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ABSTRACT 

 

MINERALOCORTICOID AND GLUCOCORTICOID RECEPTORS AS 

NOVEL TARGETS IN BREAST AND LIVER CANCER THERAPIES 

 

Damla GÜNEŞ 

MSc in Neuroscience  

Supervisor: Assoc. Prof. Özlen Konu Karakayalı 

December 2020 

 

Cell signaling is a complex phenomenon and is maintained through intertwined signal 

transmissions within and in-between the cells. Anti-cancer therapies are often challenged by 

this fact due to crosstalk-associated activation of alternative survival routes. Hence, 

development of new treatment strategies and identification of novel prognostic markers 

depends on in-depth knowledge on cell signaling routes altered in cancer and possible crosstalk 

paths. Herein, mineralocorticoid receptor (MR) and glucocorticoid receptor (GR) signaling, two 

closely related members of steroid receptor hormone family, and their possible crosstalk were 

studied across breast and liver cancer cell lines. In breast cancer cell lines, estrogen responsive 

and MR expressing T47D was used in order to study possible crosstalk among Estrogen 

receptor (ER) and MR. MR-GR ligand aldosterone (ALDO) and ER ligand estrogen (E2) 

administered to breast cancer cells alone and in combination and, MR, ER and GR and their 

downstream signaling members were studied employing qRT-PCR and Western blot assays. 

Furthermore, ALDO, E2, ALDO-E2 hormone administrations were also used for cell viability 

assessments. Our results implied possible interactions of ALDO-E2 signaling at the level of cell 

viability, and at mRNA levels of progesterone receptor. In liver cancer cell lines, MR and GR 

was investigated as targets of a novel treatment. Liver cancer subtype hepatocellular carcinoma 

(HCC) has high mortality rate with limited treatment options. Multi-kinase inhibitor Sorafenib 

(SFB) with mild effectivity is most known systemic therapy against HCC. To potentiate the 
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effectiveness of SFB and overcome to the crosstalk associated limitations, combinatorial drug 

treatment approach targeting multiple signaling modalities has been adopted in literature. 

Previously in our lab, SFB was combined with repurposed anti-psychotic drug TFP as a novel 

combinatorial treatment against hepatocellular carcinoma (HCC) and liver cancer cell lines. 

Cellular viability was synergistically reduced by SFB-TFP in HCC cell line Hep3B, while 

antagonistic effects on viability in SkHep1 was apparent. Herein, two liver cancer cell lines 

Hep3B and SkHep1, were used in comparison to unravel mechanism of action of SFB-TFP 

combination at the protein level. Apoptosis, cell cycle, PI3K/AKT/mTOR and MAPK pathways 

were investigated in addition to MR and GR. Our results revealed several markers indicating 

success of drug combinations and targeted pathways at protein level which needs to be pursued 

further.  

Key words: Steroid hormone receptors, Breast cancer, Drug repurposing, Drug combination, 

Phenothiazines, Sorafenib, hepatocellular carcinoma, Pathway crosstalk  
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ÖZET 

 

MEME VE KARACİĞER KANSERLERİNDE ÖZGÜN HEDEFLER 

OLARAK MİNERALOKORTİKOİD VE GLUKOKORTİKOİD 

RESEPTÖRLERİNİN İNCELENMESİ 

 

Damla GÜNEŞ 

Sinir Bilim Yüksek Lisans Programı 

Tez Danışmanı: Özlen Konu Karakayalı 

Aralık 2020 

 

Hücresel sinyal yolakları hücre içi ve hücreler arası sinyallerle yönetilen kompleks yapılardır. 

Kanser tedavileri çoğunlukla bu karmaşık ve iletişim halindeki yolaklar tarafından alternatif 

yaşam yolaklarının aktifleşmesi sebebiyle etkilerini kaybeder. Bu sebeple sinyal yolakları 

arasındaki ilişkileri deşifre etmek yeni tedaviler geliştirmek ve işaretçiler bulmak açısından 

önemlidir. Bu tez kapsamında yakın ilişkili olan iki adet steroid hormon reseptörü 

mineralocortikoid (MR) ve glucocortikoid (GR) reseptörleri meme kanseri ve karaciğer kanseri 

hücrelerinde incelenmiştir. Meme kanseri kapsamında östrojene duyarlı ve MR ifade eden 

T47D hücresi Östrojen reseptörü (ER) ve MR reseptörleri arasındaki olası iletişimi anlamak 

açısından kullanılmıştır. Bu amaçla hücreler ER ligandı östrojen ve/veya MR-GR ligandı 

aldosteron uygulamasına tabi tutulmuş ve MR, ER ve GR tarafından etkilenen genler mRNA 

ve protein seviyesinde incelenmiştir. Ayrıca hücre canlılığına olan etkilerde incelemelere dahil 

edilmiştir. Bulgularımız östrojen ve aldosteron sinyal yolaklarının iletişiminin progesteron 

reseptörü seviyesinde gerçekleşebildiğini ve ek olarak hücre canlılığı üzerinde de etkili 

olduğunu göstermiştir. Karaciğer kanseri hücrelerinde bu reseptörler özgün ilaç tedavisi hedefi 

olarak incelenmiştir. Karaciğer kanseri alt türü olan hepatocellüler karsinom (HCC) yüksek 

ölüm oranı ve kısıtlı tedavi olanakları nedeniyle kritiktir.  HCC’ye karşı bilinen ilaçlardan birisi 
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kısıtlı bir etkiye sahip olan Sorafenib (SFB) dir. SFB’nin etkisini arttırabilmek ve yolak 

iletişimlerinden kaynaklı kısıtlamaları aşmak amacıyla birden fazla yolağı hedef alan ilaç 

kombinasyonları literatürde denenmektedir. Laboratuvarımızda daha önce özgün olarak SFB 

ilacı yeniden işlevlendirilmiş TFP ilacıyla beraber karaciğer kanseri hücre hatlarına 

uygulanmıştır. Hücresel canlılık sinerjik olarak Hep3B hücre hattında düşerken Skhep1 hücre 

hattında tam tersi antagonisttik bir etki görülmüştür. Bu çalışma kapsamında SFB-TFP 

kombinasyonunun etki mekanizması bu iki hücre hattında karşılaştırılmalı olarak protein 

seviyesinde incelenmiştir. Bu kapsamda apoptoz, hücre döngüsü, PI3K/AKT/mTOR ve MAPK 

sinyal yolaklarına ek olarak GR ve MR özgün ilaç hedefleri olarak incelenmiştir. Çalışmalar 

kapsamında kombine ilaç etkisi mekanizmasına dair ipuçları yakalanmıştır. 

Anahtar kelimeler: Steroid hormon receptörleri, Meme kanseri, İlaçlarınyeni amaçlarla 

kullanılması, İlaç kombinasyonları, Fenotiyazin türevleri, Sorafenib, Hepatosellüler karsinom, 

Sinyal yolaklarının iletişimleri 
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CHAPTER 1 

 

 INTRODUCTION 

 

Cancer is a heterogeneous disease with diverse drivers. By escaping the cellular control 

mechanisms on growth and division, cells can divide in unregulated manner. Hence, they can 

form benign or malignant tumors which can spread to tissues, organs throughout the body. 

Uncontrolled cancer cell behavior can be caused by accumulation of multiple underlying 

abnormalities such as mutations and replication errors. Continues proliferative signals, evasion 

from growth suppressors, resistance to cell death, invasion and metastasis, angiogenesis and 

replicative immortality are some of common features of cancers that has been reviewed in 

literature and new ones emerges as the knowledge on the field accumulates (Hanahan & 

Weinberg, 2011). Each cancer may have different formation and behavior pattern that should 

be analyzed within itself. Most cancers arise from the epithelial tissues that covers the organs 

and body. Carcinomas originated from the epithelial tissues can be classified as 

adenocarcinomas and squamous cell carcinomas (Weinberg, 2013); and breast and liver cancers 

are mostly adenocarcinomas. Breast cancers are more common in female population while 

mostly diagnosed liver cancer type, the hepatocellular carcinoma in men (HCC) with high 

mortality rates. Hence, studies focusing on these two cancers contribute to scientific knowledge 

that may lead better insight on diseases and treatment options for patients. 

 

1.1 Breast cancer 

 

Breast cancer is one of the most widely diagnosed cancer type among the females in the world. 

There is a small population with genetic predisposition that increase the risk of developing the 

disease, however most breast tumors arise sporadically. According to 2018’s WHO data, 15% 

cancer related death of women is caused by breast cancer. Screening and early diagnosis are 

important for successful treatment against the disease. Although there are several known and 

developing treatment strategies are being studied around the world, there are still need for more 

effective options of treatments to eradicate disease or increase the life quality of patients.  
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Since cancer has a clinically and genetically heterogeneous structure, breast cancers have been 

classified into certain subtypes for differentiation of prognosis and treatment modalities 

(Harbeck et al., 2019). Criteria for these classifications are constantly changing as scientific 

world gains more detailed insight about the disease. There are several ways of classifications 

using  histological, functional, and molecular profiles as basis (Malhotra et al., 2010).  

Intrinsic/molecular classification provides better insight on disease progression, prognosis, and 

new targeted therapeutic strategies (Dai et al., 2017). Hormone receptors, growth factors and 

proliferation markers are keys for the classifications among other markers added as the 

knowledge accumulates. As shown in Figure1.1, expression of 50 genes (PAM50) evaluated 

for intrinsic/molecular classification. Currently, surrogate intrinsic subtypes which are 

classified based on ER, PGR and HER2 status are used in clinical studies to differentiate 

hormone receptor positive and triple negative cases (Harbeck et al., 2019). However, there is a 

need to address the importance of other nuclear receptors such as Mineralocorticoid Receptor 

(MR) and its paralog Glucocorticoid Receptor (GR) in diagnosis and treatment of breast cancer. 

 

  

Figure1. 1 Molecular classification of breast cancers (adapted from Harbeck et al., 2019). 

 

In this thesis, invasive ductal carcinoma cell line T47D (ER+, PR+, HER-) that has been 

classified as a part of Luminal A subtype which is highly common among diagnosed women 

together with Luminal B, was used as model (S. Yu et al., 2017). 
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1.2 Liver Cancer/Hepatocellular carcinoma 

 

Liver cancer was ranked as the fourth main cause of the cancer related deaths worldwide by 

World Health Organization (World Health Organization, 2018). 5 years of survival chance for 

the liver cancer patients are the second worst after the pancreatic cancer with a rate of 18%. 

Moreover, among primary liver cancers hepatocellular carcinoma is the mostly encountered 

aggressive, solid liver cancer type (80%), and it is found to be more common in men than 

women. Existing liver dysfunctions, such as Hepatitis C and B viruses (HBC, HCV) and 

extreme alcohol consumption, have correlation with most of the diagnosed hepatocellular 

carcinoma cases (C. Y. Liu et al., 2015). HCC which is the sixth most common cancer with 

high mortality rate has known to be developed by alterations leading to dysregulation of below 

mentioned pathways with or without underlying reasons such as cirrhosis (Figure1.2). 

 

Figure1. 2 Liver carcinogenesis (adapted from Llovet et al., 2016).  

 

Accumulated changes such as mutations and chromosomal alterations in DNA of somatic cells 

correlate with the most of HCCs. Especially, mutations in the TERT promoter is the most 

frequent aberration followed by mutations in in cell cycle, WNT pathway and chromatin 

remodeling related genes (Hartke et al., 2017). Developing effective therapies is a challenge 

due to low number of somatic mutations and lack of distinctive mutations to estimate the 
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efficiency of therapeutics which underlies the seriousness of disease. If detected in early stages, 

there are highly invasive surgical treatment options. However, most of the time HCC is 

diagnosed at the advanced stages of the disease that has almost no treatment options. A multi-

kinase inhibitor Sorafenib (SFB) was the only FDA approved first line treatment against HCC 

for long years. Recently, FDA approved new multi-kinase inhibitors and antibodies and 

combinatorial treatments to have better results than SFB (FDA Approves Atezolizumab plus 

Bevacizumab for Unresectable Hepatocellular Carcinoma, 2020; Regorafenib, 2017). 

Heterogeneity of the disease and acquired drug resistance cause restriction in therapies to have 

satisfactory benefits for patients. Hence, treatment strategies with better outcomes are needed 

for this detrimental disease such as combination of multi-drug modalities.  

In this thesis, SkHep1 and Hep3B cell lines were used to model liver cancer and hepatocellular 

carcinoma. SkHep1 cell line which first time isolated from adenocarcinoma of liver and 

considered as HCC in 1975. However, origin of SkHep1 has been discovered as endothelial. 

Even though, this cell line is commonly used in cancer research; it may not be categorized as 

hepatocellular carcinoma. It differs from other HCCs at mRNA and protein levels while having 

endothelial features. In a more recent article, it has been suggested as model for liver sinusoidal 

endothelial cells rather than HCC (Y. Tai et al., 2018). 

In 1980, Hep3B cell line was isolated from hepatocellular carcinoma of an HCC developed 

child and categorized as hepatoma derived cell line (Knowles et al., 1980; Yin et al., 2008). 

This p53 null cell line has been used as HCC model over the years. However, this fully 

differentiated,  (Yuzugullu et al., 2009) epithelial hepatoma cell line has not been considered 

as a good model for HCC by a part of scientific community.  

However, both SkHep1 and Hep3B are widely studied cell lines with respect to SFB alone or 

combination treatments thus make good models for subjects of my thesis. In addition, they 

represent fully differentiated and poorly differentiated models of liver cancers. 
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1.3 Signaling pathways altered in cancers 

 

In cancer, genetic or epigenetic alterations leads the dysregulation of the critical pathways 

regulating normal physiology of the cells. Cell growth and division, death, and movement 

related pathways are the above-mentioned altered ones in general as the hallmarks of cancer. 

T-P53, cell cycle, MYC, PI3K/AKT/mTOR, RTK/RAS/MAPK pathways can be accepted as 

several of most altered pathway (Sanchez-Vega et al., 2018; Sever & Brugge, 2015) .These 

pathways are also common for breast cancer and hepatocellular carcinoma along with growth 

factor signalling (Guille et al., 2013; Moeini et al., 2012). Steroid hormone receptor (SHRs) 

family members as transcription factors can also be considered as the part of altered 

mechanisms in cancer as reviewed in Ahmad &Kumar 2011, especially in hormone driven 

cancers such as breast cancer (Ahmad & Kumar, 2011).   

Complicated interactions of the above-mentioned pathways are crucial to have in-depth 

knowledge to understand pathophysiology of cancers and evaluating and discovering new 

treatment options. Interaction of major signalling pathways evolved to secure the homeostasis 

of cells however, cancer can take advantage of this to activate secondary routes of survival 

against treatments. Suppression of one cancer related pathway can activate many others through 

pathway interactions and feedback mechanisms (Prahallad & Bernards, 2016).  Existence of 

crosstalk and redundancy of dysregulated pathways in cancers are known in breast and liver 

cancer literature. Interaction of pathways signifies the need for combinatorial treatments 

targeting multiple pathways acting together at once. In HCC tumorigenesis complex interaction 

of AKT/mTOR and RAS/MAPK pathways were previously evinced (Chunmei Wang et al., 

2013). Since the crosstalk of AKT and ERK signalling is apparent in several cancers, co-

inhibition draw attention against cancers (Cao et al., 2019). MAPK pathways (ERK, JNK, p38 

MAPKs) can crosstalk within each other and both AKT/mTOR and MAPK pathways are 

regulators of cell growth, proliferation, and apoptosis. Moreover, Wnt/β-catenin, Notch and 

Hedgehog signalling pathways (among others) and their crosstalk with each other and other 

pathways contributing hepatocellular carcinoma should be considered in HCC studies 

(Giakoustidis et al., 2015). Steroid hormone receptor (SHR) crosstalk within each other and 

other pathways (including kinases) especially in hormone driven cancers, such as breast cancer, 

are also critical for endocrine therapy efficiency as mentioned above. Interaction of SHR family 

members and with growth factors, and MAPK superfamily was reviewed in literature for breast 
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cancer, too (Truong & Lange, 2018). Hence, interactions of pathways must be investigated for 

estimation of prognosis and therapy developments. 

In the scope of this thesis, I have explained several cross-talking signaling pathways involved 

development and progression of breast and liver cancer/HCC which are also targeted by drug 

modules that was explained in this thesis. 

 

1.3.1 Steroid Hormone Receptor family 

 

One of the most known and abundant family of transcription factors is Nuclear Receptor (NR) 

Family of Transcription factors that can be activated by several, relevant ligands including 

steroids. This ligand activated transcription factor family can control the essential disease 

related pathways in cancers and regulate cellular homeostasis, development, and metabolism 

(P. Huang et al., 2009). Since NRs are critical for pathological or physiological functions, 

understanding the complicated relations in between the members might provide better insight 

for future drug targeting purposes or prognostic marker studies (Sever & Glass, 2013).  

NR superfamily can be examined under three subfamilies: steroid hormone receptors, thyroid 

retinoid, and orphan receptors. In this thesis, focus is the “Steroid Hormone Receptor Family” 

activated by hydrophobic, lipid-soluble steroids.  

Steroid Hormone Receptor Family (SHR) is one of the NR families that draw most of the 

attention. Members are listed as Estrogen (ER), Androgen (AR), Glucocorticoid (GR), 

Mineralocorticoid (MR) and Progesterone (PGR) receptors as in Figure1.3. They have 

evolutionary connections and share structural modules as in other NRs (Doan et al., 2017; 

Vladic, 2012).  
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Figure1. 3 Steroid Hormone Receptors A) phylogenetic tree, B) shared structural modalities 

of family members, C) family members, relevant ligands and expression in breast cancer 

(adapted from Szmuilowicz, et al 2006). 

 

SHRs share common structural modalities as showed in Figure1.3 such as highly variable 

amino terminal with trans activation reagents (A/B, AF1). They all have central domain for 

DNA binding with Zinc finger domains (C). D domain is for translocation to nucleus. E, LBD 

domains are for the ligand binding in the conserved carboxy terminal which has role in 

heterodimeric interaction of the members.  F is the carboxy terminal tail with a no detailly 

known function (Mangelsdorf et al., 1995).  

These members can be found as monomers, homodimers, and heterodimers. They are 

associated with heat shock proteins before activated, in cytoplasm. When activated with 

appropriate ligand, conformational alterations followed by nuclear translocation and 

dimerization. Together with the relevant co-regulators they can induce the transcriptional 

alterations of several genes by binding hormone response elements (HRE) in DNA (W. Liu et 

al., 1995; Stepanova et al., 2006).  

SHRs intricate interactions have been under attention and revealed for some of the members in 

literature. Especially in hormone driven cancers as in breast cancer their interactions are critical 

and under study to gain better understanding on cancer development, treatment, and prognosis 

(Ko & Balk, 2005; Truong & Lange, 2018).  

A 

C 
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As shown in Figure1.3 (C), SHRs are known to be dysregulated in breast cancers. Moreover, 

inside of cells are filled with various signals including hormones hence, action of SHRs cannot 

be considered solely by single receptor-ligand interaction. Closely related SHRs can crosstalk 

in cancers to antagonize or potentiate each other in terms of transcriptional or non-genomic 

functions. In addition to crosstalk between family members, other critical pathway such as 

growth factor receptors and kinases also can be crosstalk partners in breast cancers (D’Uva & 

Lauriola, 2016; Need et al., 2012; Skandalis et al., 2014; Tonsing-Carter et al., 2019; Truong & 

Lange, 2018). These interactions may cause resistance against anti-SHRs focused treatments as 

in crosstalk of estrogen receptor/growth factor signaling which can be overcame by mechanistic 

understanding on it (Osborne et al., 2005).  Hence, establishing the mechanism of crosstalk in 

SHRs and their possible outcomes can pave the way for more convenient therapy strategies 

against hormone driven cancers such as breast cancer. In terms of crosstalk in between SHRs 

in breast cancers, most of the interactions have been discovered except for MR’s which needs 

further attention. 

Even though SHRs mainly focused on hormone driven cancers, they are known to be expressed 

in cancers that are not driven by hormone which is worth to study.  Since the HCC has more 

dominant occurrence among the male population than female, relationship of hormones to HCC 

has become an interesting subject.  SHR members, especially ER and AR has been found to be 

key modulators in HCC at several levels of development and progression of disease (Truong & 

Lange, 2018). 

Therefore, cancer caused alterations, cross-talks among family members and drug induced 

expressional changes of SHRs are relevant to both breast and hepatocellular carcinomas. In this 

thesis, several members of SHRs, namely MR, GR, ER and PGR, are explained in detail in 

terms of functions, targets, and crosstalk to underly the importance of the aims of this project 

for breast cancer and HCC literature. 

 

1.3.1.1 Mineralocorticoid receptor and aldosterone in cancer 

 

Mineralocorticoid Receptor (MR) encoded by NR3C1gene is a member of SHRs that has more 

recently been focused on in literature since it was under shadow of closely related GR. 

Aldosterone is a mineralocorticoid that is synthesized from zona glomerulosa and regulated by 
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renin-angiotensin system (RAS). MR and its primary ligand, aldosterone found to act on 

epithelial tissues such as distal nephrons to balance sodium-water (fluid homoeostasis) in 

kidneys via transcriptional regulations. Physiological functions that MR signaling involves can 

be listed as blood pressure, intracellular pH, cardiac action potential etc.(Ong & Young, 2017). 

In addition to its activity in epithelial cells, MR activity is present in neurons, cardiac cells, 

adipocytes and macrophages (Marzolla et al., 2014,McCann et al., 2019). Disease related 

alterations in MR-ALDO activity have also been reported in hypertension 

(hyperaldosteronism), cardiac failure, some nervous system disorders such as depression which 

underlies need for extended research on MR for therapeutic action  (Barrett et al., 2013; Jia et 

al., 2017). MR signaling involves in oxidative stress, inflammation, endothelial dysfunction 

among other critical functions (Bigas et al., 2018; Nagase et al., 2012). Artificial MR 

antagonists have been used as medicine against heart failure, chronic kidney disease etc. such 

as spironolactone, eplerenone, finerenone, and mexrenone (Y. Nagata et al., 2019). 

MR mRNA undergoes to alternative splicing event (Alnemri et al., 1991). MR has multiple  

isoforms and protein variants which might be tissue specific with differential functions (Maria 

Christina Zennaro et al., 1997). Moreover, MR is subject to post transcriptional modifications 

including phosphorylation (Bloem et al., 1995; M. C. Zennaro et al., 1995). Rapid 

phosphorylation of MR linked to ion transport, and phosphorylation in ligand binding domain 

can cause impaired transcriptional activity (Tallec & Lombès, 2005).  

As mentioned before, SHRs are closely related and have similar activation processes. Ligands 

other than aldosterone can interact with MR such as glucocorticoids (cortisol/corticosterone), 

and progesterone (mostly antagonize) with same affinity (Fuller et al., 2019; Myles & Funder, 

1996; Ong & Young, 2017a). Hence, there should be a selectivity mechanism that can lead 

differential activation of MR and GR in different functional contexts in crowded environment. 

