oxidation dyscontrol by SOD1 and increased redox stimulations by dysregulated 

Thioredoxin protein expressions might reflect another hallmark in ovarian cancers’ 

potential drug resistance response pathways.  

Proteomic analysis was carried out with IGROV-1 control, IGROV-1CisR, and 

IGROV-1MK0752R cells for comprehensive characterization of key molecules and 

biological processes taking role in resistance response. Among 1477 protein hits, 

evaluated differential expression of 46 proteins then were selected based on the 

significance ratios for further analysis. Dysregulated proteins were associated with cell 

signalling, metabolic regulations and cellular processes as well as taking role in 

transcription regulator activity and transporter activities. Cellular component 

enrichment showed that about 79.7% of selected proteins were cytoplasmic due to 

whole cell lysate sampling. Protein class categories showed stress response regulations 

for IGROV-1CisR and IGROV-1MK0752R cells. Apoptotic signalling pathway, 

endoplasmic reticulum stress response, cell junction, cell metabolism, cytochrome c 

release and membrane permeability showed as the top for biological processes of 

dysregulated protein’s functional enrichments. These pathways were found 

dysregulated in various cancers and responsible for drug resistance and cancer 

recurrence (Cree and Charlton 2017 and Wang et al., 2019). Among these hits, 

dysregulated proteins were categorized as their role in cell proliferation, cell growth, 

cell metabolism, exocytosis, cell cytoskeleton, carcinogenesis, and membrane transport 

based on the ovarian cancer drug resistance signatures (Pokhriyal et al., 2019; Khan et 

al., 2021; Ortiz et al., 2022 and Yang et al., 2022). DYNC1H1 found downregulated for 

IGROV-1MK0752R cells and its dysregulation of DYNC1H1 was associated with EMT, 

cell proliferation and growth. Its downregulation represents increased metastasis in 

various cancers (Pan et al., 2021 and Wang et al., 2022). Chromatin associated protein 

and oncoprotein PHF5A was also found downregulated for IGROV-1MK0752R cells. Main 

role of PHF5A signifies migration inhibition and decreasing invasiveness in cancers 

(Zeng et al., 2018; Yang et al.,2018; Yang et al.,2019 and Begum et al., 2021). 

Moreover, ZC3H known to be responsible for protein unfolding and EMT response (Ly 

et al., 2022) Downregulation of ZC3H in IGROV-1MK0752R cells and upregulation in 
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IGROV-1CisR cells might imply different mechanisms of resistance background. 

Malignancy biomarker, LRRFIP1 was found downregulated in IGROV-1CisR cells and 

its role in migration, EMT and cell adhesion proposes potential focus for resistance 

mechanisms. It indirectly is connected to Notch signalling pathway through WNT 

signalling pathway which when dysregulated induces cancer drug resistance and 

recurrence (Li et al., 2014; Takimoto, 2019 and Ma et al., 2022). ARFIP1 was observed 

downregulated and WFS1 was upregulated in IGROV-1MK0752R cells. Both ARFIP1 and 

WFS1 takes place in intracellular transport, protein secretion and stress response 

(Gehart et al., 2012 and Zhu et al., 2021). PGLS was found downregulated based on 

abundance ratios for both IGROV-1CisR and IGROV-1MK0752R cells. PGLS is involved 

in pentose-phosphate shift which is important for cellular homeostasis through its role 

in regulation of 6-phosphogluconolactonase activity and utilize glycolysis (Zuzow et 

al., 2018). PGLS takes place in pentose phosphate pathway to regulate energy 

homeostasis and expected to be upregulated in cancers. Downregulation of PGLS might 

induce sensitivity against anti-cancer therapies which explains how IGROV-1MK0752R 

and IGROV-1CisR cells remained responsive to MK0752 and Docetaxel or Cisplatin 

combinations. LARPB4 was found downregulated in IGROV-1MK0752R cells and it is 

taking role in cell cycle regulation. It also emerges as tumour suppressor in gliomas and 

liver cancer (Zhang et al., 2015 and Li et al., 2019). An oncogene, WBP2 was analysed 

as downregulated in IGROV-1CisR cells. WBP2 is responsible for migration and invasion 

in triple negative breast cancer and associated with transtzumab resistance (Li et al., 