11β -hydroxysteroid dehydrogenase (11HSD2) is the enzyme regulates cell/tissue specific 

regulation of receptor activation by converting cortisol to cortisone allowing ALDO-MR 

interaction in epithelial cells. Besides, ALDO-MR interaction is more stable than other 

interactions which supports specific regulation.  
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Figure1. 4 Aldosterone activated MR action (adapted from Ong & Young, 2017) 

 

MR-ALDO actions classified under three categories as shown in Figure1.4 (Gekle et al., 1998; 

Ong & Young, 2017). Transcriptional activity of MR-ALDO action is relatively time-

consuming process takes couple of hours due to activation-translocation-transcription-

translation cascade. Regulation of several cellular processes including signaling, stress, 

inflammation, structure, migration, and many others trough alterations of MR, SGK1, ENaC, 

IGFR, EGFR, AGTR1 and some of the genes is possible by this genomic action (Viengchareun 

et al., 2007). Fast responded, non-genomic actions can be triggered within minutes by usage of 

secondary messengers. Effectors of this rapid activation are MAPK, PI3K and PKC/D signaling 

pathways that have critical roles in cellular trafficking, survival, migration etc.(Grossmann et 

al., 2005; Nagoshi et al., 2012).As shown in Figure 1.4 aldosterone-MR signaling is highly 

intertwined with other signaling pathways in terms of crosstalk and interactions.  It can interact 

with or transactivate other hormone activated receptors in rapid action such as GPER, EGFR, 

IGFR etc. (Griol-Charhbili et al., 2011; Rigiracciolo et al., 2015).  
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Figure1. 5. MR and ALDO action in polarized epithelial kidney(adapted from 

Viengchareun et al., 2007) 

 

In Figure 1.5 transcriptional activity of the MR-ALDO signaling in epithelial cells were 

exemplified.  In epithelial cells upon activation by ALDO, cytoplasmic MR dissociates from 

chaperons (such as Hsp90) and conformational changes reveal nuclear translocation signal.  

Nuclear translocated and dimerized active MR acts on transcription of target genes. Hormone 

response element (HRE) in DNA of target genes is triggered together with co-activators. 

Among various transcriptional targets, MR itself, Na+ channel ENaC and serum and 

glucocorticoid-regulated kinase- 1 (SGK1) are the ones that take part on ion homeostasis in 

renal epithelial cells and investigated in this thesis. In addition to the direct transcriptional 

activation on ENaC and SGK1, SGK1 activation by phosphorylation can lead ubiquitin protein 

ligase NEDD4-2 phosphorylation which loosens up its interaction and prevents proteasomal 

degradation of apical epithelial sodium channel ENaC (Debonneville et al., 2001; Valinsky et 

al., 2018). It is also shown than SGK1 can enhance αENaC subunit transcription (D. Pearce & 

Kleyman, 2007). 

MR and aldosterone mediated signaling in cancer is a more recent area in literature compared 

to other well-known family members such as ER, PGR, AR signaling. Lung, breast, liver, colon, 

kidney, pancreas, and prostate are examples of cancers investigated in literature in terms of MR 

and its pro or anti-cancer functions. In non-small cell lung cancer, its expression has been shown 

to be correlated with the good prognosis, hence its role predicted as protective against lung 
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tumor progression (Jeong et al., 2010; Konu & Targen, 2019). Tumor suppressive function of 

MR which has reverse interaction with VEGFR-2 also identified in colorectal cancer patients 

with better survival with high expression (Di Fabio et al., 2007). In pancreatic ductal 

adenocarcinoma its tumor suppressiveness has been suggested while in prostate cancer 

crosstalk with AR is draw the attention on MR (Shiota et al., 2018; S. Yang et al., 2016).In 

renal cell neoplasm MR and 11β-HSD2 expression has been proposed to be used in subtype 

specification (Yakirevich et al., 2008). Moreover, another study shows involvement of ALDO 

to progression of renal cancer by upregulation of specific KRas isoform and yet another study 

indicates that persistent ALDO exposure can cause carcinogenesis via ERK1/2 and STAT3 

related signals in kidney (King et al., 2014) . MR also tested in a targeted drug delivery system 

in cancer cells in terms of apoptosis induction and promising results were obtained for used cell 

lines (P. Sharma et al., 2016).  In the scope of this thesis, MR in breast and liver cancer is 

detailed in paragraph below.   

In HCC cell lines proliferation, cell cycle progression and apoptosis has been found to be altered 

by MR-ALDO activation (Nie et al., 2015). This phenomenon explained by MR’s 

transcriptional action on miR-338-3p/pyruvate kinase and suppression of Warburg effect which 

accelerates proliferation in cancers. Further in vivo study in mouse model also has supported 

MR-ALDO action in HCC which draws attention to MR-ALDO action as anti-cancer target 

and prognostic marker (Nie et al., 2015).  Moreover, in liver fibrosis, non-genomic MR-ALDO 

action in hepatic satellite cells was discovered (Münzberg et al., 2015).  

SHRs member MR is probably the less known and studied them all, especially for breast cancer. 

Even though there are studies on this receptor in other cancer types such as lung cancer and 

hepatocellular carcinoma as mentioned above, their role in breast cancer is relatively less 

studied (Konu and Targen, 2019). 

For long time now MR expression in mammary tissue has been known and more recently it was 

found that GR expression is absent during some mammary gland development stages can 

substituted by MR in mouse models (Jääskeläinen et al., 2019; Kingsley-Kallesen et al., 2002; 

Raynaud & Rolland, 1981). However, its function on tumorigenesis and tumor progression has 

received more recent attention in breast carcinomas.  In a study on ductal differentiation of 

breast carcinomas, MR was identified as related to this differentiation (Sasano et al., 1997).  In 

another study focusing breast cancer patients revelated that there is a distinction between TNBC 

and non-TNBC patients in terms of prognostic value of SHRs highlighting MR. Moreover, 
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cytoplasmic MR expression was correlated with worse relapse free survival in HER- patients 

and exist in opposite trend TNBC (Jääskeläinen et al., 2019).  

SHR family with structurally and functionally intertwined signaling members have raised the 

question of MR’s crosstalk with other members in breast cancer. Previously expression of MR 

has been established for several breast cancer cell lines by Bircan Coban (MSc Thesis, 2016). 

Furthermore, separate ALDO and E2 exposures in several breast cancer cell lines were 

investigated in terms of possible crosstalk at the levels of previously determined ALDO-MR 

signaling targets and effectors which are mentioned below (MSc Thesis, 2016). Promising leads 

on Bircan Coban’s results were the basis of the work in this thesis. 

 

1.3.1.1.1 Serum and glucocorticoid-regulated kinases 

 

Evolutionary conserved AGC family’s (protein kinase A, protein kinase G, and protein kinase 

C) serine/threonine subfamily member “serum and glucocorticoid-regulated kinases” has three 

members SGK1, SGK2, and SGK3 (L. R. Pearce et al., 2010). They have been known to be 

part of mechanisms regulating ion channel activity, survival, proliferation, migration, cell cycle 

etc. (Hong et al., 2008).   

Even though SGK1’s primary function has thought to be on ion transport across membranes, 

its other critical functions have been revealed in time involving cancer and immunology. It even 

has been targeted in major depressive disorder to develop better antidepressant therapies due to 

its functions controlled by glucocorticoids in brain (Dattilo et al., 2020). It is discovered to be 

another effector of PI3K signaling, which is critical in cancers in addition to AKT (they have 

sequence homology). Hence, it has been marked as a possible therapeutic target in cancers (Di 

Cristofano, 2017; Orlacchio et al., 2017). SGK1 can be induced by mineralocorticoids, stress, 

growth factors and cytokines. Moreover, short-term transcription of SGK-1 mRNA takes place 

with the half-life of 20 minutes (Waldegger et al., 1997). As an effector of PI3K signaling, its 

neoplastic transformation ability is evaluated in cancers. Its role has been known for colon, 

prostate, myeloma, and ovarian cancers (Lang et al., 2010; Z. Zhang et al., 2020). In non-small 

cell lung carcinoma, expression of SGK1 is correlated with worse prognosis(Z. Tang et al., 

2018).  Moreover, downregulation of SGK1 by shRNA results in decreased cancer cell 

existence which shows itself in dysregulated cell cycle markers in multiple myeloma cells 



14 
 

(Fagerli et al., 2011). Besides its known functions, there are still other targets awaiting to be 

discovered that can contribute to SGK1 function in cancers (Di Cristofano, 2017).  In liver 

regeneration SGK1 acts together with ERK2 and increase its activity (Won et al., 2009). From 

a study adopting human microarray data profiling in normal and HCC tissues, SGK1 also was 

shown to be over expressed in HCC (Chung et al., 2002). For the scope of this thesis, SGK1’s 

role in breast cancer detailed in following paragraph. 

PI3K signaling pathway activation is critical for breast cancers due to pathway’s anti-apoptotic 

functions. Importance of activation of PI3K/ SGK1 levels in stressed cells is known in breast 

cancer survival (Sahoo et al., 2005). In a breast cancer patient study, SGK1 is found to be 

overexpressed in 48% of the cases with high correlation with p-AKT-1 overexpression (Sahoo 

et al., 2005). SGK1 expression was also correlated to resistance against AKT inhibitors in 

another study (Sommer et al., 2013). Metastasis study in breast cancer has revealed that SGK1 

can promote metastasis together with PDGF and their double silencing cause stronger anti-

cancer effect (L. Yang et al., 2020). Bone metastasis through breast cancer has also been related 

to SGK1 expression in a mouse model study (Z. Zhang et al., 2020). In MCF7 cells, it has been 

shown that membrane Androgen Receptor (AR) inhibition causes pro-apoptotic alteration 

which can be boost by SGK1 inhibition (G. Liu et al., 2015). Its role in cancers has been 

established in literature within the scope of PI3K action however, how SGK1 is regulated by 

MR-Aldosterone signaling in breast cancer models need to be studied for more detailed, 

mechanistic understanding.  

 

1.3.1.1.2 Neuronally expressed developmentally downregulated 4L/NEDD4-2 

 

NEDD4 (Neuronally expressed developmentally downregulated 4) is a family of E3 ubiquitin 

ligases with 9 members that has been investigated in scope of cancer development and 

progression apart from Na+ homeostasis (Ye, 2012). As mentioned earlier, ALDO-MR 

signaling controls the Na+ balance through ENaC and other cotransporters in renal epithelial 

cells which is critical for blood pressure regulation and ion homeostasis. ENaC levels were 

regulated by ubiquitination through a member of NEDD4 family NEDD4-2 (ubiquitin mediated 

endocytosis and proteasomal degradation) by ALDO induced SGK1 phosphorylation to prevent 

ENaC-NEDD4-2 interaction causing degradation (Arroyo et al., 2011). In addition to this well-

known function, NEDD4L has a vast number of ubiquitination targets that may explain its 
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involvement in many other signaling pathways including MAPK (JNK), PI3K- AKT 

(PIK3CA), TGFβ (Hallows et al., 2010; Imamura et al., 2013; Z. Wang et al., 2016). 

Role of the NEDD4L in the several cancers has been known in literature for a while. In 

colorectal cancer patients, it has been suggested as a tumor suppressor by its repressive effect 

on WNT signaling (Tanksley et al., 2013). Prognostic value of NEDD4L which is negatively 

correlated with HIF1α also has been acknowledged in gastric cancer patients since reduced 

expression of NEDD4L has been correlated with invasion and metastasis (C. Gao et al., 2012; 

X. Jiang et al., 2019). Similar downregulation in tumors are also apparent in malignant glioma 

patients (S. He et al., 2012). However, cancer specific action might be the case for NEDD4L 

since its over expression has been associated with gallbladder cancer invasion (Takeuchi et al., 

2011). HCC has also been investigated in literature in terms of NEDD4L levels which indicated 

a reduction in tumors when compared to normal tissue. Mechanistic understanding of how 

NEDD4L acts as a tumor suppressor in HCC is explained through its action on MAPK/ ERK 

related apoptosis induction (F. Zhao et al., 2018). In breast cancer, NEDD4L expression which 

is repressed by miR-106b-25 clusters is also linked to better relapse free survival (Guarnieri et 

al., 2018). Another study focusing on androgen regulated NEDD4L levels revealed NEDD4-2 

isoforms are highly expressed in mammary glands and differentially exist in breast cancer cell 

lines (H. Qi et al., 2003). Even though some other members of this family have been found to 

be functioning in breast cancer (Zou et al., 2015), studies explaining proper function of 

NEDD4L and its regulation by MR-ALDO signaling is missing in the literature.  

 

1.3.1.1.3 Epithelial sodium channel ENaC/SCNN1A-B-G 

 

Epithelial sodium channel (ENaC) which has been mentioned to regulated by ALDO-MR to 

balance blood pressure, sodium absorption, and extracellular fluid volume, and is composed of 

three homologous subunits: α, β, γ ENaCs (1:1:1 heterotrimer). This Degenerin/ENaC 

mechanosensitive protein family member has a role in lung airway surface liquid balance, 

urinary bladder, sweat glands etc. besides of above-mentioned functions in kidney and colon 

(Boscardin et al., 2016). This channel located in apical membrane has activity regulated by 

cleavage in α, γ ENaCs by proteases beside NEDD4-2 induced ubiquitination and others 

(Hallows et al., 2010; Kleyman et al., 2006; Rossier & Jackson Stutts, 2009).  ENaC activity 

can also be regulated by ROS and PI3K signaling in distal nephron cells (Q. S. Wang et al., 
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2018) and TGFβ action through SMAD4 (Chang et al., 2008). Their interaction with p38 

MAPK and ERK MAPK is also known in literature (Niisato et al., 2007). ENaCs role in several 

pathologies has been known for a while including cancers (Mehta, 2008; Mirshahi et al., 1998; 

Xu et al., 2016).  

ENaC/DEG family members are known for their roles in cancer development and progression 

including ENaCs in terms of invasion, migration, and proliferation (C. Liu et al., 2016).  αENaC 

has been determined as a therapeutic target in in small cell lung cancer/neuroendocrine tumor 

(M. He et al., 2018). Same subunit has also related to proliferation of liver cancer cell line 

HepG2 (Bondarava et al., 2009).This isoform’s increment with ALDO or other cancer related 

abnormalities can cause migration (Jagirdar et al., 2016). Knockdown of α and, γ ENaCs causes 

reduction in glioma migration that makes these channels anticancer targets (Kapoor et al., 2009, 

2011). 

ENaC expression has been established both in human and mouse mammary gland and cancer 

cells. Steroid hormone dependent induction of ENaC also is investigated in cancer cell lines 

T47D and MCF7 together with noncancerous breast cells for dexamethasone, progesterone, and 

prolactin (Boyd & Náray-Fejes-Tóth, 2007). Dexamethasone increased the expression of 

subunits except α in both cancer cells while the same trend is only observed in T47D with 

progesterone.  ERK signaling activation by ENaC abundance in membrane has been shown by 

another study in breast cancer cells (Soundararajan et al., 2009). Moreover, γ ENaCs has been 

identified having role in inflammatory injury with probable pro-carcinogenic effect caused by 

excessive salt in breast cancers (Amara et al., 2016). Hence, there is a limited number of studies 

on ENaCs in breast cancers at all or related to MR-ALDO-ENaC relation. 

 

1.3.1.2 Glucocorticoid receptor and glucocorticoids in cancer 

 

Glucocorticoid Receptor (GR/NR3C1) has 5 isoforms with different localizations and 

functions; and two of them, α and β, have been focused on more in literature (I. Wu et al., 2013; 

J. Zhou & Cidlowski, 2005). GR is activated by glucocorticoids (corticosteroids and 

dexamethasone) and act on transcriptional activity as other SHR (through glucocorticoid 

response elements) (Jantzen et al., 1987). Widely expressed, dominant α form is the responsible 

one for known action of the receptor such as immune response-inflammation, proliferation 
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(Pufall, 2015). PI3K and GR interaction has been found to be part of innate immune response 

(Arancibia et al., 2011).However, β isoforms found to be repress MR activity hence regulate 

ALDO sensitivity of cells and GRα independent from glucocorticoids (Bamberger et al., 1997). 

In breast cancer research, α isoform is the focus but there is evidence suggesting β isoform’s 

involvement, as well (Vilasco et al., 2011). 

GRs and glucocorticoids have been investigated in several cancers in literature such as lung, 

prostate, breast, endometrial, bladder cancer, and pancreas cancer(Hu & Chen, 2017; McBeth 

et al., 2016; Tangen et al., 2017; Taylor et al., 2016). Tumor progression related function of GR 

in association with AR has been assessed in prostate cancer (S. Narayanan et al., 2016). GR 

expression has been found to be contributing to apoptosis in lymphoid malignancies through 

BCL family members (Schmidt et al., 2004; West et al., 2018). Glucocorticoid receptor 

activation causing cell cycle arrest in cancer via FOXO1 was previously shown (Prekovic et 

al., 2019),  glucocorticoids are in use against liver failure for a long time (Xue & Meng, 2019).  

Non-alcoholic fatty liver disease with a risk of HCC development can be improved by targeting 

glucocorticoids and GR action (Woods et al., 2015). In hepatoma cell line HepG2 

glucocorticoids and GR has been associated with tumor growth (Psarra et al., 2005).  Moreover, 

in TNBC cell line MDA-MB-231, GRα agonized by Pseudopterosin causes the anti-tumor 

effect (Sperlich & Teusch, 2018). In a breast cancer cohort ER positiveness and negatives have 

been found to be differentially related to GR expression levels. In positive patients high GR 

expression correlates with the better prognosis when compared to negative in which GR 

expression is a negative prognostic marker(D. Pan et al., 2011). Another study suggested that 

co-expression of ER and GR cause less aggressive breast cancer outcome (West et al., 2016) . 

GR draw attention as a target in a study in TNBC,  in which antagonizing GR increased 

apoptosis induction in resistant cells (Skor et al., 2013). Hence, consequences of GR expression 

have context dependent action in breast cancer which depends on its interaction with ER. In 

addition to effects on tumor growth and progression, GR has also been shown to modulate 

metastasis and can induce EMT trough GR- insulin receptor substrate 1- ERK2 signaling in 

breast cancer (W. Shi et al., 2019). ER-GR crosstalk has also been established in endometrial 

cancer which results in more aggressive tumor progression (Vahrenkamp et al., 2018). 

Crosstalk of the SHR members and their compensation for each other has been shown for AR-

GR, and ER-GR crosstalk. MR-GR interaction has been shown in skin and a rat mammary cell 

line (Pooley et al., 2020; Sevilla & Pérez, 2018). Moreover, above mentioned MR target genes 

and downstream members can also be altered by GR activities. Glucocorticoids have found to 



18 
 

be regulating SGK1 level in lung and renal epithelial cells, and in rat brain (Hinds et al., 2017; 

Itani et al., 2002). In human distal airway epithelial cell line glucocorticoid dependent induction 

of αENaC has been shown (McTavish et al., 2009).  Hence, SGK1-NEDD2-2-ENaC action can 

also be controlled by Glucocorticoid/GR actions.  

 

1.3.1.3 Estrogen receptors and estrogen in cancer 

 

Primary female sex hormone estrogen (estrone, estradiol-dominant in productive years-, estriol, 

and estretrol) is synthesized primarily in ovaries and regulate reproduction, menstruation, bone 

density, brain functions, inflammation besides from development of female sexual organs as 

part of its broad spectrum of functions (Hua et al., 2018; Novella et al., 2012). Even though it 

has striking functions in females, estrogen is also crucial for male reproductivity, 

spermatogenesis (Carreau et al., 2011). In this thesis, 17β-estradiol (E2) has been used as 

estrogen. Estrogens show their function mostly through the Estrogen Receptors (ER) which act 

like the other members of the SHRs as mentioned above. ERα (ESR1), ERβ (ESR2), and more 

recently discovered trans-membrane G protein-coupled estrogen receptor (GPER-rapid non-

genomic response) are mainly investigated E2 receptors (Prossnitz & Arterburn, 2015). 

Activated receptors can bind Estrogen Receptor Elements (EREs) of DNA to induce 

transcriptional alterations on relevant genes as direct activity (Klinge, 2001). However, there 

are indirectly regulated genes which do not have ERE element in their promoters. This type of 

activations regulated by protein interactions of transcription factors such as AP-1 and Sp-1 

(Björnström & Sjöberg, 2005). Regulation of cyclinD1, IGFI and NF-kb etc. is dependent to 

in-direct activity of ER (Umayahara et al., 1994). α and β receptors might have opposite 

transcriptional effects on genes as in cyclin D1 which is repressed by ERβ while ERα cause 

production (M. M. Liu et al., 2002). When both receptors are expressed, they can act on the 

same targets in opposite directions (Madeira et al., 2013; Nilsson & Gustafsson, 2011). Non-

genomic action of GPER1 acts on secondary messengers to regulate signaling pathways such 

as MAPK and PI3K/AKT (Prossnitz & Barton, 2014). Ligand independent actions of ER  

through phosphorylation have also been known (Vrtačnik et al., 2014; Yuanzhong Wang et al., 

2014) 

In lung, colon, endometrial, ovary, prostate and breast cancers, increasing levels of estrogen 

have been related to tumor development or progression and related angiogenesis (Liang & 
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Shang, 2013). In sexually dimorphic HCC, ERα expression has been found as protective against 

tumorigenesis in mouse models while AR acts in opposite direction. Moreover, there are studies 

suggesting ER downregulation in HCC (Chaturantabut et al., 2019; Ohnishi et al., 1986; Y. 

Zhao & Li, 2015). In HepG2, an HCC cell line, E2 has been shown as anti-proliferative and 

pro-apoptotic. Moreover, in Hep3B cell line, ESR2 (ERβ) gene expression evaluated to be 

against HCC in a ligand dependent manner (Y. S. Liu et al., 2015). In another study in colon 

cancer, possible protective act of estrogen was associated with ERβ (Stevanato Filho et al., 

2018). 

ER is the most investigated SHR in the family in terms of  breast cancer research both as a 

diagnostic marker and therapeutic target since expression of ER is prominent most of the cases 

(Stevanato Filho et al., 2018). E2/ER signaling leads to proliferation and cell cycle progression 

and may suppress apoptosis by regulating its direct or indirect target gene expression (T. T. Y. 

Wang & Phang, 1995). However, high doses of estrogen may have opposite, pro-apoptotic 

results (R. X. D. Song & Santen, 2003). E2/ER signaling can crosstalk with vast number of 

pathways critical for cellular metabolism and survival in cancer including other members of 

SHRs family. For example, E2/ER can crosstalk with growth hormone/factors such as 

EGFR/IGF-IR signaling pathways, and others such as PGR, GR, MR and NF-kB 

(Katzenellenbogen, 2000; Smith, 1998; Tonsing-Carter et al., 2019; Vahrenkamp et al., 2018).  

In a study applying E2 to ovariectomized female rats showed that, E2 treatment can reduce both 

MR and GR mRNA levels in hippocampus (Burgess & Handa, 1993). In vascular context, MR 

and ERs have opposite functions. Excessive activation of the MR by ALDO can cause oxidative 

stress (ROS production) in vascular smooth muscle cells which is shown to be suppressed by 

active ERs preventing the NAPDH deficiency in cells (Muehlfelder et al., 2012) In breast 

cancer, GPER has also been shown to support ALDO’s action on ERK/EFGR pathway which 

contributes to proliferation in breast cancer cell line SKBR3 (Caroccia et al., 2019; Rigiracciolo 

et al., 2015). ALDO’s adverse cardiovascular effects has been mostly seen in post-menopausal 

woman hence it was hypothesized that E2 levels might have protective role against ALDO’s 

effect (Barrett Mueller et al., 2014). When they have examined ALDO-activated MR and E2-

activated ERα in HEK293, the ER has exhibited negative effect on MR transcription activation. 

This inhibition was validated with the observation of E2’s inhibition of ALDO induced ICAM-

1 gene activation. On the contrary there was no evidence suggesting MR’ suppressive or 

potentiating effect on ER. In this study, they suggested that upon activation, ER and MR interact 

in nucleus and ER control the MR’s transcriptional activity (Barrett Mueller et al., 2014). The 
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powerful interaction has been proven in this study underlies the crosstalk between SHRs which 

propose the importance of revealing MR/ALDO-ER/E2 interaction in breast cancer. 

E2 treatment to ovariectomized rat results in restored SGK1 levels in myocardium. However, 

this was not observed in E2 treated rat cardiomyocytes suggesting E2 regulates SGK1 levels by 

an indirect mechanism (Cong et al., 2015). In the case of endometriosis, E2 caused increase in 

SGK1 expression which leads anti-apoptotic results has been shown to be controlled by ERβ 

(Monsivais et al., 2016). ER and PI3K signaling pathway can crosstalk in breast cancer and, 

recently SGK1 has been shown to have role in this phenomenon in terms of ER transcriptional 

regulation. Moreover E2/ER can control the SGK1 activation when PI3Kα is inhibited (Castel 

& Toska, 2019). Rapamycin resistance in breast cancer cell lines has been shown to be related 

to SGK1 (Ser442) levels in ER positive cells hence, silencing of SGK1 in ER negative MDA-

MB-231 increased the effects of drug (Hall et al., 2012). ENaC levels with E2 treatment is 

variable in different tissues and, contradictory studies exist in literature. Increase in γENaC 

activity has been shown in kidney cortical collecting duct cells via non-genomic action of E2. 

Another study revealed increased levels of αENaC in kidneys of E2 treated ovariectomized rats 

(Gambling et al., 2004). An in vivo study performed in rats revealed that E2 has regulatory 

function on NEDD4-2 in kidneys, moreover, causes reduction in ENaC expression in mouse 

collecting duct cell line through ubiquitination (X. Zhang et al., 2019).  

 

1.3.1.4 Progesterone receptors and progestin in cancer  

 

Progesterone receptor (PGR) is the last member of SHRs that has been covered in the context 

of this thesis. This well-known receptor known to be expressed primarily in female reproductive 

systems. Upon activation proliferation, development and differentiation of the relevant tissues 

can be controlled by its actions (Grimm et al., 2016). Ligand progesterone can be produced 

during of menstrual cycle, and its expression have also been established in adrenal glands and 

placenta during the pregnancy (development and lactation) (Trabert et al., 2019). There are vast 

numbers of literature supporting on progestin treatments increasing risk of breast cancer 

development while it may show opposite protective effects on other cancer types such as ovary 

and lung (Banks et al., 2003; Cenciarini & Proietti, 2019; Hunter et al., 2010; Knutson & Lange, 

2014). There is little or almost no expression in HCC according to study using HCC patient 
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data (Nagasue et al., 1991). Interestingly, there are specific cases that progestins can interact 

with AR and GR and less commonly MR and ER as reviewed in literature (Moore et al., 2012).  

There are two common PGR isoforms: isoform B with full length and isoform A with truncated 

amino terminal domain with overlapping and distinct actions. PGR is expressed in ERα 

expressing cell lines and considered as marker for proper ERα activation (Horwitz et al., 1978). 

B isoform has more activity upon hormonal activation and A isoform has been associated with 

repressive function on progestin actions (Giangrande & Mcdonnell, 1999; Richer et al., 2002). 

In breast cancer 1:1 ratio of these receptors can be altered in the favor of isoform A which is 

caused by high A isoform levels or loss of B isoform. Moreover, PRB is related to bad response 

to chemotherapy (Cork et al., 2008; Hopp et al., 2004). PGRs can be subject of post-

translational modifications including phosphorylation as reviewed in literature as possible 

effectors on activity of receptors (Abdel-Hafiz & Horwitz, 2014). As in other family members 

PGRs can act directly or indirectly on transcription and there are also non-genomic functions 

(Cenciarini & Proietti, 2019).  

ER and PGR interaction has been known for a while. Progestin induced PGR and ERα crosstalk 

via kinase activation is known in literature (Diep et al., 2016). ER-PRA crosstalk through 

miRNAs has been investigated to reveal progesterone’s role as invasion and migration inducer 

against E2’s effect on luminal breast cancers (McFall et al., 2018; Mohammed et al., 2015). 

Another interesting study on MR gender specific expression in female mice endothelial cells 

showed increased MR activation through active PGR (Faulkner & Belin de Chantemèle, 2019). 

Progesterone itself known to have high affinity for the MR which competes with ALDO (Baker 

& Katsu, 2020). In neurons, in vivo and in vitro, progesterone treatment increases the activation 

of MR (Castrén et al., 1995). A-isoform of human PGR has been identified as MR repressor 

without any mechanistic knowledge on interaction but with a suggestion on competition for 

common TFs (McDonnell et al., 1994). Relevant to context of this thesis, MR, GR and PGR 

crosstalk has been suggested in breast cancer focusing on focal adhesion and growth in 

literature. This study proposes that treatment of relevant ligands in PGR expressing cell lines 

mimics progesterone induced alterations in cell lines such as induction of focal adhesion and 

inhibition of cellular growth (J. C. L. Leo et al., 2004). PGR’s crosstalk to other signaling 

mechanisms are known. ERK MAPK- PGR interaction in breast cancer has been explained 

since dysregulation of ERK signal suppressed PGR induced gene expression (Treviño et al., 

2013). Moreover, in endometrial cancers resistant to progestin induced autophagy can crosstalk 

at the level of PI3K/AKT/mTOR-PGR as escape mechanism (H. Liu et al., 2017). 
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Regardless of PR expression progestins shown to upregulate the SGK1 levels in breast cancer 

cell lines (Godbole et al., 2018). In another study, progesterone’s suppressive effect on ENaC 

opening probability has been associated with NEDD4L actions in Xenopus oocyte model 

(Michlig et al., 2005). 

 

1.3.2 Apoptosis signaling pathway  

 

Genetically controlled cell death mechanisms are the essential part of development and 

homeostasis. There are several cell death mechanisms including necroptosis, ferroptosis, 

apoptosis which are reviewed in cancer literature (Karsch-Bluman et al., 2019). As mentioned 

before, one of the main hallmarks of cancer has been determined as the escape from the 

apoptosis (A. Sharma et al., 2019). In here, we are focusing on programmed cell death, 

apoptosis. Other than being a widely dysregulated pathway in cancers, alterations in apoptosis 

found to be related to resistance to anti-cancer therapies as in HCC (Lohitesh et al., 2018; 

Pommier et al., 2004). Hence, it is often targeted in anti-cancer research.    

Apoptosis has two pathways: intrinsic (mitochondrial) and extrinsic (death receptor mediated) 

apoptosis as shown in Figure1. 6. Cysteinyl, aspartate-specific proteases, caspases are 

identified as executioners: caspase 3, 6, 7 (and initiators caspase 2,8,9,10) of the apoptosis 

which are the merging point for both pathways. Auto-proteolytic cleavage of initiators with 

help of adapters lead to cleavage of executors leading cleavage of cellular components to induce 

morphological and chemical changes such as condensation of chromatins, plasma membrane 

asymmetry, cell shrinkage and budding of membrane in a controlled manner (A. Sharma et al., 

2019).  



23 
 

 

Figure1. 6 Apoptosis pathways (adapted from Carneiro & El-Deiry, 2020).  

 

Extrinsic pathway is activated by extracellular signals depending on death receptors which are 

part of tumor necrosis factor receptor (TNFR) family. These extrinsic receptors activation, 

TNFR1-TNFα, FAS-FasL, DR4-TRAIL, DR5-TRAIL, lead to conformational changes 

revealing death domains of the receptors. FADD/TRADD adaptors and initiators caspase 8 and 

10 form a complex with receptors which is called death-inducing signaling complex (DISC) 

which shifts the balance for pro-apoptotic proteins and eventually merge to executor caspases 

for apoptosis (Carneiro & El-Deiry, 2020). 

CASP8 has been shown to contribute to hepatocarcinogenesis in early steps and associated with 

less aggressive cancer when its expression is lower (Boege et al., 2017; Stupack, 2013). 

Reduced CASP8 levels has been reported in several cancers such as in neuroblastoma, 

previously (Tummers & Green, 2017). Cascade of cellular events that activates this caspase 

starts with the activated death receptors such as FAS and DR5. DR5 receptor has two isoforms. 

Moreover, TRAIL dependent DR5 action has been associated to pro-survival of tumours which 

is related to MAPK pathway (Shlyakhtina et al., 2017). Another study supports this idea by 

showing the involvement of p-ERK1/2 in blocked CASP8 induced apoptosis through cell cycle 

specific phosphorylation (Mandal et al., 2014). DR5-caspase8 cascade has also been shown for 

endoplasmic reticulum (ER) stress related apoptosis induction (Lam et al., 2018). HCC and 

surrounding tissues highly express DR5, and TRAIL induced activation of DR5 might be 
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effective but development of resistance is inevitable through decoy receptors competing for 

ligand (X. P. Chen et al., 2003; W. Jiang et al., 2019).  

Intrinsic apoptotic pathway depending on mitochondria is triggered by internal signals such as 

DNA damage, hypoxia, increased Ca+2 concentrations as the consequence of cellular stress (S. 

Nagata, 2018). The B-cell lymphoma 2 (Bcl-2) family proteins are widely known and 

investigated for intrinsic apoptotic pathway as apoptotic switch since they are critical for 

balancing the pro and anti-apoptotic actions/interaction on mitochondrial membranes (Frenzel 

et al., 2009). Anti-apoptotic proteins can be listed as Bcl-2, Bcl-xL, Bcl-W, Mcl-1, A1, and Bcl-

B while pro-apoptotic ones are Bax, Bak, Bok, Bid, Bim, Bad, PUMA, NOXa, and BIK 

(Pistritto et al., 2016; R. Singh et al., 2019).  Pro-apoptotic members suppress the anti-apoptotic 

ones leading to permeability of outer membrane of mitochondria (MOMP). Hence, factors 

belong to intermembrane leak to cytosol such as cytochrome-c and together with other 

activators it forms apoptosome to activate initiator caspases (Würstle & Rehm, 2014). This 

pathway also merges with executor caspases (R. Singh et al., 2019).  

In intrinsic apoptosis morphological changes of mitochondria involves the active caspase 9 

while caspase 3 is needed for proper apoptosis induction and caspase 7 (casp3/7 are mostly 

known as redundant in terms of function) leads to detachment of cells going through apoptosis 

(Brentnall et al., 2013; P. Li et al., 2017). Even though intrinsic and extrinsic pathways have 

been distinctly specified, they interact at certain levels. In some conditions extrinsic activation 

can induce intrinsic pathway through caspase 8 activated Bid (Tummers & Green, 2017). 

Activation of caspase 8 and caspase 9 has been shown as common phenomena in both apoptotic 

pathways in human leukemic cell lines as example(McComb et al., 2019).  

BCL-2 overexpression has been observed in several cancers (Frenzel et al., 2009). For example, 

the ratio of BCL-2 and pro-apoptotic BAX has been indicator of the apoptosis in several cancers 

(Perlman et al., 1999). BCL-xL/BAX ratio dysregulation has also been investigated in the 

context of apoptosis in colon cancer (Baillat et al., 2005). In this thesis, BCL-xL (BCL2L1) has 

been investigated upon drug treatments in addition to BCL-2 and BAX. Bcl-x gene expresses 

two isoforms with alternative splicing: antiapoptotic Bcl-xL (long), proapoptotic Bcl-xS (short) 

(Stevens & Oltean, 2019). Being an anti-apoptotic protein, Bcl-xL promotes the cell survival 

and proliferation. Moreover, high expression of BCL-xL can also be associated with drug 

resistance in cancer (R. Liu et al., 1999). It can also be part of non-apoptotic cell death by 

binding Beclin1 which is a tumour suppressor (Michels et al., 2013). There are also several 
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cellular functions it can be involved in other than cell death such as migration and invasion 

(Choi et al., 2016).  

GR associated apoptosis induction in neurons was found to be dependent on MR action which 

act on opposite proliferation direction (Crochemore et al., 2005). Moreover, there are several 

studies showing the glucocorticoid induced apoptosis in various cellular models (H. Li et al., 

2012; S. L. Planey & Litwack, 2000; Sonia L. Planey et al., 2002). 

 

1.3.3 DNA damage and cell cycle pathways 

 

Aberrations in cell cycle progression in cancer resulting in uncontrolled cell proliferation due 

to several failed control mechanisms inducing genetic instability (Funk, 2006). In mitotic cells, 

the transition from one phase to another is controlled by specific proteins such as cyclin 

dependent kinases (CDKs-serine/threonine). CDKs in complex with cyclins which have 

oscillating levels during the cell cycle, are switches of cellular progressions leading mitosis 

(Otto & Sicinski, 2017).  

 

Figure1. 7 Cell cycle and DNA damage checkpoints (adapted from Otto & Sicinski, 2017) 

 Purple color indicates positive regulators of cell cycle progression and blue color indicates 

negative regulators of cell cycle progression.  

 

Progression of cell cycle is controlled by these complexes act as switches in between cell cycles 

phases as shown in Figure1. 7. Upon approach to mitogenic signals and passing the irreversible 

restriction point, the cycle starts with G1phase. In G1, homologous CDK4 and 6 are activated 

and coupled with cyclin D (1-3). Active complex phosphorylates several targets including 
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tumor repressor Retinoblastoma protein (RB). This complex also has ability to sequester and 

lead to ubiquitin mediated proteolysis of p21 and p27 CDK inhibitors that work on CDK2. Later 

in G1 due to CDK4/6-cyclinD function active CDK2/cyclin E complex is formed for G1/S 

transition. Involvement of PI3K/AKT/mTOR signaling reviewed in literature for their effect on 

cycle by controlling G1 to S phase transition via cyclin D1 (Vadlakonda et al., 2013). In addition 

to ERK, p38 MAPK has similar progressive effect in this transition, p38 also interacts with 

G2/M upon stress induction (MacCorkle & Tan, 2005; Thornton & Rincon, 2009). In the entry 

of S phase, cyclin E degrades, and the CDK2/cyclin A complex is then formed (De Boer et al., 

2008). CDK2 kinase activity can be enhanced in several cancers: for example, in HCC, CDK2 

activity is quite higher than healthy liver tissue (S. Shen et al., 2019). In G2 phase to M 

transition, CDK1/cyclin A2/B complexes are essential for progression (Gong & Ferrell, 2010). 

Upon mitotic entry CDK1/cyclin B complex is formed. CDK1 activity ends with completion of 

mitosis via Anaphase promoting complex/ cyclosome (APC/C)(Van Zon et al., 2010). Overall, 

examination of cell cycle is critical for cell cycle progression after treatment and CDK2 is a 

relevant marker for this purpose.  

MR has been associated with cell cycle blockage in HCC cell lines (Nie et al., 2015). Moreover, 

DNA damage induction by MR was shown in rat kidneys (Schupp et al., 2011). DNA damage 

was also related to glucocorticoids in breast cancer besides of GR function in cell cycle arrest 

(Rogatsky et al., 1997). 

Control on proper cell cycle is critical for healthy proliferation. There are several checkpoints 

ensures this including DNA damage and spindle checkpoint (Barnum & O’Connell, 2014). 

Upon DNA damage, checkpoints which are positioned in G1/S, G2/M transitions and during S 

and M phases ceased the cell cycle to give time for DNA repair (DNA damage response) 

(Weinberg, 2013). If the damage is too severe to repair, induction of apoptosis is the solution 

to prevent proliferation of errored cells. Recognition of DNA damage in cells can be performed 

by several kinases such as ATM (ataxia telangiectasia mutated protein kinase) and ATR (ataxia 

telangiectasia and Rad3-related) (Funk, 2006). ATM (double strand break) and ATR (single 

strand break-replication fork stress) protein kinases can activate CHK1 upon relevant DNA 

damage, and ATM can also activate CHK2 by phosphorylation which activates p53 (Otto & 

Sicinski, 2017). p53 dependent G1 arrest induced by increased transcriptional activity of p21 

inhibitor results in ceased activation of CDK2 by cyclin E (Barnum & O’Connell, 2014). 

Activation of CHK1 by phosphorylation can induce S phase and G2 phase arrest by halting 

Cdc25 family phosphatases (WEE1). CHK1 dependent cell cycle checkpoint and cell cycle 
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arrest at G2 phase is critical since it can work regardless of p53 status (Gottifredi et al., 2001). 

CHK1 status in cancer cell has controversy in terms of its function (Otto & Sicinski, 2017; 

Vermeulen et al., 2003; Y. Zhang & Hunter, 2014). Recent evidence supports the CHK1 related 

progression in cancers; moreover, over-expression of CHK1 proposed to be anti-cancer target 

in TNBC and HCC (Verlinden et al., 2007; Xie et al., 2014). Hence, examination of CHK1 

levels in liver cancer cell lines such as p53 null Hep3B is quite informative on cell cycle status.  

Damaged genetic material induces genomic instability leading the tumorigenesis. In the case of 

DNA damage, γH2AX histone protein can be considered as a marker when it is phosphorylated 

as a part of DNA damage response (DDR). DDR has been proposed as anti-cancer target 

together with PI3K inhibition in ovarian cancers (T. T. Huang et al., 2020). Moreover, MAPK 

pathway is also has role in DDR via interaction with CHK1 (Rezatabar et al., 2019). After 

introduction of double stranded break (DSB) by ionizing radiation or genotoxic anti-cancer 

drugs, MRN complex containing three proteins (MRE11-RAD50-MBS1) recognize the break 

and DDR proteins gather around the damaged foci(Jackson & Bartek, 2009). As a part of this 

mechanism, checkpoint kinase ATM directed to the site which can activate checkpoint 

mediators CHEK1 and CHEK2 are recruited the damage site, and this can activate the γH2AX 

by phosphorylation at ser 139 (Mah et al., 2010). p-γH2AX foci acts as docking site for repair 

proteins and concentrate them on it by maintaining them in correct site for repair. Even though 

ATM is the major mediator for this marker, ATR and DNA-PK proteins also can induce this 

phosphorylation (M. Ando et al., 2014). In HCC, γH2AX has been evaluated in patient samples 

and concluded as possible biomarker for HCC risk due to its high expression in preneoplastic 

lesions (Matsuda et al., 2013). It has also been related to HCC angiogenesis (H. Xiao et al., 

2015). Basically, above mentioned proteins can be effective to predict anti-cancer drug 

responses. 

 

1.3.4 PI3K/AKT/mTOR signaling pathway  

 

mTOR (mammalian target of rapamycin) signaling (Figure1. 8) which can be described as 

master regulator of proper cell physiology by regulating cell growth, proliferation, aging, 

survival, mRNA and protein synthesis, cellular metabolism, cytoskeleton, invasion, and 

metastasis. Several members of the pathway become highly valuable as oncogenes and tumor 

suppressors which are dysregulated in cancers (Porta et al., 2014).  



28 
 

 

 

Figure1. 8 mTOR signaling pathway (adapted from Murugan, 2019). 

  mTOR can form two cross-talking complexes with their regulators: mTORC1 and mTORC2. 

These two proteins complex have their own distinct activation routes and physiological 

functions even though they can crosstalk.  mTORC1 can be regulated positively or negatively 

by mainly PI3K pathway and AMPK, RAS/MAPK pathways. Activated mTORC1 regulates 

S6K1 (ribosomal S6 kinases), 4EBP1 (repressor of mRNA translation, suppressed by 

phosphorylation) and others to induce control over cell growth, proliferation, and survival. 

TSC1/TSC2 complex inhibits the activity of this complex. Receptor Tyrosine Kinase (RTK)-

PI3K produces second messenger PIP3 which leads SGK1, PDK1/2 and AKT to membrane. 

Membrane engaged AKT gets phosphorylated by PDK1/2 at Thr308. Active AKT 

phosphorylates TSC2 and activated mTORC1 by ser2448 phosphorylation. On the other hand, 

mTORC2 (Rictor as scaffold) complex is less known than mTORC1.  It can be activated by 

growth factors and phosphorylate AKT at ser473, SGK and PKC isoforms. These proteins lead 

regulation of apoptosis, motility, cytoskeletal arrangement by mTORC2.  

 

Since this pathway’s up and downstream regulators and effectors are critical for cancer, 

dysregulation of the members of the pathways have been established in several cancers 

(Murugan, 2019). For example, in almost 50% of HCC patients, upregulated mTOR pathway 

which is associated with the bad prognosis draw attention as therapy target (Villanueva et al., 

2008; L. Zhou et al., 2010). Activation of this pathway in HCC cause less differentiated tumors 

and fast recurrence. Phosphorylated P70s6K’s biomarker capacity has been detected before 
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because of its indication of more aggressive tumors in HCC (Baba et al., 2009). Although 

mutation in the pathway members are not common in HCC, low frequency mutation in mTOR 

has been detected (Matter et al., 2014). AKT and mTOR phosphorylated forms with loss of 

PTEN in HCC was determined to be overexpressed and induce invasion and metastasis (J. S. 

Chen et al., 2009).  PTEN dysregulation is a known phenomenon for HCC and in hepatoma cell 

lines its was targeted/downregulated by epigenetic mechanisms (L. Wang et al., 2007). 

Moreover, in literature, PI3K/AKT/mTOR pathway together with several others are associated 

to hepatocarcinogenesis hence, targets for therapy against HCC (Whittaker et al., 2010). mTOR 

expression is often upregulated in HCC cases which attract attention as therapeutic target due 

to related adverse prognosis. Moreover, there are clinical and pre-clinical trials targeting mTOR 

in HCC (Matter et al., 2014).   

In a cancer irrelevant context, MR-mTOR-p70s6 kinase interaction was identified in rat kidney 

Mineralocorticoid receptor-dependent proximal tubule injury is mediated by a redox-sensitive 

mTOR/S6K1 pathway (Whaley-Connell et al., 2012). Renal fibrosis claimed to be induced via 

aldosterone related AKT/mTOR signaling (X. Yuan et al., 2019). A recent study revealed 

ALDO regulated mTOR activity which was not conclusive on MR activation performed in 

cardiac and renal tissues of male mice (Brooks et al., 2019). Through gene signature analysis 

in T-cell acute lymphoblastic leukemia (T-ALL), glucocorticoid resistance was found to be 

induced by PI3K downstream signaling which was reversed by inhibitors of this pathway 

(Silveira et al., 2015). In T-ALL, direct phosphorylation of GR by AKT was linked to 

glucocorticoid resistance and inhibition of GR related apoptosis through impaired nuclear 

translocation of GR (Piovan et al., 2013). In prostate cancer, targeting PI3K pathway was 

discovered to sensitize cells to AR therapy through GR inhibition (Adelaiye-Ogala et al., 2020). 

Moreover. autophagy in osteoclast induced glucocorticoids claimed to crosstalk with this 

pathway (Fu et al., 2020). 