2018; Kang et al.,2019; Tabatabaeian et al., 2020 Lim et al., 2022). IGROV-1CisR cells 

showed upregulation of SNX6 which is crucial for intracellular trafficking and EMT 

transition in pancreatic cancer cells (Hu et al., 2018). ITPR3 exocytosis marker similarly 

was upregulated for IGROV-1MK0752R cells, and it takes place in stress response 

regulations (Wei et al., 2016). Cell cytoskeleton biomarkers PLS1 and CLIP1 was 

downregulated for both IGROV-1CisR and IGROV-1MK0752R cells. CLIP1 is associated 

with taxane resistance and cancer cell migration (Zaoui et al., 2019 and Thakkar et al., 

2021) whereas PLS1 is responsible for metastasis in colorectal cancer and promotes 

breast cancer invasion through PI3K pathway (Zhang et al., 2020 and Machado et al., 

2021). Migratory and metastatic outcomes of IGROV-1CisR and IGROV-1MK0752R was 

not tested however the expectation would be PLS1 and CLIP1’s upregulation. However, 

cells showed no morphological changes which could be explained by PLS1 and CLIP’s 

downregulation. RDX was upregulated in IGROV-1CisR, and it is known for inducing 
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metastatic behaviour and cell growth in gastric cancers as well as pancreatic cancers 

(Chen et al., 2012; Qin et al., 2014 and Tsai et al., 2014). LAD1, candidate for docetaxel 

resistance in prostate cancers and is a biomarker for aggressiveness in breast cancers 

was also downregulated in IGROV-1CisR cells yet not in IGROV-1MK0752R cells which 

might propose differential routes for resistance (Roth et al., 2018 and Li et al., 2021). 

PCMT1 is inducing ovarian cancer metastasis and glioblastoma migration and it was 

observed dysregulated in IGROV-1MK0752R cells (Guo et al., 2022 and Zhang et al., 

2022). DDAH2 found dysregulated in both IGROV-1CisR and IGROV-1MK0752R cells, it 

takes place in TRAIL induced apoptosis and increases angiogenic behaviour of lung 

adenocarcinomas (Lumicisi et al., 2015 and Shiozawa et al., 2015). BAX protein was 

downregulated for both IGROV-1CisR and IGROV-1MK0752R cells. Crucial role of BAX 

in apoptosis leads to p53 dependent cell death, drug resistance. Its activation overcomes 

drug resistance and currently used as novel therapeutic target. It induces release of 

cytochrome C to initiate caspase dependent cell death. BAX expression induces therapy 

sensitivity against platinum and Taxol based treatments in ovarian cancer cells (Izabela 

et al., 2009; Bhavya et al., 2010 and Lopez et al., 2022). All these dysregulated proteins 

are matching puzzle pieces in the drug resistance classification for MK0752 and its 

potential trademark for hallmark pathways. (Figure 141) In conclusion, this study 

enlightens potential resistance response against DAPT, R04929097 and MK0752 with 

their combinational or pre-treatments with Docetaxel or Cisplatin for both breast and 

ovarian cancer cell lines. Including morphological, proliferation rates, migration 

alterations, RNA expressions of EMT markers, 3D set ups for acidosis responses and 

mRNA expressions for c-myc and Oxidative stress markers followed by proteomic 

analysis data showed GSI’s successful anti-neoplastic and drug resistance profiles 

which can lead breast and ovarian cancer molecular studies. Although this study reflects 

wide spectrums in drug resistance against GSI’s, in vivo animal models should be tested 

for further comprehensive interpretation. 
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Figure 141. Overall illustration of GSI drug resistance hallmarks for GSI treatments in 

lbreast and ovarian cancer cells. Intrinsic resistance, cancer cell survival, 

lEMT markers, intracellular transport and exocytosis, targets of Notch 

lsignaling pathway, oxidative stress markers, acidosis, and cell cytoskeleton 

lacts as the potential targets for GSI resistance (BioRender, 2022). 

  



 

167 

Supplementary Figures (Conclusive) 
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