To sum up, in the context of HCC treatment evaluation members of these pathway are relevant. 
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1.3.5 MAPK signaling pathway 

 

The mitogen-activated protein kinases (MAPKs) which are widely expressed in eukaryotic cells 

have role in several critical cellular functions by transferring extracellular signals with a cascade 

of kinase activation to reflect physiological responses. Relaying, amplifying, and integrating 

various signals to regulate development, proliferation, differentiation, and survival etc. by this 

signaling pathway has been shown to be critically deregulated in several cancers (Braicu et al., 

2019). Extracellular signals such as growth factors, cytokines, stress transduced to intracellular 

components via several members of MAPK family: extracellular signal-regulated kinase (ERK) 

1/2, Jun N-terminal kinase (JNK) 1/2/3, p38 a/b/c/d, ERK5, ERK 3/4, ERK 7/8and Nemo-like 

kinases (NLKs) (Figure1. 9) (Krishna & Narang, 2008).  

In this thesis, mainly MAPK family members ERK1/2 and p38 MAPK were covered. Figure1. 

9 shows the ERK signaling pathway in detail.  Effector kinase of the pathway, ERK two 

isoforms ERK1 and ERK2 which are 88% similar in sequence. Even though they have similar 

regulatory functions, their induvial and distinct function are also mentioned in several studies 

underlying isoform specificity. ERK1/2 has been effective in cell cycle regulation especially in 

G1 to S phase transition, and cause G2/M arrest in its absence (Dumesic et al., 2009). ERK’s 

regulatory effect on cell survival acts through suppression of apoptosis. It protects cells from 

death receptor initiated apoptotic pathway which is clarified by FasR and TRAIL-R sensitivity 

upon blockage of ERK. This relation has been linked to caspase machinery (caspase 8 

underlined) rather than alterations in gene expression (Tran et al., 2001). ERK1/2 can induce 

the expression of BCL-xl without affecting BAX activation in an indirect way in human 

pancreatic cancer cells which can also be regulated by PI3K/PKB pathway (Boucher et al., 

2000). Based on its activity on survival and proliferation, dysregulation of these pathway 

members in several cancers is not an unexpected phenomenon. Persistent activation of the ERK 

has been shown in several cell lines and primary tumors. In HCC tumorigenesis, activation of 

ERK by HBV and HCV proteins leads to tumor formations. As in normal conditions, in HCC 

MAPK pathway acts together with PI3K/AKT/mTOR pathway in complex and diverse 

(positive or negative effects) signaling levels. AKT and RAS act more robustly on 

hepatocarcinogenesis causing progression of cell cycles in HBV infected tissue (Chin et al., 

2007). Besides of p-ERK levels, activating downstream targets to promote HCC progression, 

other members of the pathway have been shown to be altered in HCC (upregulated expression 

of Ras/Raf/MEK/ERK kinase in HCC cells and tissue). Even though both isoforms are needed 
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for proliferation of the HCC cells, studies targeting ERK1 and ERK2 by RNA interference 

suggesting ERK2’s role rather than ERK1 in reduction in tumor proliferation in liver cancer 

cell lines and in vitro in rodent models (Bessard et al., 2008). In IL-2-dependent Kit 225 T 

lymphocytes, MAPK dependent activation of CDK2 which is an important regulator of G1 to 

S phase transition and S phase (Blanchard et al., 2000). In HCC, activation of MEK/ERK 

signaling has been associated with proliferation, survival, metastasis, and desensitization to 

TGFβ induced apoptosis (Caja et al., 2009).  

Figure1. 9 shows the p38 MAPK signaling pathway. Stress response kinase p38 together with 

other family member JNK has been discovered as signaling pathways dysregulated in several 

cancers. Interestingly, they can antagonize the tumor proliferation, but cancer can manipulate 

these signals to induce survival and invasion (Hui, Bakiri, Stepniak, et al., 2007; Ventura et al., 

2007). Hence, they have cancer and stage specific opposite effects. A study in HCC patients 

highlights the importance of p38 since its phosphorylated levels are associated with tumor size 

which is antagonized by p-JNK and, worse prognosis (S. N. Wang et al., 2012).  Another study 

claims that resistance to apoptosis leading to proliferation of HCCs can be induced by decreased 

p38 and MKK6 (p38 upstream MAPK) levels (Spaziani et al., 2006). In HCC cell lines MKK3 

(p38 upstream MAPK) expression has been shown to interfere cell cycle to cause arrest at G1 

through p38 activation. p38α has been linked to HBV- and HCV related hepatitis. Hepatitis C 

virus (HCV) proteins can manipulate the cell cycle via p38α mediated regulation of cyclin-

CDK complexes (Spaziani et al., 2006).There are other studies showing its proliferation 

inhibitory function in tumorigenesis by antagonizing JNK pathway in liver (Hui, Bakiri, 

Mairhorfer, et al., 2007). In HCC cell lines, Cathepsin C upregulation associated with 

proliferation and metastasis. A recent paper has linked Cathepsin C to TNF-α/p38, hence 

concluding their interaction caused to proliferation in HCC cell lines (G. P. Zhang et al., 2020).  

Family members of the MAPK signaling shares upstream regulators and downstream effector 

hence, they interact at several steps of signaling. ERK and p38 crosstalk in human primary cell 

culture hepatocytes discovered by p38 inhibitor which leads to activation of ERK pathway 

(Henklova et al., 2008). Active/sustained JNK can suppress ERK activation via mitogens (Y. 

H. Shen et al., 2003). These family members can be targeted as promising anti-HCC proteins 

due to their involvement in HCC initiation and progression.  
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Figure1. 9 Signaling of main MAPKs ERK1/2, p38 and JNK (adapted from C. Chen et al., 

2019) 

Transduction of extracellular signal to nucleus starts with Receptor Tyrosine Kinases (RTKs) 

or G-protein coupled receptors (GPCRs). This surface receptors induces MAPK signaling 

cascade, which is composed of MAPKKK, MAPKK, MAPK kinases activating each other in 

an orderly form by phosphorylation. These can be de-phosphorylated by dual-specificity 

phosphatases (DUSPs). Active MAPK phosphorylates serine and threonine residues of several 

targets to induce stimuli related gene expression regulating responses including proliferation, 

apoptosis, migration, inflammation etc. MAPK pathway members are heavily crosstalk with 

other pathways including TGFβ/Smad, Wnt/β-catenin etc. to regulate cellular functions. 

PI3K/AKT/mTOR pathway is one of the crosstalk partners. Active ERK is translocated to 

nucleus to activate several TFs including AP-1 family TFs, cJun and cFos to induce cell cycle 

progression, proliferation etc. Another MAPK family member p38 MAPK generally activated 

by stress and cytokine signals to induce responses such as inflammation and cell death. p38 has 

4 isoforms: α, β, γ, δ p38, α (most studied) and β isoforms being the most widely expressed 

ones.  

 

GR’s ligand independent transcriptional response to stress has been associated with 

phosphorylation at Ser134 residue was found to be induced by p38 kinase in rat hepatoma cell 

lines (Galliher-Beckley et al., 2011). Their interaction in bronchial epithelial cells for 

inflammation regulation was also investigated (Lea et al., 2020). MAPK-GR intensive crosstalk 

in terms of inflammation is extensively studied in the literature (Kassel et al., 2001; Miller et 

al., 2007; Petta et al., 2016) In pediatric leukemia, targeting MAPK resulted in reversal of 

glucocorticoid resistance which suggest combinatorial treatment of glucocorticoids with 

MAPK inhibitors.GR identified as post translational modification target of p38 MAPK in terms 

of stress sensing which can be ligand independent and underlies GR as target for therapy in 
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TNBC (Parker et al., 2018; Perez Kerkvliet et al., 2020). ALDO exposure (via MR activation) 

has been associated to ERK1/2/STAT3 pathways induce DNA damage and proliferation which 

might lead to kidney tumorigenesis (Queisser et al., 2017). ALDO might not act on MR to 

regulate ERK signaling in cortical collecting duct cell line (Rossol-Haseroth et al., 2004). In 

literature SHRs has been reviewed for their ability to sense MAPK pathway through 

phosphorylation of PGR and GR (Dwyer et al., 2020). In myocytes, MR and p38 was identified 

as crosstalk via ALDO activation (Y. S. Lee et al., 2004). MR-MAPK interaction also has 

literature for inflammation (C. J. Zhu et al., 2012). Hence, MR and GR has crosstalk with 

MAPK pathway at various levels. 

 

1.4 Treatment strategies in cancers 

 

There are several cancer treatment strategies from traditional ones to new targeted approaches 

depending on the type and stage of the cancer. Invasive surgeries, hormone therapies, radio and 

chemotherapies are most applied and known traditional treatment modalities. However, 

recently more targeted, less disruptive strategies are addressed such as immunotherapies and 

taking advantage of nanotechnological advances (Pucci et al., 2019; Yildizhan et al., 2018). 

Often, combination of these treatment modalities is applied to patients to treat these 

multifactorial diseases. Cytotoxic chemotherapy agents, small molecule inhibitors and 

monoclonal antibodies together with more recent immunotherapy are systemic therapy 

approaches against cancers.  Although, there is a vast literature on anti-cancer drugs, new 

approaches and drugs are required for stronger treatment models (Pucci et al., 2019). Targeting 

proteins and pathways dysregulated specifically in cancers is the one of the most adopted 

treatment approaches. These targets were listed by Kumar et al., 2017 as:  1. kinases such as 

RTKs and CDKs to develop kinase inhibitors 2. Tubulins and microtubules to destabilize them, 

3. Tumor vasculature, 4. Cancer stem cells by targeting Notch, Hedgehog, Wnt and NF-kB 

pathways (Kumar et al., 2017). Still, development of drug resistance and side effects on healthy 

cells limits the success of drugs.  Hence, detailed physiology and pathology of cancer cells 

needed to be known for designing better drug modalities. Strategies such as  multi-target agents 

and combining multiple drugs to prevent/reverse the drug resistance are the main focuses in 

anti-cancer drug research (Kumar et al., 2017).  In the context of this thesis, drug treatment 

options for breast cancer and HCC will be covered. 
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1.4.1 Breast cancer 

 

Breast cancer treatment strategies are varies depending on tumor status. Subtype of the tumor, 

metastasis levels etc. are critical criteria to decide suitable treatment modality. Local invasive 

surgeries and radiation, and systemic pre/post-operative (neo/adjuvant) applications are 

available (Waks & Winer, 2019). Only the endocrine therapy approaches targeting SHR family 

member ER is covered in this thesis. 

 

1.4.1.1 Targeting steroid hormone receptor family 

 

Hormone regulations in breast cancer has been critical to subtype the disease for prognostic 

evaluations and determining the proper treatment strategies. Downregulation of estrogen 

receptor (ER) signaling by using endocrine agents have been the main strategy for hormone 

receptor positive tumor treatments. This downregulation have been achieved by antagonists can 

selectively modulate (SERMs) or degrade (SERDs) the ER (Patel & Bihani, 2018). Most known 

SERMs are used in HR positive cancers is Tamoxifen.  Estrogen production by androgen 

conversion can be targeted by aromatase inhibitors leading to reduced hormone levels in 

circulation can only be applied after menopause  (Waks & Winer, 2019). Even though there are 

several other drugs available, limitations of these strategies are undeniable including side-

effects and acquired resistance. Weak estrogenic effect of Tamoxifen causing unintended 

proliferation might be considered as an example (Wong & Chen, 2012). Cross talking signaling 

pathways responsible for the resistance most of the time (Knowlden et al., 2003; M. Sun et al., 

2001). Hence, new strategies should be considered with these cross-talks in mind. In this sense, 

positive or negative crosstalk of ER with other proteins/pathways become important. Hence, 

clarifying the ER interaction with the other members of SHRs will be a valid point for breast 

cancer research.  
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1.4.2 Hepatocellular carcinoma  

 

Since HCC is a high mortality rate disease with limited treatment options, new options against 

HCC are essential part of liver cancer research. When diagnosed in early stages invasive 

surgical resections and liver transplantations have success to improve the short-term survival 

rate. Moreover, stage of disease and underlying abnormalities are critical for treatment and 

recurrence of the diseases. However, there are few, recently emerged systemic treatment 

options for severe HCC cases. Hence, there was a great need of systemic therapies and first 

effective drug against HCC was discovered, Sorafenib (SFB). 

 

1.4.2.1 Sorafenib  

 

Discovery of Sorafenib (Nexavar), a multi-kinase inhibitor, was a game changer in the HCC 

treatment. It was the first systemic drug that was beneficial for survival of HCC patients (Abou-

Alfa et al., 2006). However, these improvements were not extended for long term, only 

achieved couple of months increase in life expectancy. Studies on better options were failed for 

long time which made Sorafenib the only available drug against advanced HCC (Lurje et al., 

2019). Recently, more treatment options are approved by FDA as single or combinatorial drugs 

in first or second line of treatments.  Another multi-kinase inhibitor Lenvatinib was approved 

for unresectable HCC cases as first line of treatment (Kudo et al., 2018). Nivolumab, a 

checkpoint inhibitor also found to be promising for clinical applications (El-Khoueiry et al., 

2017). As second line of treatment after SFB, another multi-kinase inhibitor Regorafenib is also 

promising for survival of HCC patients (Bruix et al., 2017; Personeni et al., 2018). Combination 

of monoclonal antibodies Atezolizumab and Bevacizumab in un-operable HCC patients was 

discovered to be more successful compared to SFB (Finn et al., 2020). Effects of new drugs 

have been evaluated by comparing their effectiveness to SFB’s. Hence, SFB still a key drug for 

HCC treatment.  

Multi-kinase inhibitor SFB can target critical pathways including MAPK (RAF), VEGFR, 

PDGFR, and STAT3 among others acts on proliferation, apoptosis, and angiogenesis etc. (L. 

Liu et al., 2006; Rosmorduc & Desbois-Mouthon, 2011; Wilhelm et al., 2004). Since HCC is a 

heterogenous disease, altering multiple genes, with diverse cell populations has diverse 
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responses to drugs. Moreover, as in most cancer treatments development of resistance against 

SFB is an issue (W. Tang et al., 2020). Modest benefits of the Sorafenib were aimed to be 

improved by combinatorial drug treatment strategy.  Targeting HCC with multiple molecules 

can enhance the efficiency of treatment by preventing phenomena such as drug resistance. 

Resistance mechanisms against SFB in HCC further reviewed by Tang et al., 2020 under 

headlines of epigenetics, transporters, cell death manipulation, tumor microenvironment (W. 

Tang et al., 2020).  Possible combination partners of Sorafenib inducing cytotoxic drugs or 

targets of signaling pathways have been reviewed by Gao JJ et al., as agents against 

angiogenesis, histone deacetylase (HDAC), MEK/ERK pathway, EGF/EGFR signaling, mTOR 

signaling and HGF/c-Met pathway (J. J. Gao et al., 2015).  

Acquired SFB resistance via constant exposure can be induced by AKT activation through 

mTOR feedback and induce protective autophagy which was reversed synergistically by 

combination of SFB and AKT inhibitor GDC0068 in HCC (Zhai et al., 2014). In mouse 

xenografted with SFB insensitive cells, SFB and Rapamycin combination found to be effective 

against cancer growth via reduction of SFB induced mTOR signaling and cyclin expression 

(Huynh et al., 2009). In another study, SFB and a dual PI3K/mTOR inhibitor PI-103 

synergistically act against HCC cell line HUH7. HUH7 cell line treated with EGF (epithelial 

growth factor) and these drugs alone and combination showed that SFB induced p-AKT  and 

PI-103 reduced it while activating MEK but, combination reduced both AKT and MEK 

activation (Gedaly et al., 2010). EGFR (epithelial growth factor receptor) is identified as 

Sorafenib resistance marker in HCC (Ezzoukhry et al., 2012). Since expression of HDAC has 

been associated to HCC aggressiveness, it was targeted as combination partner of SFB 

(Rikimaru et al., 2007).  HDAC inhibitor MPT0E028 and SFB synergistically induce apoptosis 

in HCC cell lines by activating apoptosis and partial ERK inhibition (C. H. Chen et al., 2014). 

Even though SFB targets the MAPK signaling, long term exposure causes a feedback increasing 

the phosphorylation of ERK and MEK eventually reducing effectiveness of SFB. However, 

combinational treatment of SFB with MEK inhibitors trametinib/selumetinib reversed the 

situation synergistically in terms of viability and act on cyclin D1 and c-MYC levels (Hou et 

al., 2019). 

Interestingly, Sorafenib has been examined as combination partner in breast cancer treatments 

in literature. SFB has been shown to desensitize cells to Tamoxifen by downregulating ER 

levels (Pedersen et al., 2014). Phase I/II clinical studies was followed with SFB and combined 
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with and Aromatase Inhibitor for resistant patients and showed modest clinical benefit (Isaacs 

et al., 2011).  

Even though there is a need for more effective drugs than SFB, it is still a promising candidate 

for treatment of HCC and other cancers when combined with appropriate second effectors.  

 

1.4.3 New approaches in cancer treatment: Drug repurposing/repositioning 

 

Increasing number of cancer patients and limitations in treatment options arise a need for more 

successful anti-cancer drugs. This urgency direct scientists to repurposing of clinically used or 

preclinical promising drugs which means revisiting known unrelated drugs for their anti-cancer 

effects as new candidates against cancers. This strategy might be considered as safe and cost 

effective and discover unknown functions of drugs in cancer. Sleire et al., 2017 reviewed  and 

categorize these as cancer preventive and therapeutic drugs (Sleire et al., 2017). They can be 

used as single treatment options or in combination therapies. Spironolactone is a 

Mineralocorticoid Receptor antagonist which is a widely used diuretic drug repurposed and 

combined with other drugs against cancers, effectively (Sanomachi et al., 2019). Computational 

approaches have been adopted to identify candidate drugs for SFB resistance in HCC cell lines 

by transcriptomic analysis (Gouri et al., 2019; Regan-Fendt et al., 2020; L. Yu et al., 2020). 

Anti-psychotic Phenothiazines (PTZs) are one of the drug families attract attention in drug 

repurposing due to their anti-cancer effects. 

 

1.4.3.1 Phenothiazines 

 

Phenothiazine is a long-known anti-psychotic drug for treatment of patients with Schizophrenia 

and similar anxiety symptoms since 1940s (Koch et al., 2014). Core structure of PTZ has been 

used to develop more efficient drugs with variety of biological acts constructing the drug family 

called Phenothiazines/ Phenothiazine derivatives (PTZs) as reviewed in literature (Gopi & 

Dhanaraju, 2019). PTZs known for their anti-dopaminergic activities in central nervous system 

besides of antibacterial, antifungal, anti-inflammatory, immunosuppressive, multidrug 

resistance reversal functions by targeting various biological mechanisms (Y. Gao et al., 2019; 
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Varga et al., 2017; Wesołowska et al., 2009). Besides of their act on dopaminergic receptors, 

they also have cholinesterase inhibitory activity (Jończyk et al., 2020). Schizophrenic patients 

found to be less prone to develop certain cancers which draw attention to drug 

administrations(Hodgson et al., 2010; Ji et al., 2013). Hence, this correlation paved the way for 

drug repurposing of this derivatives. 

In addition to several known, available PTZs, newly synthesized derivatives are under 

investigation for their anti-cancer features in several cancer types. Targeting SIRT1 (histone 

deacetylase) in colorectal cancer, cancer stem cells in breast cancer and drug resistance in colon 

cancer, autophagy and apoptosis induction are several beneficial features of PTZs (Gutierrez et 

al., 2014; W. Y. Lee et al., 2015; Omoruyi et al., 2020; Środa-Pomianek et al., 2018). Anti-

cancer effect of generic Perphenazine (PPH), Prochlorperazine (PCP) against melanoma cell 

lines was also observed in literature (Otręba Michałand Pajor & Warncke, 2019). 

PTZs have been studied against HCC, too. In hepatoma tissue culture PTZs effect on 

mitochondria permeabilization was detected as reason for cytotoxic effects of these drugs (de 

Faria et al., 2015) Their possible apoptosis induction effect has been shown in vivo in melanoma 

cancer xenografts with Thioridazine (Gil-Ad et al., 2006)   PTZ derivatives has been evaluated 

as anti-cancer drugs in HepG2, an HCC cell line, and cause induction of caspase dependent 

apoptosis through check-point activation and interfering mitochondrial function (Yuanxi Wang 

et al., 2019)  Thioridazine induce cell cycle arrest, suppress EMT to prevent migration, suppress 

stemness, reduce viability in HCC cell lines (Lu et al., 2015) They have also been used in drug 

combinations in colon cancer and melanoma to potentiate drug efficiency of other relevant 

drugs (Hait et al., 1988; M. S. Lee et al., 2007; Środa-Pomianek et al., 2019). Hence, PTZs are 

promising anti-cancer candidates alone and can be effective combination partners. 

In the scope of this thesis, among the derivatives being studied in our lab (Phenothiazine (PTZ), 

Perphenazine (PPH), Prochlorperazine (PCP) Trifluoperazine (TFP) derivative was further 

investigated and explained in cancer research, below.  

Trifluoperazine (TFP) is a derivative of PTZ with calcium calmodulin inhibitor besides of being 

dopaminergic receptor antagonist (Feldkamp et al., 2010). TFP is a modulator of multidrug 

resistance (MDR) which was examined in breast cancer patients together with Doxorubicin in 

Phase II trials even though clinical trials did not established its effectiveness (Budd et al., 1993). 

TFP modulates MDR by regulating P-glycoprotein (P-gp) function which is overexpressed in 

resistant cancers (S. Y. Shin et al., 2006). In glioma cell lines TFP reversed the downregulated 
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expression of early growth response gene-1 (Egr-1) and exhibits anti-proliferative effects (S. 

Y. Shin et al., 2004).  Moreover, in leukemic cells it showed selective cytotoxic and anti-

proliferative features which was related to mitochondrial defects leading reduced ATP levels 

(Zhelev et al., 2004). Impairment of double strand break repair mechanism and helping to 

sensitize cell to DNA damaging agents by TFP was discovered in non-small cell lung 

carcinoma. Follow up study showed involvement of reactive oxygen species (ROS) production, 

caspase activation and γH2AX regulation upon TFP combinations, synergistically (Polischouk 

et al., 2007; Zong et al., 2011). To identify drugs acting similar to AXL knockdown (receptor 

tyrosine kinase which regulates tumor dissemination in TNBCs) revealed PTZ derivates as 

promising candidates through gene signature-based profiling. Derivatives including TFP acted 

on PI3K/AKT/mTOR and MAPK pathways to induce apoptosis and reduce cancer viability 

(Goyette et al., 2019). In oral cancer cell lines TFP modulates the protein levels of AKT, p38 

and ERK and caspase dependent apoptosis in a dose dependent manner (C. H. Wu et al., 2016).  

This derivative has been associated with signaling of steroid hormone receptor family members. 

Glucocorticoid Receptor-TFP interaction is known and its effects on secretion of glucocorticoid 

and mineralocorticoid was studied (Ning & Sánchez, 1995).   

TFP was identified as promising anti-HCC drug in a high throughput study searching for 

candidate drugs by gene expression profiling. TFP’s effect on HCC was established in vivo by 

this study (M. H. Chen et al., 2011). Moreover, in TFP treated HCC cell lines, FOXO1 a tumor 

suppressor re-localized to nucleus and increment in expression was observed which leads G1/S 

arrest (J. Jiang et al., 2017).  

TFP’s above mentioned features such as inducing sensitivity to treatments, targeting critical 

pathways and being effective in several HCC cell lines supports the idea of combinatorial 

treatment of SFB and TFP in HCC or other cancers. Since both TFP and SFB targets critical 

pathways dysregulated in cancers, and I focused on those pathways detailed above. 
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1.5 Aims 

 

Steroid Hormone Receptor family members mineralocorticoid and glucocorticoid receptors 

(MR and GR) have been studied in several cancers as prognostic markers and drug targets. In 

the present study, these hormone-activated transcription factors were studied in breast and liver 

cancer cell lines to reveal their crosstalk in response to hormone activation and a novel drug 

combination. Understanding these crosstalks can pave the way for novel avenues to pursue 

further to decipher cancer biology and drug responses. Aims and rationale of the studies in 

breast and liver cancer was given in two parts, below.  

Signaling pathways are rarely act alone. The combinatorial action or crosstalk of ligand 

activated steroid hormone receptors (SHRs) can act on each other to antagonize or synergize 

their responses. SHR members MR and Estrogen Receptor (ER) crosstalk is a missing in breast 

cancer which could be a crucial addition to literature for further prognostic and therapeutic 

studies. Previous preliminary studies (Bircan Coban MSc Thesis, 2016) in our lab supported 

the existence of this crosstalk. In the first part of this thesis, I aimed to investigate the potential 

crosstalk of MR and ER signaling upon hormone dependent activation by Estrogen (E2) and 

Aldosterone (ALDO) at mRNA and protein level together with cellular viability assessment in 

T47D cell line (MR and ER positive). GR was also studied in the concept of crosstalk along 

with the plethora of MR downstream targets of epithelial salt transport in response to exposure 

to ALDO, E2, and ALDO-E2 combination. Hence, I intended to discover the hints of MR-ER-

GR crosstalk with combinatorial hormone exposure in breast cancer.  

Since there is a need for advanced treatment strategies against liver cancer/hepatocellular 

carcinoma, repurposing of drugs and drug combinations are widely examined in literature. 

Previously in our lab, FDA approved multi-kinase inhibitor Sorafenib and repurposed 

Trifluoperazine as a novel drug combination was found to be synergistic in terms of reduced 

cellular viability in HCC cell line, Hep3B. Moreover, antagonistic viability profile with 

combination was observed in liver cancer cell line, SkHep1 (Murat Yaman PhD Thesis, 2020). 

In the second part of my thesis, I focused on mechanism of action of SFB and TFP combination 

inducing sensitivity in Hep3B cell line in comparison to in-sensitive SkHep1. I tried to answer 

whether pathways altered in HCC and targetable by SFB and/or TFP alone affected by 

combination synergistically, explaining the observed viability reduction in Hep3B in 

comparison with SkHep1. With this purpose, protein markers of apoptosis, cell cycle, DNA-
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damage/repair, PI3K/AKT and MAPK signaling pathways were examined with effective doses 

of TFP and SFB alone and in combination. Moreover, MR and GR and their downstream 

effector SGK1 was investigated in an effort to identify a crosstalk between multi-kinase 

inhibitors and GR/MR signaling. Overall, expression and crosstalk of MR and GR upon steroid 

and anti-cancer treatments in breast and liver cancers were the main focuses of this thesis to 

gain deeper insight on the crosstalk between nuclear receptors as well as novel drug 

combinations of kinase inhibitors.   
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CHAPTER 2  

 

MATERIALS 

 

T47D breast cancer cell line (ER +, PR+) was used for Nuclear Receptor crosstalk project.  

Liver cancer cell lines SkHep1 and Hep3B was used for phenothiazine repurposing and 

combination experiments. 

  

2.2 General chemicals, reagents, and kits 

Chemicals, reagents, and kits that were used routinely during this study is listed in Table2.1 

below. 

Table 2. 1 List of chemicals, reagents, and kits 

 

Catalog No. Reagent/Chemical/Kit Company 

A7905 Bovine Serum Albumin 

(BSA) 

Sigma Aldrich, USA 

3010040 Immobilon-P PVDF 

Membrane 

Roche (Switzerland) 

17008891 iScript cDNA Synthesis Kit Bio-Rad (USA) 

K1622 RevertAid First Strand 

cDNA Synthesis Kit 

Fermentas (Canada) 

23227 Pierce BCA Protein Assay 

Kit 

Thermo Scientific, USA 

RPN 2232 Pierce ECL Western Blotting 

Substrate 

GE Healthcare (UK) 

79306 QIAzol lysis reagent Qiagen, Germany 

74104 RNeasy Mini Kit Qiagen (Germany) 

SH30538.01 Nuclease free water HyClone (USA) 
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4729692001 Light Cycler 480 Multiwell 

plates-96, White 

Roche (Switzerland) 

4887352001 LightCycler SYBR Green I 

Master 

Roche (Switzerland) 

11873580001 Complete EDTA-free 

protease inhibitor cocktail 

tablets 

Roche (Switzerland) 

4906845001 PhosSTOP easy pack 

phosphatase inhibitor 

cocktail tablets 

Roche (Switzerland) 

161-0747 4X Laemmli Sample Buffer Bio-Rad (USA) 

P-7170 Ponceau S solution Sigma Aldrich, USA 

26616 PageRuler Prestained Protein 

Ladder 

Thermo Scientific (USA 

1610183 TGX Stain-Free™ 

FastCast™ Acrylamide Kit, 

10% 

Bio-Rad (USA) 

M6494 Vybrant MTT Cell 

Proliferation Assay Kit 

Invitrogen 

2-mercaptoethanol 2-mercaptoethanol Sigma-Aldrich (Germany) 

24137 2-Propanol Sigma-Aldrich (Germany) 

A1584 Dimethyl sulfoxide (DMSO) Applichem (Germany) 

B2221 Ethanol Sigma-Aldrich (Germany) 

G8898 Glycine Sigma-Aldrich (Germany) 

15524 Glycerol Sigma-Aldrich (Germany) 

A16940250 NP-40 Applichem (Germany) 

7102 Hydrochloric acid Sigma-Aldrich (Germany) 

6203 NaOH Sigma-Aldrich (Germany) 

71725 SDS Sigma-Aldrich (Germany) 

A11480100 TEMED Applichem (Germany) 

T1503 Tris (Trizma Base) Sigma-Aldrich (Germany) 

T8787 Triton X-100 Sigma-Aldrich (Germany) 

822184 Tween-20 Merck (USA) 
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A3678 Ammonium persulfate Sigma-Aldrich (Germany) 

24229 Methanol  Sigma-Aldrich (Germany) 

24216 Chloroform Sigma-Aldrich (Germany) 

31434 Sodium chloride Sigma-Aldrich (Germany) 

A2504 6-aminocaproic acid Sigma-Aldrich (Germany) 

H-1016 HEPES Sigma-Aldrich (Germany) 

E2758 17ß-Estradiol Sigma-Aldrich 

A9477 Aldosterone Sigma-Aldrich 

P14831-25g Phenothiazine Sigma-Aldrich (Germany) 

P6402-1g Perphenazine Sigma-Aldrich (Germany) 

P9178-5g Prochlorperazine Sigma-Aldrich (Germany) 

T8516-5g Trifluoperazine Sigma-Aldrich (Germany) 

S7397 Sorafenib Selleckchem(USA) 

 

2.3 Primers 

Primers used in this study listed in Table2.2, below. 

Table 2. 2 List of primers. 

 

Gene Primer sequence 

TPT1 5’-GATCGCGGACGGGTTGT-3’ 

5’-TTCAGCGGAGGCATTTCC-3’ 

DDIT3 5’-GTTAAAGATGAGCGGGTGGC-3’ 

5’-TGGATCAGTCTGGAAAAGCACA-3’ 

SRSF7 5’-GGTCTAGATCACATTCTCG-3’ 

5’-CCAGACCTAGATCTTCTG-3’ 

NOC3L 5’-ACCCAAAGGAAAAGCGACCA-3’ 

5’-CGCATGAACAGGCTCACTAGA-3’ 

NIP7 5’-GGTGTACTATGTGAGTGAGAAGA-3’ 

5’-GCACCAGGCTTTATCCAAAC-3’ 

RRM2 5’-TCCGGTTCTTTTGCGTCGAT-3’ 

5’-TCCGATGGTTTGTGTACCAGG-3’ 

BAX 5’-GGGTTGTCGCCCTTTTCTAC-3’ 
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5’-CTGGAGACAGGGACATCAGT-3’ 

FAS 5’-AATAAACTGCACCCGGACCC-3’ 

5’-AGAAGACAAAGCCACCCCAA-3’ 

BCL2 5’-TGAACTGGGGGAGGATTGTG-3’ 

5’-CGTACAGTTCCACAAAGGCA-3’ 

MR 

 

5’-AGTGGAAGGGCAACACAACT-3’ 

5’-CTGCTCCTCGTGAATCCCTTT-3’ 

GR 

 

5’-CTGGGGTGGAGATCATATAGACA-3’ 

5’-CATAAGATACCTGAAGCCTGTGT-3’ 

ZBTB16 

 

5’-AGACGTACCTCTACCTGTGCTATGTGT-3’ 

5’-TGTCTAGTCCTTCCTTCATCTCACT -3’ 

PGR 

 

5’-GGAGGAGGAGGGAGGTGTCA-3’ 

5’-CTGCTTGGAAGACTCAGGGA-3’ 

SGK1 

 

5’-AACCCTTCTCCTCCACCAAG-3’ 

5’-TTCCAAAACTGCCCTTTCCG-3’ 

α-ENaC 

 

5’-GGTTTCTCACACCAAGGCAG-3’ 

5’-AGCCCTTACCCATCTTGCTT-3’ 

Β-ENaC 

 

5’-TCCTACCCTCGTCCCTACCT-3’ 

5’-CCAGGAAGGAGAAAACCACA-3’ 

Ɣ-ENaC 

 

AAGGTGACACAGTGAGGAGG-3’ 

GGAAGGGTCAGCTCTGTCTT-3’ 

NEDD4-2 5’-CATCAGCGAAGACTTGGAGC-3’ 

5’-GCTGAACTGTTCCCCATTGG-3’ 

PFS/TTF1 5’-CCATGGAGAACAAGGTGATCTGC-3’ 

5’-TTAGGATAGAAGCACCAGGGGAC-3’ 

ANLN TAAAGCAGGTGATTGTTCGG 

GTTCTTCATCAACACAGCAG 

CCNE2 5’- GTAGCTGGTCTGGCGAGGTTT -3’ 

5’- GGGCTGCTGCTTAGCTTGTAA -3’ 

CCND1 5’- CTGCGAAGTGGAAACCATCC -3’ 

5’- GCACTTCTGTTCCTCGCAGA-3’ 
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2.4 Antibodies 

Antibodies used in study listed in Table2.3, below. 

Table 2. 3 List of antibodies 

 

Antibody Catalog No. Company 

CASPASE 9*  # 9502 Cell Signaling 

DR5 #8074P Cell Signaling 

BCL-xL*  sc-8392 Santa Cruz 

BCL2 #2870 Cell Signaling 

BAX  #5023P Cell Signaling 

T-CHK1  sc-8408 Santa Cruz 

p-CHK1(S345)  #2348P Cell Signaling 

c-PARP(Asp214)   #5625 Cell Signaling 

P70s6K #9202 Cell Signaling 

p-p70s6K (Thr389)  #9234S Cell Signaling 

mTOR  #2972 Cell Signaling 

FAS (4C3)  #8023S Cell Signaling 

c-CASPASE 8  #9496S Cell Signaling 

p38 MAPK**  #9212 Cell Signaling 

p-p38 MAPK (t180/y182)  #4511P Cell Signaling 

ERK 1/2 9107S Cell Signaling 

p-ERK 1/2 9106S Cell Signaling 

CDK2*** C5223 Sigma 

AKT**  #9272S Cell Signaling 

p-AKT (Ser473) **  # 9271L Cell Signaling 

p-MTOR (Ser2448) **   # 2971S Cell Signaling 

p-γH2AX  sc-517348 Santa Cruz 

GAPDH  sc-47724 Santa Cruz 

β-actin Ab1801 Abcam  

Anti-mouse  # 7076P2 Cell Signaling 

Anti-rabbit  #7074S Cell Signaling 

MR rMR1-18 1D5 DSHB/ University of Iowa 
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ESR1 #2512 Cell Signaling 

GR #12041S Cell Signaling 

PGR # MS-298-P0 Thermo Fisher Scientific 

(USA) 

SGK-1 S5188 Sigma 

NEDD4-2**** 300-376; A27 (AP) Cocalico/Dan 

α-ENaC**** JL- #1132 JL 

β-ENaC**** JL- #135 JL 

γ-ENaC**** JL- #552 JL 

Marked antibodies are kind gifts from (*) Işık Yuluğ (**), Rengül Çetin Atalay, (***) Özgür 

Şahin, (****) Olivier Staub (University of Lausanne, JL:Johannes Loffing from Institute of 

Anatomy, University of Zurich).  

 

2.5 General equipment and materials 

Equipment that was used in this study are listed in Table2.4, below.  

Table 2. 4 Equipment are listed. 

 

Equipment Company 

PCR Thermal Cycler 2720  Applied Biosystems (USA) 

NanoDrop ND-1000  Thermo Scientific (USA) 

LightCycler 480 Instrument  Roche (Switzerland) 

Amersham (TM) Imager 600  GE Healthcare Life Sciences (USA) 

Synergy HT Microplate Reader BioTek (USA) 

Eclipse TS100 Inverted light microscope Nikon (Japan) 

 

2.6 Common buffers and solutions 

Buffers and solutions were used in this study are listed below in Table2.5. 
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Table 2. 5 Buffers and solutions are listed. 

 

Buffer/ Solution Components 

4X SDS Loading 

Dye 

100uL 2-mercaptoethanol, 900 μl BioRad Laemmli Buffer 

RIPA buffer 75 µl 2M NaCl, 50 µl 1M Tris-HCl, 10 µl 10% SDS, 40 µl 25x 

proteinase 

inhibitor, 40 µl 20X PhoStop,775 µl ddH2O (for 1mL) 

Protein Lysis 

Buffer 

25 ml from 1M HEPES, 15 ml from NaCl, 2.5 ml from 200 mM pH:8.0 

EGTA, 57.4 ml from 87% Glycerol, 50 ml from 10% 

Triton x100, volume up to 500 ml with 27 ddH2O. Stored at 4 °C. 

10x Running 

buffer 

30.3g Trisbase, 144.1g glycine, 100 ml 10% SDS, ddH2O up to 1L 

Anode I buffer 18.15g Trisbase, 100ml 100%MetoH, ddH2O up to 500mL 

Anode II buffer 1.5g Trisbase,100ml 100%MetoH, ddH2O up to 500mL 

Cathode buffer 2.62g aminocaproic acid, 100ml 100%ethanol, ddH2O up to 500mL 

Blocking solution 

(5%) 

5g BSA or milk, 100 mL TBS-T (2%)  

10% APS 0,5g APS, 5mL ddH2O 

10X TBS 24 g Tris, 88g NaCl dissolve in 900 ml ddH2O. pH adjusted to 7.6, 

volume 

bring up to 1000ml. 

1X TBS-T 

(Tween 

0.2%) 

100ml from 10X TBS, 900 ml ddH2O, 2ml Tween-20. 

10X Running 

Buffer 

10.08g SDS, 30.3g Trismabase, 144g Glycine, volume up to 1000ml 

with 

ddH2O. 

Mild Stripping 

Buffer 

1.5g Glycine, 0.1g SDS, 1ml Tween-20 volume up to 50 ml; adjust pH 

2.2, complete volume to 100mL 

MTT solution 5 mg MTT, 1ml Sterile 1X PBS 

10% SDS-PAGE 

gel (1.5 mm)  

Stacker: 1.5 ml Solution A, 1.5 ml Solution B, 15µl APS, 3µl TEMED 

Resolver: 4 ml Solution A, 4 ml Solution B, 40µl APS, 4µl TEMED 
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2.7 Cell culture products 

Materials and solutions were used in cell culture studies are listed below, Table2.6.  

Table 2. 6 List of cell culture solutions. 

 

Product Catalog No. Company 

DMEM w/1.0 g/L glucose 

w/o L-Glut  

BE12-707F Lonza, Switzerland 

RPMI 1640, Low Glucose BE12-702F Lonza, Switzerland 

RPMI w/o phenol red BE12-918F Lonza, Switzerland 

PBS-1X w/o Ca, Mg BE17-516F Lonza, Switzerland 

FBS S181G-500 Biowest 

Charcoal stripped FBS S18F-100 Biowest 

Trypsin BE-17-161E Lonza, Switzerland 

L-Glutamine BE17-605E Lonza, Switzerland 

Sodium pyruvate BE13-115E Lonza, Switzerland 

Penicillin/Streptomycin DE17-602E Lonza, Switzerland 

NEAA 100X BE13-114E Lonza, Switzerland 

Trypsin-Versene (EDTA) 

Mix(1X) 

BE17-161E Lonza, Switzerland 
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CHAPTER 3 

  

METHODS 

 

3.1 General cell culture maintenance 

In this study, a breast cancer cell line T47D was used and maintained in 10% FBS complete 

RPMI media. Liver cancer cell lines Hep3B and SkHep1 was maintained in 10% FBS complete 

DMEM media. Both complete DMEM and RPMI were supplemented with 10% FBS, 

2%NaPyr, 2% L-glut, 1%Pen-strep, 1%Neaa.   

Stock cell lines were stored in liquid nitrogen tanks or -80 ̊ C freezers and thawed in 37˚C water 

bath before usage. Then, cells were collected from cryovials with DMEM or RPMI depending 

on the cell type and centrifuged for 5 minutes at 1500 rpm. Freezing media was discarded, and 

cells were seeded in T25 flasks. Seeded cells were left to grow in incubators providing 5% CO2 

at 37˚C. Cells were transferred to T75 flasks and passaged when they reached to 80-90 % 

confluency. For passaging, media was discarded, and cells were washed with 1X PBS, and 

trypsinized with 1X Trypsin for 5 minutes. This mix was diluted with fresh DMEM or RPMI 

and depending on cells’ doubling time the required amount was transferred to new T75 flask.  

New stocks of cell lines were created at the early passages of the cells by freezing them in 

freezing media. Freezing media was prepared as 10% DMSO and 90% sterile, filtered FBS. 

Pelleted cells were resuspended with this media and distributed to cryo-vials. Cryo-vials were 

kept in -20 ˚C for an hour then transferred to -80˚C for overnight. Stocks were stored in liquid 

nitrogen tanks. 

To start experiments, required numbers of the cells were seeded to relevant multi-welled plates. 

For seeding, cells were collected-pelleted, re-suspended and mixed with trypan blue (1:1) and 

10µl of the mixture was loaded into hemocytometer to count cell number under light 

microscopy. Total amount of cells was calculated and required volume of cells were taken from 

suspension completed with fresh media to seed each well.  
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3.2 Hormone treatments 

Aldosterone and/or Estrogen treatments were performed on T47D cells that were seeded in 

either 6 well plates or 100 mm petri dishes for mRNA and protein collection, respectively. One 

day after the seeding with complete media, the phenol red free media with charcoal free FBS 

(%5) was added into the cells which were PBS washed upon disposal of phenol red containing 

media. After incubation for 24 hours with phenol red free media, hormones were introduced to 

cells in the same but fresh media. Both E2 and ALDO were given as 10nM in the treatment 

volumes. Since both ALDO and E2 were dissolved in EtOH, treatment groups always had EtOH 

control groups. Stock of ALDO was 5mM, and E2 was 2mM (all stored at -20˚C refrigerator). 

Required concentration of the treatments was obtained using a dilution series of the working 

solutions. All groups had equal concentrations of EOH. All experimental groups had two 

biological replicas.   

 

3.3 Drug treatments  

Depending on the experiment’s duration and the duplication time of the cells, specified number 

of Hep3B and SkHep1 cells were seeded into multi welled plates or 100mm dishes.  24 hr. after 

seeding, drugs were introduced to cells. Since both, the Phenothiazine derivatives and Sorafenib 

were dissolved in DMSO as 100µM stocks at -20˚C refrigerator, DMSO was the control of the 

experiments. All the experimental dilutions of the drugs alone or combination treatments 

contained same fixed amount of DMSO which was fixed as 0.01%. For 48 hours of treatments, 

media changed with freshly prepared drug contained media in each 24 hr.  

 

3.4 MTT assay for evaluation of cell proliferation  

For the MTT assay, the hormone treatment protocol described in section 3.2 was directly used 

or altered based on the optimization trials. Duration of the phenol red free media incubation 

was the altered step of the protocol which used as 1 or 3 days (specified in Results). Rest of the 

protocol was the same.  

Depending on the treatment duration and the duplication time of the cell line, 2000-5000-10000 

cells (indicated in figures) were seeded into 96 well plates a day before the experiments. At the 

end of the treatments (at least 3-5 replicates for each group) cell were given the MTT solution. 

The solution was prepared by dissolving 5mg of MTT in 1 ml 1X PBS. After mixing, the 
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solution was filtered using 0.22 µm pore size filters. For each well with fresh 100 ul phenol red 

free media, 10 µl of MTT mixture was added which are prepared as master mix for all used 

wells. After an incubation period of 4 hours at 37˚C incubator, 100 µl of fresh SDS-HCl (2g 

SDS, 0.01M HCL) mixture was added to each well. Followed by 12-16 hours incubation (4-18 

hr. recommended), the absorbance of the wells was measured at 570nm by using Microplate 

Spectrophotometer (Thermo Scientific, USA). Blank and control normalized results were 

analyzed in GraphPad Prism6 by using One-Way ANOVA Tukey Multiple Comparison method 

and Three-Way ANOVA Multiple comparison method.  

 

3.5 RNA isolation with QIAzol 

At the end of the experiments, cells were pelleted and stored at -80 ˚C until RNA isolation. 

RNA isolation with the QIAzol is one the isolation method that was used in this thesis. All steps 

were performed on ice and under the chemical hood. 600-1000µl QIAzol was added into each 

pellet and mixed thoroughly. Chloroform was added in a 1:5 ratio to QIAzol and mixed again. 

After tubes were incubated at RT for 10 minutes, mixtures were centrifuged at 13200 rpm for 

15 minutes at 4˚C. Three phases were observed and the aqueous upper phase was collected 

without touching the middle, cloudy phase. Next, isopropanol was added to the tubes 1:1 ratio 

to lysate and samples were inverted for 15 times. After 10 minutes incubation at RT another 

round of centrifugation was followed for 15 minutes at 4˚C. Supernatants were discarded and 

white pellets were washed with 75% EtOH. Samples were centrifuged at 8000 rpm for 8 

minutes at 4˚C. Pellets also washed with 100% EtOH and left for air drying under the hood. 

After drying, pellets were dissolved in 20-30µl RNase/DNase free water and RNA 

concentration and RNA quality of samples were measured by using Nanodrop 

spectrophotometer. Stocks were stored at -80˚C.   

 

3.6 RNA isolation with RNeasy mini kit 

RNeasy mini kit was used to isolate RNA by following the manufacturer’s protocol (Qiagen, 

Germany).  RNA was elucidated from columns with 20-30µl RNase/DNase free water and 

RNA concentration and RNA quality of samples were measured by using Nanodrop 

spectrophotometer. Stocks were stored at -80˚C.     
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3.7 cDNA synthesis 

For the cDNA synthesis, 1µg of RNA was taken from each sample for the reaction. Two kits 

were used one of them is RevertAid first strand cDNA (Fermentas, Canada) synthesis kit (liver 

cancer cell lines) and the other one is iScript cDNA synthesis kit (Bio-Rad) (breast cancer cell 

line). In both cases, manufacturer’s protocols were followed. cDNA samples were diluted 1:10 

with nuclease free water before Real-time PCR protocol. 

With RevertAid kit protocol, 4µl 5X reaction buffer, 10nM dNTP,1µl RiboLock and 1µl 

Reverse Transcriptase were mixed with 1µl Oligonucleotide and 1000ng RNA sample; and for 

one reaction a total volume of 20µl was obtained by adding nuclease free water. Reaction was 

run in thermal cycler (Applied Biosystems, USA) with following conditions; 42˚C 60 min, 70˚C 

5 min, 4˚C α. 

In iScript protocol, 1000ng RNA sample was added into each reaction together with 4µl 

reaction buffer and 1µl Reverse Transcriptase (RT). Reaction volume was completed to 20µl 

by adding nuclease free water. Reaction conditions are as following: 5 min 25˚C priming, 20 

min 46˚C RT, 1 min 95˚C RT inactivation. 

 

3.8 Real-time PCR and analysis of relative expressions 

10µl reaction volume composed of 10 µM-1µl forward, 10µM-1µl reverse primers, 5µl 2X 

SYBR Green I mix, 1µl nuclease free water and 2µl of cDNA samples was run in Light Cycler 

480 Instrument (Roche, Switzerland). Reaction conditions (Table3.1) of samples were the same 

except the annealing temperature which was determined based on the primer sequences 

(Table2.2). For internal control normalization, reference gene TPT1 (Pilbrow et al., 2008) was 

used for each sample. Each group (with two biological replicates) had two technical replicates 

to have statistical significance.  

At the end of the reaction, each sample gave Tm (melting temperature) for primers and CT 

(cycle threshold) values of genes which were used to determine the presence of a single 

amplicon to evaluate the alterations in gene expressions, respectively. To analyze the gene 

expression CT values of genes that were normalized to TPT1 values and experiment controls. 

One way-ANOVA Dunnett or Tukey Multiple comparison test were performed on the log2 

transformed 2ˆ(–ΔΔCT) (Table3.2, Rao et al., 2013) of groups in GraphPad Prism6.  
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Table3. 1 RT-qPCR steps and conditions for mRNA quantification. 

 

 Temp. (ºC) Time (mm:ss) Cycle 

Pre-incubation 95 5:00 1 

Amplification 95 

58-60 

72 

0:10 

0:20 

0:20 

 

45-50 

Melting curve 95 

55 

95 

0:05 

1:0 

Acquisition per 5ºC 

 

1 

Cooling 40 0:30 1 

 

Table3. 2 Formula of ΔΔCT calculation for RT-qPCR results 

 Reference Sample  Target Sample 

Reference gene A B 

Target gene C D 

 

3.9 Total protein extraction with RIPA buffer and protein lysis buffer 

To collect the proteins from treated liver cancer cell lines freshly prepared RIPA buffer was 

used. RIPA buffer mixture was added with Complete EDTA-free Protease inhibitor cocktail 

and PhosSTOP Phosphatase inhibitor cocktail tablets to have complete lysis buffer.  For 100 

mm dishes 250 µl of RIPA buffer was added to PBS washed cells and cells were scrapped. Cell 

and RIPA mixtures were collected in 1.5 ml tubes and incubated on ice for 30 minutes. During 

the incubation on ice, tubes were vortexed every 5 minutes. Tubes were centrifuges at 13.200 

rpm and the liquid portion was collected into new tubes without touching the cloudy 

component.  Protein solutions were stored at -80˚C.  

Even though ‘protein lysis buffer’ contained different ingredients than RIPA buffer, the 

experimental steps to follow for extraction was the same. 1 tablet of Complete EDTA-free 

Protease inhibitor cocktail was dissolved in 20 ml of pre-lysis buffer and half of it stored for 

future usage while rest was used after 1 tablet of PhosSTOP Phosphatase inhibitor cocktail was 

dissolved in it. This protocol was followed for T47D cell line. 

ΔΔCT = ΔCT (a target sample) −ΔCT (a reference sample) = (CTD − CTB) − (CTC − CTA). 
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3.10 Quantification of proteins with BCA assay 

Protein concentrations were measured with BCA Protein Assay Reagent Kit (Thermo 

Scientific, USA).  Kit’s protocol was followed, and samples were loaded as duplicates or 

triplicates. 25 µl of standards was loaded while 2µl of the samples was used to keep enough 

samples. Standard curve was drawn from the standards’ absorbance to obtain y=ax+b 

(y=absorbance, x= unknown concentration) equation from the graph. Unknown protein 

concentrations were calculated by comparison to standard curve. Calculations were performed 

by taking the dilution factor into account.    

Depending on the required protein concentration (15-30µg), proteins were mixed with 4X 

Laemmli sample buffer (Bio-Rad, USA, 161-0747) loading dye and volume completed using 

RIPA buffer/protein lysis buffer. These mixtures were incubated at 95˚C heat block for 5 

minutes to denature proteins.  Stocks were kept in -80˚C. Denatured proteins either used 

immediately or stored at -20˚C for next day to use.  

 

3.11 SDS-PAGE, Western Blot  

SDS-PAGE (10 %, Bio-Rad, USA) gel was casted according to the manufacturer’s protocol. 

Required volumes of samples was loaded into the wells along with the 3-5 µl PageRuler 

Prestained Protein Ladder (Thermo Scientific, USA). Gel was run at 80V until proteins left the 

stacker gel, then voltage switched to 120 V for resolver gel. Proteins were blotted to PVDF 

membranes (3010040, Roche) by using semi-dry transfer protocol (30 minutes, 25V, 1A). 

Blotting success was assessed with Ponceau staining after each transfer (5 min at RT), and the 

membrane was washed off with distilled water. Blocking step performed either with 5% milk 

or 5% BSA in TBS-T for an hour at RT.  Membranes were cut according to expected band sizes 

for antibodies and incubated overnight at 4˚C in primary antibodies.  Membranes were washed 

10 minutes for three times with TBS-T before the secondary antibody incubation for an hour 

(or up to 4hr for phosphorylated proteins) at RT. Membranes were washed 10 minutes for three 

times with TBS-T and visualized with ECL Plus Western Blotting Detection System (RPN 

2232, GE Healthcare) by using Amersham Imager 600 (GE Healthcare Life Sciences, USA).  
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3.12 Mild stripping protocol 

Mild stripping protocol was used to re-probe the existing blots with new antibodies. In order to 

do that, striping buffer was prepared. Membranes were washed with mild stripping buffer 10 

minutes for 2 times at RT. TBS wash was performed twice for 10 minutes. Finally, 5 minutes 

TBS-T wash was performed twice. Membranes were blocked at RT for an hour as mentioned 

earlier before the primary antibody incubation.  

 

3.13 Western Blot and quantification of protein bands 

For the quantification of the bands ImageJ program ((Schneider et al., 2012)was used. All 

images were converted to 16-bit and all the relevant bands were selected for obtaining band 

densities. Density plots were drawn for all bands at once, and band density boarders were 

determined, manually. Area and percentage measurements for each plot were pasted into an 

Excel file. Taking log2 of the percentage intensities and normalizing them to GAPDH and mean 

DMSO (drug treatment experiment) or ETOH (hormone treatment experiments) values were 

the method for the quantifications when n=2. All values on graphs were represented in log2 

format. Graphs were drawn in Graph-pad Prism6. One-way ANOVA Dunnett and Tukey 

multiple comparison tests, and Two-way ANOVA Multiple comparison test (row: SFB and 

column: TFP effect) were performed as stated in figure legends. 

 

3.14 Heatmap generation 

Differentially expressed genes identified from RNA-seq data of TFP and SFB single and 

combinatorial treatment in Hep3B cell line was used to generate heatmaps. Gene lists in log2 

forms were uploaded to online tool Heatmapper (Babicki et al., 2016). Average linkage was 

used as clustering method and distance was based on Pearson correlation in all heatmaps. These 

heatmaps used to visualize differential responses of interested genes against the given 

treatments. 

 

3.15 PCA analysis 

Principal Component Analysis (PCA) was performed by Ayşe Gökçe Keskus in R environment 

and visualized by “ggfortify” package of R (Y. Tang et al., 2016). 
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CHAPTER 4 

 

 RESULTS 

 

4.1 ALDO mediated mineralocorticoid receptor and estrogen mediated estrogen receptor 

signaling pathways’ possible crosstalk in breast cancer cell lines. 

 

Herein, I mainly focused on ALDO mediated MR signaling and its possible interaction with E2 

mediated ER signaling in mechanistic and functional aspects using T47D breast cancer cell line. 

It is important to note that, the fundamentals of this study were initially established by Bircan 

Çoban (MSc Thesis, 2016) where ALDO and E2 hormones were applied solely and well-

established ER and MR downstream target genes were studied both at the mRNA and protein 

levels. Yet, a more comprehensive approach, i.e., combinatorial hormone therapy application, 

remained to be pursued.  

Herein, I aimed to investigate the role of combinatorial ALDO and E2 hormone therapy in an 

endogenously MR and ER expressing T47D cell line by identifying alterations in expression of 

MR and ER and downstream members both at the mRNA and protein levels. Additionally, 

effect of ALDO, E2 and ALDO-E2 combinatorial therapy on cell viability was further pursued 

for studying the possible role of MR-ER crosstalk on breast cancer cell proliferative capacity.  

Hence, it was the best fit to study possible interactions, so-called crosstalk, among MR-ALDO 

and ER-E2 signaling pathways when both hormones were applied in combination. 

 

4.1.1 Establishment of ALDO mediated MR signaling in T47D cell line  

 

ALDO and E2 treatment doses were initially determined by literature mining and based on their 

expression levels in plasma/blood. Physiological concentration of ALDO is 0.5-1nM and E2 is 

0.1-10nM (Celojevic et al., 2011; Hermidorff et al., 2017). For the purpose of this study, an 
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intermediate dose of ALDO (10nM) and E2 (10nM) were applied for ALDO, E2 and 

combinatorial ALDO-E2 applications on T47D cell line. 

Initially, effectiveness of the hormone treatments was established by studying well-established 

hormone mediated MR and ER targets. For MR, ZBTB16 gene was selected as the positive 

control as it was previously shown to be induced by ALDO in kidney (Billan et al., 2015). 

Therefore, ZBTB16 positive control target gene was shown to be significantly upregulated upon 

24-hour, 10nM ALDO exposure (Figure 4.1.1). E2 treatment was also shown to upregulate 

ZBTB16 expression significantly (ALDO vs E2 p value 0.0687). Furthermore, combination of 

hormones increased the level of gene expression, as ALDO did, but it was significantly more 

than E2, alone (Figure 4.1.1). Increases obtained by ALDO treatments indicated the successful 

activation of signaling pathways by this hormone and helped understand that ALDO and E2 

was not synergistic nor antagonistic with respect to a common target of MR and GR. 
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Figure 4.1 1ALDO treatment upregulates ZBTB16 gene expression.  

T47D cell line upon 10 nM ALDO and/or E2 treatment for 24 hr.  One-Way ANOVA Tukey 

Multiple comparison test was applied (* p≤ 0.05, **≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, # 

p< 0.1).  

 

4.1.2 Establishment of E2 mediated ER signaling in T47D cell line 

 

E2 and ER signaling have been comprehensively studied in breast cancer biology and has been 

long known to induce the expression of Progesterone Receptor (PGR) and TFF1/PS2 (Trefoil 

factor 1) primary target genes and they have been widely accepted as the two of the primary 
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downstream effectors of ER (Bourdeau et al., 2008). Hence, initial evaluation on E2 mediated 

ER signaling pathway was performed by testing changes observed in expression levels of these 

genes upon ALDO, E2, and ALDO-E2 treatments. 

As shown in Figure 4.1.2, E2 significantly increased the PGR expression levels in each of the 

E2 exposure groups, namely E2 and E2-ALDO. Yet only ALDO exposed group resulted in 

significant reduction in PGR levels in T47D cell line. TFF1/PS2 exhibited significant 

upregulation upon E2 and E2-ALDO exposure yet did not show the same reduction trend with 

ALDO alone group as observed in PGR mRNA. On the contrary TFF1 levels exhibited an 

upregulation trend (instead of downregulation as in PGR) approaching significance (p-value: 

0.0673) upon ALDO exposure.  

Overall, E2 mediated ER signaling activation was confirmed and ALDO was shown to be 

significantly downregulating PGR expression upon 24-hour exposure in T47D cell line.  
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Figure 4.1 2 E2 treatment upregulates PGR and TFF1/PS2 gene expressions.  

A) PGR and B) TFF1/PS2 expression upon 24-hour exposure to ALDO and/or E2 in T47D cell 

line. Statistical analyses were performed by applying One-Way ANOVA Tukey Multiple 

comparison test (* p≤ 0.05, **≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, # p< 0.1).  

 

Moreover, there was no sign for synergism. However, opposite changes of ER targets PGR and 

TFF1 genes upon ALDO treatment can be marked as an interesting discussion point to explain 

possible interaction. 
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4.1.3 Effects of ALDO and/or E2 on members of MR and ER signaling at the mRNA level 

 

Herein, ALDO, E2 and combinatorial ALDO-E2 exposed T47D cells were used for testing MR, 

ER and their well-established downstream effector genes at the mRNA level. Within this 

context, ALDO’s compatible receptors, MR (primary) and GR, and estrogen responsive ERα 

was tested at the doses expected to activate only MR and ER. Furthermore, MR signaling 

members NEDD4-2, -,-,- ENaC, both MR, GR, ER effector SGK1 was also studied at the 

mRNA level (Figure 4.1.3). MR, GR and ER did not exhibit any significant alteration 

regardless of given treatment groups for 24-hour treatment (Figure 4.1.3). Only MR expression 

with ALDO treatment was approaching significance in terms of reduction (p-value: 0.0608). 

Increasing sample size may be needed since fold changes were relatively small and variations 

were high. However, this was an interesting finding for a hormone activated self-inducible 

transcription factor such as MR. Changes in these receptors’ expressions might be related to 

doses and time interval of treatment groups, hence should be investigated at more advanced 

levels. 
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Figure 4.1 3 Gene expression of downstream signaling members of MR-ALDO and/or ER-

E2 signaling.  

A) MR, B) ESR1, C) GR, D) NEDD4-2, E) SGK1, F) αENaC, G) βENaC, H) γENaC upon 10 

nM ALDO and/or E2 treatment in T47D cell line for 24 hr. One-Way ANOVA Tukey Multiple 

comparison test was performed (* p≤ 0.05, **≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, # p< 0.1). 

 

There are several genes known to be modulated downstream of both ALDO and/or E2 signaling 

pathways. Some of them have been tested previously such as NEDD4-2, SGK1, α, β, γ ENaCs 

upon exposure to ALDO or E2, alone (Bircan ÇOBAN, MSc Thesis, 2016). Understanding how 

these members of the pathways were affected upon combinatorial treatments, however, was 

required to gain insight on possible interactions of MR and ESR1 pathways. Chosen genes in 

Figure 4.1.3 showed the same yet mostly insignificant trends with E2 and ALDO treatment 

groups. Moreover, the combination treatment of E2 and ALDO resulted in no significant 
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changes in expression suggesting E2 and ALDO do not attenuate or potentiate the effects of 

each other for selected targets with roles in epithelial salt transport.  

Decreasing trend upon single or combinatorial treatments can be observed in NEDD4-2, SGK1, 

α, β and γENaCs. However, only ALDO’s effect on β-ENaC became significant moreover, E2 

almost significantly reduced γENaC levels which might indicate differential regulation of 

subunits. Even though reduction trend was apparent in all cases, insignificancies might be 

caused by variations implicated in error bars.  Moreover, ALDO is known to induce expression 

of these genes; hence these negative effects were not expected.  

When these results are compared to previous results (Bircan Çoban, MSc Thesis, 2016), 100nM 

E2 treatment in T47D resulted in same trend as in here for ESR1, PGR, SGK1, NEDD4-2, 

ENaCs, and MR levels. Reduction in MR and MR signaling members by E2 activated ER 

signaling is underlined. Moreover, ALDO signaling caused PGR reduction and its rescue by E2 

is also supports interaction possibility.  

 

4.1.4 Effects of ALDO and/or E2 on members of MR and ER signaling at the protein level 

 

I investigated singular E2 and ALDO with respect to the effect of combination treatment to test 

the presence of a possible crosstalk of MR and ESR1 signaling pathways in breast cancer at 

protein level. As a first step, changes in MR, ER and GR protein levels upon treatments were 

evaluated as shown in Figure 4.1.4.  

Initially, MR protein levels were tested in this experimental set-up (Figure 4.1.4.). Herein, no 

significant changes were detected in MR protein levels upon ALDO, E2, ALDO-E2 treatments 

when both sets were used for statistical analyses. However, E2 groups had mild increasing trend 

but this was inconclusive due to variations especially in ALDO group. 

Next, ER protein levels were tested in this experimental set-up. ER protein levels were reduced 

with E2 treatment in E2-treated groups, namely E2 and E2-ALDO. E2 induced suppression of 

ESR1 is known in literature (Ellison-Zelski et al., 2009). Hence, ALDO did not cause 

differential response to ER expression when applied in combination with E2 treatment (Figure 

4.1.4.). These findings at the protein levels were compatible with mRNA levels, yet at different 

degrees (Figure4.1.3.). Reduction trend in ESR1 levels at mRNA with ALDO treatment shows 

itself as minimal, exhibiting insignificant reduction. Besides of these findings, another member 
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of steroid receptor family, GR, was checked since it can also be activated by ALDO. However, 

due to variations and mild alterations of GR protein regulation, it was not possible to conclude 

GR protein alterations as significant findings.  

   

Figure 4.1 4 MR, ESR1 and GR protein levels upon ALDO and/or E2 exposure.  

T47D cell line upon 10 nM ALDO and/or E2 treatment for 24 hr. (n=2). Protein images and 

quantification graphs of A, B) MR, C, D) ESR1, E, F) GR were represented. One-way ANOVA- 

Tukey Multiple Comparison test was applied (* p≤ 0.05, **≤ 0.01, *** p ≤ 0.001, **** p ≤ 

0.0001, # p< 0.1). 
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In addition to MR, ERα and GR proteins, downstream effectors were also tested at the protein 

levels. Again, NEDD4-2, SGK1, αENaC, βENaC, and γENaC proteins were tested for ALDO, 

E2, ALDO-E2 exposed T47D cell line with two replicates (Appendix A Figure1). 

As shown in Figure4.1.5 protein levels were not significantly altered in most of them. Minimal 

increase in SGK1 levels in ALDO and E2 groups unlike mRNA levels was interesting since 

trend seems to be reversed in combination. NEDD4-2 trends were also insignificant but 

opposite to mRNA levels. αENaC reduced in E2 given group significantly. This significance 

was lost in combination. βENaC insignificantly increased in E2 given groups at protein levels. 

Unfortunately, second replicate of γENaC was not available to have strong comments however, 

reduction trend was clear for E2 group. MR – NEDD4-2 – βENaC and αENaC – γENaC shown 

similar trends, and these two groups acted towards different directions. To be able to have 

strong conclusions on possible crosstalk, these results were not powerful enough.   

 

 

Figure 4.1 5 Protein levels of downstream signaling members of MR-ALDO and/or ER-

E2 signaling.  
T47D cell line upon 10 nM ALDO and/or E2 treatment for 24 hr. One-Way ANOVA-Tukey 

Multiple comparison test was applied.  (* p≤ 0.05, **≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, # 

p< 0.1). 
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I also tried to validate mRNA results of PGR expression at protein levels. PGR has two isoforms 

with overlapping but differential functions. I was able to detect two of these isoforms in one 

replicate however, in second replicate second isoform was not clear enough to be used 

(Appendix A Figure 1). When the common isoform, presumably PGR-A, in these two 

replicates were quantified, mRNA results were supported. ALDO reduced this PGR isoform 

while E2 increased. In combination, again, E2 masked the ALDO reduction. Hence, possible 

E2-ALDO-PGR interaction could be further tested to drive more conclusive results.   

 

4.1.5 Effects of ALDO and/or E2 on cell proliferation and viability 

 

Functional effects of the single (ALDO, E2) and combinatorial (ALDO-E2) hormone treatment 

was investigated in T47D cell lines by using MTT cell viability test. Significant differences that 

were observed could give clues about the interaction of E2-ER and ALDO-MR signaling 

pathways on cell proliferation and viability.  

 

 

Figure 4.1 6 Cellular viability alterations upon 24 /48 hr ALDO and/or E2 exposure.  
A)10000 cells for 24hr, B) 5000 cells for 48hr treated with 10nM ALDO and/or 10nM E2 in 

T47D cell line. One-way ANOVA Tukey multiple comparison test was applied (* p≤ 0.05, **≤ 

0.01, *** p ≤ 0.001, **** p ≤ 0.0001, # p< 0.1). 
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Herein, two different optimization methods were pursued. In the first trial 24hr hormone 

deprivation given cells were treated with hormones in two setups. For the first set-up 10.000 

T47D cells were seeded and exposed to 10nM ALDO and/or E2 treatment for 24 hours. For the 

second set-up 5.000 T47D cells were seeded and exposed to 10nM ALDO and/or E2 treatment 

for 48 hours. Cell proliferation and viability indices were then calculated for the above-

mentioned treatments. 

For the first set up, Figure 4.1.6 A., 24hour ALDO (p-values: 0.0761) exposure resulted in 

decreased cell viability whereas E2 exposure (p-value 0.0602) resulted in increased cell 

viability (these results are significant for One-way ANOVA-Dunnett test). In the second 

experimental set up, 48-hour ALDO exposure again resulted in decreased cell viability and 

again E2 exposure resulted in increased cell viability. Decreasing cellular viability was 

observed in both time points with ALDO. Moreover, reduction was more distinguishable at 

48hr, suggesting time dependency. Success of these treatments were apparent due to increased 

proliferation in E2 groups. In combinations, ALDO was not able to exert its full reduction effect 

compared to control. Moreover, proliferation in combination group become significant at 48 hr. 

However, in 48hr treatment combination was not able to induce proliferation as E2 suggesting 

ALDO related regression. Hence, ALDO-E2 mediated possible MR and ER crosstalk was 

supported. 

 

Figure 4.1 7 Cellular viability alterations upon 3/5 days of ALDO and/or E2 exposure.   
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3 and 5 days of 10nM ALDO and/or 10nM E2 treatment in A, C) 2000, B, D) 5000 T47D cell 

tested A, B) by One-way ANOVA Tukey multiple comparison test, and C, D) Three-way 

ANOVA test was applied (* p≤ 0.05, **≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, # p< 0.1) 

 

I also tried to optimize hormone deprivation interval to 72 hrs. I used two set-ups by seeding 

2000 and 5000 cells and tested hormone treatments in a time dependent manner (Figure 4.1.7). 

In the experimental set up wherein 2000 cells were seeded, ALDO caused reduction was 

prominent while E2 increased the proliferation in both time points (for 3 days of E2 treatment 

p-value is 0.0717 for One-way ANOVA Dunnett multiple comparison test). In combinations, 

E2 masked ALDO’s effect, and at day 5 this increment even more than E2 alone group. I tested 

the time dependency, ALDO and E2 variables for viability by Three-way ANOVA to reveal 

their interactions (Appendix A Table 1 and Table 2). Time and E2 separately and together 

interacts with ALDO in this case.  In the experimental set up wherein 5000 cells were seeded, 

time dependent loss of ALDO’s reduction effect was a clear point. Responses at day 3 was 

similar in both cell densities however, ALDO’s effect was less striking in higher density. Three-

way ANOVA showed loss of interactions in 5000 cell seeded set-up. These results indicate 

almost consistent ALDO induced reduction in viability and supports ALDO-E2 interaction. 

However, variation of results based on hormone deprivation interval, treatment duration and 

cell density reveal complexity of these treatments affected by multiple parameters and 

requirement of a more robust methodology.  

 

4.1.6 Effects of ALDO and/or E2 on cell cycle markers 

 

Upon findings indicating differential and significant alterations in cellular proliferation and 

viability, I checked the levels of cell cycle markers shown below. 

Cyclins CCND1 (cyclin D1) and CCNE2 (cyclin E2) was investigated because of their roles in 

cell cycle progression (Figure 4.1.8). Even though there were no statistically significant 

changes, reduction trend by ALDO treatment was observed in both. E2 containing groups were 

inconclusive due to variations. However, ALDO could not show its negative trend in 

combination groups as ALDO alone groups as in 24hr cell viability results. Cell cycle 

progression marker ANLN had the same minor reduction with ALDO which was opposite of 

E2 and combination group underlying the differential induction by these hormones. After cell 
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viability results, these alterations remind possible cell cycle arrest caused by ALDO treatment.  

Since the alterations in these genes are minimal, to be able have more valid conclusions 

experiments can be repeated with optimized conditions. 
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Figure 4.1 8. Gene expression of cell cycle markers upon ALDO and/or E2 treatment. 
T47D cell line upon 10 nM ALDO and/or E2 treatment for 24 hr. One-Way ANOVA Tukey 

Multiple comparison test was applied (* p≤ 0.05, **≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, # 

p< 0.1). 
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4.2. Sorafenib and Trifluoperazine combinatorial treatment on liver cancer/HCC cells 

and association with MR-GR signaling. 

HCC has limited treatment options with bad prognosis and, Sorafenib is one of the few FDA 

approved drug choices as the first line of treatment. Recent studies showed that HCC patients 

can benefit from combinatorial treatments potentiating the drug responses. Phenothiazine 

derivates, drug repositioning candidates, were tested alone to find promising combination 

partners to SFB against HCC, previously. For that, commercial derivatives PTZ, PPH, PCP and 

TFP were tested in two liver cancer cell lines, Hep3B and SkHep1, at doses determined 

accordingly to IC50 values obtained by Murat Yaman (PhD thesis, 2020). Several marker genes 

were tested upon treatments to find indications supporting effectiveness of drugs. Our 

preliminary single treatment experiments in both cell lines at mRNA (Appendix B Figure 1,2) 

and protein (Appendix B Figure.3) levels highlighted two promising candidates for further 

experiments; PCP and TPF. Based on the Murat Yaman’ (PhD thesis, 2020) work, TFP was 

determined as combinatorial partner of SFB in the scope of this thesis.  

Since the reduced effectiveness and resistance to drugs are common problems for cancer 

treatments, combinatorial drug treatment strategies stood out to overcome these limitations. 

Especially, drugs like Sorafenib (SFB), with almost no alternative, is main part of this strategies 

to increase their effect against liver cancers and HCC. Herein, combinatorial treatment approach 

was adopted to enhance SFB’s anticancer effects by combining it with one of the promising 

commercial PTZ derivatives, TFP. Combination investigations were carried on Hep3B cell line 

with TFP due to its promising and synergistic results and compared to SkHep1 due to opposite 

antagonistic results that came from Combination Index (CI) values of drug combinations (Murat 

Yaman, PhD thesis, 2020). Basically, several doses of TFP and SFB was combined and Hep3B 

cell line was exposed to this treatment for 48 hr. to evaluate cellular viability. Results were 

suggesting reduced cellular viability in combination groups which was found to be synergistic 

at certain doses by Murat Yaman (PhD thesis, 2020). These relevant doses were chosen for 

deeper investigations on mechanistic understanding on synergy at mRNA and protein levels. 

Moreover, SkHep1 cell line exposed similar combination dose scale showed antagonism in 

terms of viability with increased proliferation. Hence, this cell line was also studied to 

differentiate the mechanisms affected by drug combinations to induce sensitivity. Hence, 

functional results on viability were tried to be linked to a mechanistic understanding on 
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sensitivity to drug combinations in Hep3B cell line in comparison with SkHep1 in the scope of 

this thesis.  

Whether the combination had synergetic effects on main cellular pathways several markers 

were investigated at protein level for Hep3B and compared to SkHep1 to understand the 

mechanisms driving these diverse directions of events in two different cell lines of liver cancers. 

Apoptosis and cell cycle makers together with PI3K/AKT/mTOR and MAPK signaling markers 

were evaluated. Moreover, whether this novel treatment targets MR and/or GR in differential 

manner as novel targets was investigated. 

 

Figure 4.2. 1 Heatmap of differentially expressed signaling pathway marker genes upon 

exposure to SFB-TFP combination in Hep3B RNA-seq data.    

Differentially expressed genes list was generated by Murat Yaman (PhD thesis, 2020) for RNA-

seq results of 48 hr. S1: SFB 1 µM, S2: SFB 2 µM, T12: TFP 12 µM, TS1: TFP 12+ SFB 1 

µM, TS2: TFP 12+ SFB 2 µM treatments in Hep3B cell line. Log2FC and p-values are 

represented as heatmap (* p≤ 0.05, **≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, # p< 0.1). 

 

Previously, an RNA-seq experiment was performed in Hep3B cell line to identify differentially 

and synergistically altered pathways by drug combinations (TFP 12 µM, SFB 1 µM, SFB 2 

µM- doses determined from synergism graphs/Combination Index). I used differentially 

expressed genes list generated by Murat Yaman (PhD Thesis, 2020) to evaluate and visualize 

the alterations in markers of several pathways critically altered in HCC and targeted by SFB 
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and/or TFP. Log fold change of gene expressions and their p values are represented in 

Appendix C Table 1.  To visualize the data, heatmap was generated as shown in Figure 4.2.1. 

Alterations in expression of these genes were easily readable. Especially, genes accumulated 

together starting from CHK1 to RPS6KB1 had a notable division suggesting reduction in 

expression with drug combinations which was not the case for single treatments. This cluster 

was especially interesting to decipher possible interactions. Cell cycle, apoptosis and mTOR 

pathway markers in this cluster direct us to validate these results at protein levels. High 

concentration drug combination caused approaching significant increment in DR5 which was 

also noted. Moreover, p38 and ERK2 MAPK genes clustered together, and suggested the TFP 

caused reductions in these genes. Especially, p38 was significantly altered. Hence, MAPK 

pathway draw our attention. I aimed to validate these results at protein levels.  

 

4.2.1. Effects on the cell cycle and DNA damage pathways 

 

Hep3B and SkHep1 were treated with specified drugs to gain insight on mechanistic alterations 

caused their differential pattern (synergism and antagonism) on cell survival. Three TFP and 

two SFB doses were determined based on synergism map of Hep3B for combinations, and 

effective doses were also tested in SkHep1 cell line (Murat Yaman, PhD Thesis, 2020). Cell 

cycle and DNA damage markers were investigated for combinatorial treatment approach as 

shown in Figure 4.2.2 below. 

Check-point protein CHEK1 was investigated at both total and phosphorylated forms and 

phosphorylated form normalized to total to evaluate increment in activation. In both cell lines, 

single treatments of TFP had reduction trend, which was significant in SkHep1 compared to 

control, DMSO. TFP 12 µM combined with the SFB doses became significant in both cell lines. 

In Hep3B cell line this was more striking since single treatments were not significant. p-CHEK1 

levels in SkHep1 became significant or approaching significant with combinations which was 

not the case for Hep3B. Even though variations interfered with the proper conclusion, active p-

CHEK1 levels increased in single TFP and combination with increasing TFP doses in Hep3B. 

Again, in SkHep1, presumably, TFP induced increase was clear. Since these analyses 

performed with One-way-ANOVA Dunnett multiple comparison test, simply comparing each 

group to DMSO, two variables TFP and SFB doses were evaluated by Two-way-ANOVA-

Tukey multiple comparison test to have an extensive view. 
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Figure 4.2. 2 Investigation of cell cycle and DNA damage pathway members at protein 

levels in Hep3B and SkHep1 cell line upon treatment of TFP and/or SFB in indicated 

doses.  

48 hours of TFP and/or SFB treatments were given in indicated doses in A, C) Hep3B, B, D) 

SkHep1. All proteins were normalized to internal control GAPDH and experimental control 

DMSO. Results were represented in log2 scale, One-way ANOVA Dunnett’s test was applied 

(n=2).  

 

Interaction between drugs might be the indicators of synergism/antagonism, and this advanced 

test helped us to comment on possible synergism. Two-way ANOVA results of Hep3B is shown 

in Appendix C Figure 5. CHEK1 levels did not indicate any interactions of drug doses, and 

TFP doses found as the source of reduction alone. However, Sorafenib doses were found as 

main factor for p-CHEK1 alteration. p/t CHEK1 ratio was unconclusive. Hence, in terms of 

CHEK1 levels in Hep3B, there was no evidence for synergistic alterations. In SkHep1 

(Appendix C Figure 6), all alterations in CHEK1 forms caused by column factor, TFP dose.  

As a result, one can conclude that both Hep3B and SkHep1 cell lines exhibited similar 

alterations against drugs for CHEK1 levels at different extent. Hence, this alone may not be 

able to explain the differences observed with respect to opposing effects in cell proliferation 

and drug resistance based on synergy tests conclusions. 

These two cell lines were most distinguished with respect to the changes observed in cyclin 

dependent kinase, CDK2 levels. Almost all treatment groups caused a reduction in Hep3B cell 

line which were just trends with TFP or SFB alone and significant in combination groups 

especially at TFP 12 µM-SFB1 µM suggesting synergism between TFP and SFB. However, 

CDK2 levels in SkHep1 cell line have almost no change besides of slight increase in SFB alone 

groups. In Hep3B cell line, CDK2 levels were found to be altered by interaction of the drugs 

(Appendix C Figure 5). Especially TFP 12-SFB1µM combination shined out as possibly 

synergistic treatment for CDK2. However, in SkHep1, there was no interaction and TFP dose 

were the main effector.  Altogether, differential alterations in cell cycle marker, CDK2 might 

determine the responsiveness of a cell line to the above-mentioned treatments which can explain 

their distinct behavior. Differential behavior of CDK2 should be discussed together with similar 

response to another cell cycle protein CHEK1 to have wider perspective. 

DNA damage marker phopho-γH2AX had general increasing trend in all groups of both cell 

lines in which high combination doses or single treatments become significant or approaching 

significant. In Hep3B, TFP 12-SFB 2µM combinatorial dose was strikingly upregulated this 
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marker. Interestingly, TFP9, SFB1 and TFP 6.7-SFB1µM groups were also increased the 

expression in higher levels than most of the combination groups. Two-way ANOVA revealed 

interaction of these drugs in Hep3B while in SkHep1 there was no significant difference. TFP 

12- SFB 2µM treatment might be synergistic in Hep3B cell line, however due to high variation 

it cannot be concluded. Moreover, reduction TFP 9-SFB1µM combination might indicate and 

antagonistic effect.  Drugs alone and in combination can induce DNA damage, hence, may not 

contribute to sorting the divergence alone. 

To sum up, CHEK1 in cell cycle levels and DNA damage response might be recognized as TFP 

induced effects. Differential CDK2 protein levels might help to understand sensitivity of Hep3B 

to combinations unlike Skhep1.  

 

4.2.2 Effects on the intrinsic and extrinsic apoptosis  

 

Determining that Hep3B but not SkHep1 cell exhibited reduced cell proliferation in 

combination, (Murat Yaman, PhD thesis, 2020) apoptosis attracted the attention as the second 

cellular mechanism to investigate. Chosen markers of intrinsic and extrinsic pathways were 

investigated at the protein level as shown in Figure4.2.3 below.  

In terms of extrinsic apoptosis pathway, DR5 was selected to be tested since Phenothiazines 

were shown to modulate death receptors (K. Yuan et al., 2015). Both cell lines showed 

significant increases in DR5 (mature form) protein levels with different doses of TFP alone as 

well as TFP-SFB combinations indicating TFP’s singular effect on this protein since SFB does 

not cause any alterations. To test this statistically, I have employed a Two-Way ANOVA 

Multiple comparison test (Appendix C Figure 5, Appendix C Figure 6) and demonstrated 

that TFP was responsible for the effect observed in combination treatments.  

On the other hand, intrinsic pathway members CASP9, BAX and BCL2 was not influenced 

mostly by the tested drugs and combinations. Moreover, Two-way ANOVA results did not 

indicate any interaction except Casp9 in SkHep1 cell line which shows drugs interact to change 

each other’s effect on protein, but probably not in a synergistic or antagonistic manner 

(Appendix C Figure 5, Appendix C Figure 6). 

Another intrinsic apoptosis pathway member, anti-apoptotic BCL-xL protein levels were found 

to have differential response to drug combinations in these cell lines. Even Sorafenib single 
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treatments were in opposite trends. Reduction of BCl-xL levels in increasing doses of drugs 

became significant in TFP 9 SFB 2 and TFP 12 SFB 2 µM groups in Hep3B which suggest 

synergism. However, drug combinations failed to alter BCL-xL levels in SkHep1 cells. To test 

the synergism (Appendix C Figure 5), Two-way-ANOVA Multiple comparison tests was 

performed. As expected, interaction of drugs was significant in Hep3B underlying effectiveness 

of TFP 12 SFB 2 µM group, specifically. In SkHep1 cell line, same analysis revealed significant 

interaction which underlies differential behavior in combination but does not support 

synergistic effect. Differential regulation of BCL-xL stands out as a candidate might involve 

the mechanism causing differential cellular responses (reduced BCl-xL levels activates 

apoptosis in HCC (Takehara et al., 2001). However, minimal alterations in other intrinsic 

apoptosis markers should not be ignored to understand these results. Crosstalk of pathways, 

regulations by other mechanisms should be considered. 

Caspase8 is a caspase involved in extrinsic apoptosis signaling. Cleaved products of CASP8 

showed the active extrinsic apoptosis in Hep3B cells at TFP 12 SFB1 and TFP 12 SFB2 µM 

combination treatments (Figure4.2.3). In SkHep1, these proteins have similar pattern with 

treatments but not as drastic as in Hep3B cell line. These results indicate existence of apoptosis 

which is required to be confirmed by several other markers and assays to support this idea.  

Even though proteins were in the same direction in both cell lines, levels of activation could be 

a clue for difference. To demonstrate the probable apoptosis was a result of combination therapy 

I performed a Two-Way ANOVA test and both cell lines failed to have drug interaction. Result 

showed that TFP and SFB acts on the protein at the same direction. However, when simple row 

(SFB) and simple column (TFP) tests were applied, TFP 12 SFB2 µM combination supports to 

idea of synergism. 
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Figure 4.2. 3 Investigation of apoptotic pathway members at protein levels in Hep3B and 

SkHep1 cell line upon treatment of TFP and/or SFB in indicated doses.  

48 hours of TFP and/or SFB treatments were given in indicated doses in A, C) Hep3B, B, D) 

SkHep1. All proteins were normalized to internal control GAPDH and experimental control 

DMSO. Results were represented in log2 scale, One-way ANOVA Dunnett’s test was applied 

(n=2). (* p≤ 0.05, **≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ## p< 0.1, # p< 0.2) 

 

Induction of extrinsic apoptosis in both cell lines supported by TFP induced DR5 levels and 

active CASP8 protein products. However, most striking, and distinct difference was in BCL-

xL. Understanding how this protein is part of drug combination induced responses regardless 

of similar alterations in other apoptosis markers should be the primary future focus. 

 

4.2.3. Effects on cellular growth and proliferation by kinase driven pathways: 

AKT/mTOR and MAPK pathways 

 

In addition to the above-mentioned pathways, other critical cellular pathways known to be 

affected by SFB and/or PTZs were examined further. These pathways known for their 

regulation on cell cycle and apoptosis. Hence, these results might be related to previous 

observations. Similarly, Hep3B’s synergism with drug combination was evaluated together 

with the differential pattern of SkHep1 at the protein level.  

PI3K/AKT pathway member AKT can be indicator of mTOR pathway activation. Total-AKT 

levels were similar and insignificant in terms of alterations in both cell lines (Figure 4.2.4). A 

striking difference was the double band formation in SFB and DMSO groups in SkHep1 unlike 

Hep3B cell line. These lower bands might be another isoform, modified form of the AKT or a 

non-specific occurrence. Existence of double band formation and TFP’s effects on AKT should 

be investigated in detail to explain this interesting phenomenon.  
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Figure 4.2. 4 Investigation of AKT protein levels in Hep3B and SkHep1 cell line upon 

treatment of TFP and/or SFB in indicated doses. 

48 hours of TFP and/or SFB treatments were given in indicated doses in A, C) Hep3B, B, D) 

SkHep1. All proteins were normalized to internal control GAPDH and experimental control 

DMSO. Results were represented in log2 scale, One-way ANOVA Dunnett’s test was applied 

(n=2) (* p≤ 0.05, **≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ## p< 0.1, # p< 0.2). 

 

In Hep3B cells, p-AKT (Ser/473) which is phosphorylated by mTORC2, decreased drastically 

with TFP only and combination groups. I want to clarify whether further decrease in 

combinatorial doses in Hep3B is an indication of synergism. However, there was no sign for 

synergism suggesting TFP induced reduction in all cases (Appendix C Figure 5, Appendix C 

Figure 6).  In SkHep1, p-AKT levels were not significantly influenced by drug treatments. 

Even when these protein levels were normalized to total form, reduction in Hep3B was apparent 

unlike SkHep1 (mild trend). Hence, activation of p-AKT (Ser-473) varies among cell lines 

which might be relevant to differential responses. Next, I wanted to investigate alterations in 
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m-TOR activation and mTORC1 induced protein p70 s6 kinase to connect how AKT/mTOR 

pathway altered by combinations in a cell line specific manner (Figure 4.2.5). 

mTOR and p-mTOR (Ser2448) levels which is activated PI3K/AKT pathway was investigated. 

In both proteins and both cell lines, there was no notable alterations, statistically.  Active forms 

of mTOR with combination showed mild alterations but in opposite direction in both cell lines. 

Moreover, subtle alterations in phosphorylated form found to be related to TFP alone 

(Appendix C Figure 5,6). Interestingly, mTOR downstream kinase p70s6K was found to be 

affected by TFP and combinations in a cell line specific manner. In Hep3B, reduction in total 

and phosphorylated (Thr389) forms of this kinase were notable. Moreover, this trend in 

phosphorylated form and active kinase give clues on synergism since increased doses of 

combinations decreased the levels more, in the opposite direction of single treatments. 

Existence of drug interaction strengthens the synergism claim for this kinase in TFP 12 SFB1 

and TFP 12 SFB2 µM groups (Appendix C Figure 5). Hence, active p70s6 kinase levels were 

found to be synergistic for relevant combinatorial treatment doses. Since the mTOR levels were 

almost constant (there is a subtle reduction trend with combinations), mechanisms of action of 

combinations might be independent from upstream signaling, and involvement/crosstalk of 

other pathways should be investigated. In SkHep1, total p70s6 kinase levels were similar to 

Hep3B. However, most striking differential behavior of cell lines against drugs was 

encountered at the levels of active p70s6 kinase. Unlike in Hep3B cells, phosphorylated form 

of this kinase and its activation levels were increased with TFP and combination doses. These 

alterations were found to be TFP dependent (Appendix C Figure 6). Even though active mTOR 

levels were having increasing trend with TFP groups unlike Hep3B, this subtle difference may 

not be able to explain the difference. Altogether, active p70s6 kinase has synergistic reduction 

actions in Hep3B unlike SkHep1 with opposite effect which should contribute to explanation 

of sensitivity and resistance of cell lines to drug combinations. Hence, mTOR downstream 

signaling and their crosstalk became important for deeper examinations. 
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Figure 4.2. 5 Investigation of mTOR signaling members at protein levels in Hep3B and 

SkHep1 cell line upon treatment of TFP and/or SFB in indicated doses.  
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48 hours of TFP and/or SFB treatments were given in indicated doses in A, C) Hep3B, B, D) 

SkHep1. All proteins were normalized to internal control GAPDH and experimental control 

DMSO. Results were represented in log2 scale, One-way ANOVA Dunnett’s test was applied 

(n=2) (* p≤ 0.05, **≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ## p< 0.1, # p< 0.2). 

 

MAPK pathway can control cell survival and proliferation alone; however, crosstalk of this 

pathway with other critical ones such as PI3K/AKT/mTOR is known, too. Hence, I wanted to 

investigate mitogen activated ERK1/2 and stress activated p38 effector kinase levels.  

p38 MAPK levels were reduced in a TFP and/or SFB groups in Hep3B while this was not 

notable in SkHep1 cell line. In both cell lines, Thr180/Tyr182 phosphorylated p38 levels had 

the same increment trend with TFP doses and combinations but with different start points which 

should be considered to evaluate differential responses. Same trend was clearer in total form 

normalized active form levels in both cell lines.  Dual role of p38 should be considered to have 

an opinion on these results. Moreover, synergism investigation was failed to point out any 

promising candidate except for approaching significant interaction levels in p-p38 in Hep3B 

cells suggesting drugs’ effect on each other.  

Effector kinases ERK1 and ERK2 with sequence similarity and overlapping functions were 

investigated together in Figure 4.2.6. I have evaluated both kinases together in Hep3B cell line 

since they were acting together. Since the relevant isoform in HCC is the ERK2, I separately 

evaluated ERK2 and performed statistical analysis which revelated same results as shown in 

appendix (Appendix C Figure 4). Total ERK 1/2 levels almost significantly reduced in TFP12- 

SFB 1 or SFB2 µM combination groups which suggests synergism due to un-effected single 

treatments. Similar reduction trend was also observed in Thr202/Tyr204 phosphorylated forms 

however, variations prevented any strong comment on synergism. Ratio of phosphor-total 

active forms shows increasing trend of protein levels with increasing TFP doses in 

combinations. However, variations make it impossible to deduce a significant result. When 

synergism investigated more advanced level (Appendix C Figure 4, 5, Appendix C Figure 

6), there were no interactions to support such synergy.  
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In SkHep1, drugs act on total ERK1 and ERK2 diversely. In Figure 4.2.6., both kinases 

evaluated together as in Hep3B. I also quantified and analyzed ERK1 and ERK 2 bands 

separately (Appendix C Figure 3A) and found that both kinases altered at the same levels in 

terms of phosphorylated forms. However, total forms of ERK1 and ERK2 differs. In ERK1 

TFP increases the protein levels while in ERK2 cause reductions which significant for TFP 12 

µM dose. Ratio of active p-ERK1 and p-ERK2 has the same trend of increment with TFP and 

combinations. These increments are significant for ERK2. When synergism was investigated at 

more advanced level (Appendix C Figure 3B) interaction factors became significant with total 

ERK2 and approached to significance with active ERK2 ratios which suggests interaction of 

drugs at these levels but there was no evidence supporting synergy. When cell lines were 

compared, differential ERK1 and ERK2 regulations, opposite p-ERK regulations and 

magnitude of active ERK levels by treatments draw attention. Interestingly, each cell line within 

itself showed similar ERK and p38 kinase pattern. Moreover, to be able to conclude on 

synergism and differential effect of combinations on MAPK pathway, stronger results will be 

needed. 
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Figure 4.2. 6 Investigation of MAPK signaling pathway members at Protein levels in 

Hep3B and SkHep1 cell line upon treatment of TFP and/or SFB in indicated doses.  

48 hours of TFP and/or SFB treatments were given in indicated doses in A, C) Hep3B, B, D) 

SkHep1. All proteins were normalized to internal control GAPDH and experimental control 

DMSO. Results were represented in log2 scale, One-way ANOVA Dunnett’s test was applied 

(n=2) (* p≤ 0.05, **≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ## p< 0.1, # p< 0.2). 

 

 

4.2.4 Effects of SFB and/or TFP on nuclear receptor family members. 

 

As discussed at the beginning of this thesis, I wanted to elucidate whether MR and/or GR take 

part in conducting the observed synergistic anticancer and drug resistance effects with respect 

to TFP-SFB combination in liver cancer cells. Since ALDO activated MR related reduction in 

HCC proliferation is known, drug combinations’ effect on MR was an interesting point to 

further investigate. In literature TFP, calcium calmodulin inhibitor, claimed to interfere with 

glucocorticoid action through competition for steroid binding sites. Moreover, data showing 

TFP’s involvement to ALDO signaling supported our objective to combine two projects at the 

levels of MR and GR. With this goal, I identified several Steroid Hormone Receptor family 

members and their downstream effectors and examined their alterations in combination RNA-

seq data in Hep3B cell line (Murat Yaman, PhD thesis,2020). I visualized these genes in 

Figure4.2.7. In Appendix D Table 1, their Log2FC and p values are available.  

Heatmap showing the visualized RNA-seq results helped us to determine genes clustered 

together (Figure 4.3.1). NR3C1 (GR) gene clustered with related genes STAT3, SGK1, FKBP.  

NR3C2(MR) is clustered with NEDD4L, IGFR and EGFR. From these genes, I chose GR and 

SGK1 which had significant or approaching significant results with combinations, and MR 

showing opposite trend in combination.  
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Figure 4.2. 7 Heatmap of RNA-seq data on Steroid Hormone Receptor family members 

and downstream effectors of their signaling pathways.  

 Differentially expressed genes list was generated by Murat Yaman (based on RNA-seq analysis 

used in his PhD thesis, 2020) for RNA-seq results of 48 hr. S1: SFB 1 µM, S2: SFB 2 µM, T12: 

TFP 12 µM, TS1: TFP 12+ SFB 1 µM, TS2: TFP 12+ SFB 2 µM treatments in Hep3B cell line. 

Log2FC and p-values were represented as heatmap (* p≤ 0.05, **≤ 0.01, *** p ≤ 0.001, **** 

p ≤ 0.0001, # p< 0.1). 

 

To validate chosen gene’s alterations were found in RNA-seq, the expression levels were 

analyzed both at mRNA and protein levels. 

MR, GR and SGK1 was validated by RT-qPCR method and results were given in Figure 4.2.8. 

Combination groups of GR and SGK1 were compatible with the RNA-seq results which 

manifested themselves as reduction in expression. MR levels were not significantly altered by 

combinations to conclude anything however, mild increasing trend in RNA-seq was not 

observed by RT-qPCR.  

 

 



86 
 

MR

R
e
la

ti
v
e
 E

x
p
re

s
s
io

n

(m
e
a
n

 S

D
)

-2

0

2

TFP (M)       12           -           -           12         12          -

SFB (M)   -    1          2            1           2           -

GR

-2

0

2

TFP (M)       12           -           -           12         12          -

SFB (M)   -    1          2            1           2           -

SGK-1

-2

0

2

*
**

TFP

SFB

COMB

DMSO

TFP (M)       12           -           -           12         12          -

SFB (M)   -    1          2            1           2           -

 

Figure 4.2. 8 Investigation of Nuclear Receptor Family members and downstream 

effectors at mRNA levels in Hep3B cell line.  

 48 hours of TFP and/or SFB treatments were given in indicated doses. Results were represented 

in log2 scale, One-way ANOVA Dunnett’s test was applied (* p≤ 0.05, **≤ 0.01, *** p ≤ 0.001, 

**** p ≤ 0.0001). 

 

Protein levels of the chosen genes were controlled in SkHep1 cells together with Hep3B to 

detect any possible variations in between these cell lines (Figure 4.2.9). GR levels in both cell 

lines reduced with combinations which is quite coherent with the mRNA levels for Hep3B. 

However, high SFB and TFP combinations downregulated more in Hep3B. These potentially 

synergistical alterations in GR levels will be a very intriguing subject for detailed analysis. I 

performed Two-way ANOVA test to evaluate interaction of drugs especially potentially 

promising GR levels in Hep3B (Appendix D Figure 2A and 2B). Interestingly, GR levels were 

not significant for interaction in both cell lines. However, with simple row and column tests in 

Two-way-ANOVA shows synergistic pattern in TFP9- SFB2 µM combination. Even more 

unexpected result was obtained in SkHep1 cell lines SGK1 result which showed interaction of 

drugs which suggest differential behavior of drug together without any clue on synergism. SFB 

caused reduction in both cell lines was apparent while TFP combination reduced the levels of 

reduction trend in SGK1 levels. This gene can be affected by multiple mechanisms besides 

from SHRs such as AKT signaling. Hence, SGK1 levels should be evaluated in a much wider 

concept. Lastly, levels of MR were tried to be obtained. Reduction trend in TFP and 

combination groups are easily seen with only one replicate. I was not able to detect MR levels 

in SkHep1 cells which might be related to low expression.  However, based on these validations, 

SHRs member can be affected by these drug combinations which can widen our perspective to 

understand mechanism of action of these drugs.  
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Figure 4.2. 9 Investigation of MR, GR and SGK1 at protein levels in Hep3B and SkHep1 

cell line upon treatment of TFP and/or SFB in indicated doses.  

48 hours of TFP and/or SFB treatments were given in indicated doses to A, C) Hep3B, B, D) 

SkHep1. All proteins were normalized to internal control GAPDH and experimental control 

DMSO. Results were represented in log2 scale, One-way ANOVA Dunnett’s test was applied 

(n=2) (* p≤ 0.05, **≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ## p< 0.1, # p< 0.2). 
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4.2.5. Principal component analysis (PCA) of protein markers 

 

To be able to evaluate the distinct patterns of treatment groups within cell lines and cell line 

specific actions of proteins, Principal Component Analysis (PCA) was performed with common 

doses of cell lines.  Clustering proteins and cell lines in an understandable visual representation 

might help to understand distinct behaviors.  

 

Figure 4.2. 10 Principal Component Analysis of common drug doses and cell lines for 

protein levels.  

48 hours of TFP and/or SFB treatments were given to Hep3B and SkHep1 in indicated doses. 

Protein markers of cellular pathways were analyzed with PCA analysis to investigate cell 

specific alteration.  

 

Principal component 1 (PC1) and PC2 explained 28.99% and 18.86% of variance, respectively 

(PC3 was around 1%). As shown in Figure4.2.10. I observed 4 groups that are clustered 

together. Groups are: 1) red group: Hep3B TFP alone and combination groups, 2) blue: group 

SkHep1 TFP alone and combination groups, 3) green group: Hep3B DMSO and SFB doses, 4) 
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yellow group: SkHep1 DMSO and SFB doses. Differential clustering of these groups is 

meaningful to represent differential behaviors of cell lines and treatment groups. Red and green 

groups clustered in opposite direction suggesting effectiveness of TFP and combinational 

treatments in Hep3B. Within Red group, combinations clustered together and away from TFP 

alone groups which might indicate the strength of the combinatorial treatments with increasing 

SFB doses. Moreover, c-CASP8 seems to be affected by combinations more than TFP alone in 

Hep3B. Similar divisions were not seen in Blue group which might suggest similar effects of 

combinations and TFP alone groups in SkHep1. However, opposite directions of Yellow and 

Blue groups may advice TFP’s distinct effect on protein levels opposing the control and SFB 

alone groups.  

One may suggest based on this analysis that alterations in some proteins were more prominent 

in Hep3B cell line upon treatment which can be listed as ERK, BCL-xL, BCL2, GR, p-AKT, 

CDK2, and p38 in negative direction (decreased levels) and c-CASP8, SGK1 and p-γH2AX 

(moderately) in a positive direction (increased levels). Especially CASP8 and GR’s opposite 

but distinct regulation by combination groups of Hep3B cell line should be further investigated 

in terms of sensitivity to treatment. Proteins relatively more effected in SkHep1 can be listed as 

T-CHEK1, p70s6K being in negative direction, and p-p38, p-CHEK1, p-ERK, p-p70s6 

(moderately) being in positive direction. Especially, accumulation of phosphorylated ERK, p70 

s6K and mTOR in SkHep1’s blue group might explain the differential responses. Hence, these 

diverse impacts on proteins will be helpful to understand mechanistic effects of drug 

combinations together with cell line specific act on viability. 
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CHAPTER 5 

 

CONCLUSIONS AND DISSCUSSIONS 

 

Cancer is a highly heterogenous disease with numerous, diverse underlying pathologies. Hence, 

understanding pathophysiology, mechanisms driving tumorigenesis and its progression is 

critical for discovery of drugs targeting precise mechanisms. With this in mind, I aimed to 

attribute Mineralocorticoid and Glucocorticoid Receptors and their interactions and/or 

responses as novel effectors of hormones (Aldosterone and Estrogen) and anticancer drugs 

(Sorafenib, Trifluoperazine) in breast and liver cancer cells, respectively. To be able to explain 

my work in an understandable manner, I will separately conclude and discuss the work in breast 

and liver cancers and extend my discussion into the intersection of these two projects. 

 

ALDO-E2 crosstalk in breast cancer cell line T47D 

 

Especially in cancer, crosstalk of the pathways can be a burden due to activation of alternative 

and/or redundant survival pathways reducing treatment efficiency. Hence, for targeting a 

certain gene or pathway, there is a need for detailed study to reveal such crosstalk. In hormone 

driven cancer cells, expression of steroid hormone receptor (SHR) family regulates critical 

functions. SHRs including ER, AR, PGR, GR and MR has ability to crosstalk within the family 

and with other critical cellular pathways. Hence, SHRs do not act alone but instead interact with 

each other’s functions. ER crosstalk with AR, GR, and PGR has been known in breast literature 

while the extent to which MR crosstalk with ER is lacking.  

First part of my study was based on Bircan Coban’s (MSc Thesis, 2016) preliminary data on 

exposure of breast cancer cell lines to ALDO and E2, individually, with the aim of deciphering 

probable crosstalk of pathways at the mRNA and protein levels. My follow-up study included 

combinatorial hormone exposure in ER and MR positive T47D cell line with the same 

objective. SHRs are heavily cross-talking TFs family which have been investigated in cancer 

literature. For example, ligand activated GR can suppress proliferation by occupying ER 

enhancers hence regulates genes including CDK2 and CCND1 in ER positive breast cancer cell 
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lines. TFF1/PS2 is also identified as one of the genes regulated by this interaction (Tonsing-

Carter et al., 2019; F. Yang et al., 2017). However, MR is less studied with respect to ER 

signaling in cancer literature. 

MR-ER crosstalk has been referred to in one study where E2-ER suppressed the ALDO 

mediated MR transcriptional activity in HEK-293 cell line (Barrett Mueller et al., 2014). 

However, this interaction was not reciprocal; and ALDO did not affect the luciferase activity 

of E2-ER. In addition, this repression was not at the level of HRE, but MR and ER were found 

in the same protein complex. The authors confirmed their results by evaluating the activity and 

expression of an ALDO induced gene in combinatorial hormone treatments (Barrett Mueller et 

al., 2014).  

Estrogen induced upregulation of ZBTB16/ PLZF (Zinc finger and BTB domain containing-

16) gene was the first interesting finding of this thesis. ZBTB16 was proposed as possible 

biomarker since it was found as tumor suppressor expressed less in breast cancers (J. He et al., 

2020). ALDO responsive TF ZBTB16 was previously fused with ESR1 to repress E2 induced 

gene expression in MCF7 including PGR and TFF1 (Buluwela et al., 2005). This gene was also 

shown to be responsive to progesterone-PGR signaling in human endometrial stromal cell 

(Kommagani et al., 2016). In the study presented in this thesis one of the most striking finding 

was ALDO induced significant reduction in PGR levels. This was reversed by ALDO-E2 

exposure suggesting the involvement of ER suppression on ALDO driven MR activity in T47D 

cells.  However, since another ER primary target, TFF1, was not repressed by ALDO alone, 

and even upregulated, ALDO’s inhibitory effect on PGR mRNA expression in relation to 

ESR1-E2 primary activity needs to be investigated further. Estrogen responsive TFF1 (Trefoil 

factor 1) is small secretory protein present in several cancers including breast. This protein with 

anti-apoptotic and invasive features was shown to involve in resistance to doxorubicin in MCF7 

cell line (Pelden et al., 2013). Moreover, ALDO exposed MCF7 cell line did not induce the 

TFF1 protein levels in the medium. It is important to understand why PGR and TFF1 oppositely 

affected by ALDO in T47D if both are primary targets of ESR-E2 binding. Furthermore, 

ZBTB16-PGR-TFF1 axis should be further investigated to reveal crosstalk of pathways and its 

consequences.  

ER and MR can control and can be controlled by similar mechanisms. For example, ALDO can 

activate IGF-1R, and IGF-1 can stimulate TFF1 expression in an ER mediated manner in 

different cell models (Baron et al., 2007; Holzman et al., 2007).  Another mechanism of ALDO 

action in breast cancer acts via GPER regulation. When ER and PGR negative SKBR3 cell line 
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exposed to ALDO, ALDO induces GPER activation together with MR and both contribute to 

proliferation and migration induced by Na+/H exchanger-1 (Rigiracciolo et al., 2015). Hence, 

ALDO and MR can induce diverse functions depending on the cellular context within cancer 

cell lines as in different cancer types. Moreover, complex intersection of SHRs complicates the 

generalization of the results. Yet, ER and PGR status might be effective on MR function in 

breast cancer. On a further note, high expression of MR in TNBC cytoplasm has been detected 

and MR expression associated with elevated overall survival, however in non-TNBC 

phenotypes high MR levels have been related to worse relapse free survival which supports the 

idea of tumor status also is related with functions of MR (Jääskeläinen et al., 2019).  

The decrease in PGR upon ALDO treatment was in line with ALDO’s anti-proliferative effects 

in this study. In literature, progesterone was found to reduce proliferation in a PGR dependent 

manner since, PGR silencing revered the inhibitory effect (C. C. Chen et al., 2011). Even though 

there is a need for further validation, I was able to observe a significant reduction of cell 

viability with ALDO treatment. In accord with this result, ALDO induced MR signaling has 

been shown to reduce proliferation in HCC cell lines (Nie et al., 2015). Indeed, induction of 

apoptosis and cell cycle arrest at G1 was suggested as an explanation and miRNA mediated 

regulation of pyruvate kinase enzyme was found to reduce the proliferative Warburg effect (Nie 

et al., 2015). Progesterone induced Warburg effect was observed in HEK293 cell lines which 

was related to degradation of progesterone receptor membrane component 1 (Sabbir, 2019). 

Hence, the promising results obtained in T47D proliferation by ALDO and modulation of PGR 

in breast cancer could be studied with respect to inhibition of Warburg effect.  MR crosstalk 

related with Warburg effect in  MCF7 cell line has been shown such that MR and retinoic acid 

signaling are reactivated (lost in tumorigenesis) and this crosstalk suppresses proliferation 

regardless of ER activation status (Doan et al., 2020). 

ALDO induced reduction in cell viability might be related to cell cycle arrest, apoptosis, 

senescence, or other mechanisms. Even though the reductions in mRNA expressions of 

CCND1, CCNE2 and ANLN were minor upon 24-hr of exposure, increasing the duration of 

exposure might explain that the reduced viability was due to inhibition of cell cycle or G1 arrest 

at the mRNA level. Moreover, CCND1 is known as one of the primary targets of ERα and 

CCNE2 is a secondary target which depends on CCND1 activity in breast cancer cell lines 

(Caldon et al., 2009; Cicatiello et al., 2004; W. Zhou et al., 2015). These genes have also been 

identified as progestin responsive in breast cancer (Cicatiello et al., 2004; Reyes et al., 2014). 

This is important because MR appear to be at the cross-roads of ER and PGR and further studies 
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using progestins in connection with ALDO may shed more light into this crosstalk. Moreover, 

ALDO induced reduction in PGR might be related to MR-ER-PG or MR-PGR alone which 

needs to be validated via RNAi approaches in the presence or absence of progestins. Interaction 

of MR and other pathways including ER signaling seem to be a promising avenue to further 

pursue based on the findings presented herein and supported by literature. 

PGR-ER crosstalk is long known in literature, E2 induced ER upregulates PGR levels as 

downstream effector. There are few studies explaining progesterone and ALDO-MR 

interaction. Increased levels of progesterone reduce the ALDO’s binding to MR by competing 

for receptor (Fuller et al., 2019). Increased progesterone levels suppress ALDO-MR interaction, 

but in turn activates ALDO production in menstrual cycle (Szmuilowicz et al., 2006).   

Adversely, E2 induced ERβ and GPER was shown to reduce the production of aldosterone in 

adrenocortical cells  (Caroccia et al., 2014). Moreover , PR-A isoform competes for common 

TFs with MR and reduces MR’s transcriptional activity (McDonnell et al., 1994). Growth 

factors such as IGF-1 are repressors of PGR levels through PI3K/AKT/mTOR activity resulting  

in more cancerous ER+/PGR- cells; however, increased levels of cell cycle markers coincide 

with reduced PGR levels (Cui et al., 2003). Hence, effects of prolonged exposure and 

connecting PGR reductions to possible crosstalk would be critical to assess. 

In literature, ALDO an DEX’s separate crosstalk with PGR in breast cancer was associated with 

reduction in growth. Progestin like growth inhibition (via G1/S arrest) and focal adhesion 

reduction was induced by ALDO and DEX separately which leads to questioning of this 

crosstalk. DEX and progesterone act to increase p21 and decrease p-ERK1/2 expression to exert 

their effects. The authors confirmed the crosstalk via silencing and blocking PR receptor and 

found that E2 shows no such affect in this model suggesting specific crosstalk of ALDO, DEX 

and PGR. However, mechanistic explanation of this crosstalk was not detailed for MR (J. C. 

Leo et al., 2004). This ALDO induced reduction in proliferation in breast cancer cell lines via 

PGR correlates with the reduced proliferation observed in the present thesis study and the trends 

regarding reduction of cell cycle related proteins. Since CCND1 and CCNE2 regulates G1 and 

G1/S transitions in cell cycle, reduction of these may correlate with G1/S phase arrest (Rezaei 

et al., 2012). Moreover, reduced proliferative marker ANLN has also association with cell cycle 

arrest in G2/M transition of T47D (Magnusson et al., 2016). Inhibition of PGR-cyclin 

complexes suggested as a target for endocrine resistance in breast cancer, reduction of CCND1 

upon ALDO may act through this interaction (Dressing et al., 2014). Interestingly, PGR activity 

levels in breast cancer cell lines are shown to be regulated depending to cell cycle phase. PGR 
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levels found to be reduced in G1 and G2/M transitions and reaches to a maximum in the S phase 

(R. Narayanan et al., 2005). Hence, reduced PGR levels might correlate with aberrations in cell 

cycle which remains to be validated. RNA-sequencing of overexpression (OV) models of MR 

negative ER positive MCF7 and ZR75-1 cells was performed with 100 nM ALDO treatment in 

our lab by Seniye Targen, PhD (unpublished data).  In MCF7 cell line, MR OV vs OV+ALDO 

showed minor reduction in PGR levels (log2FC= -0.365, p value= 0.793603). Moreover, 

control (empty vector) vs ALDO+ control group was also reduced the PGR (log2FC= -1.227, 

p value= 0.669901). In ZR75-1 cell line with minimal MR and GR expression, ALDO treatment 

reduced the PGR levels in MR OV group (log2FC=-0.468, p-value= 0.445006). However, 

similar reduction in empty vector-ALDO groups were prominent (log2FC=-0.67, p 

value=0.249894). Even though validation is needed with greater sample size and other methods, 

these findings suggest that MR expression alone may not be responsible for reduced PGR levels 

upon ALDO exposure. 

As mentioned in introduction, many of the chosen ALDO-MR target genes exert their effects 

within minutes or couple of hours (Verrey et al., 2003). This is indicative of feedback loops on 

these genes with 24 hr. exposure. ALDO induces an MR size shift due to rapid ERK caused 

phosphorylation of receptor leading to ubiquitin degradation in renal epithelial cells indicating 

the presence of  a negative loop controlling MR levels (Faresse et al., 2012). Hence, reduction 

in MR levels that was observed in T47D cells herein might be explained by similar negative 

feedback loop. E2 induced reduction of ESR1 has been associated to ERα action in literature, 

too (Ellison-Zelski et al., 2009). Increased ZBTB16 gene (a target of MR and GR signaling via 

ALDO) has been shown to reduce ENaC expression via a negative feedback loop in renal 

cortical collecting duct cell lines. Moreover, long time exposure of ALDO in mouse cortical 

and medullary collecting duct cells was found to express less NEDD4-2 as in our mRNA levels  

(Loffing-Cueni et al., 2006). These results from literature support the observed reduction of 

MR, ER, SGK1, and ENaC genes and minor alterations in proteins in this thesis via a potential 

feedback mechanism.  

Even though ENaC activation has been associated with several cancer related dysregulation 

such as migration, E2 induces ubiquitination of αENaC in rat kidneys (C. Liu et al., 2016; X. 

Zhang et al., 2019). However, there are many more studies suggesting E2 has an activating role 

in ENaCs (Chang et al., 2007; Gambling et al., 2004; D. Qi et al., 2014; G. Z. Yang et al., 2011). 

SGK1 can crosstalk with a wide range of signaling pathways making it an anti-cancer target 

and is inducible by E2 in short treatment intervals (Monsivais et al., 2016; R. Zhu et al., 2020). 
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SGK is known to be activated by ALDO within 30 minutes in kidney cells (Verrey et al., 2003). 

ALDO also induces ENaC subunits differentially depending on the cell type (Frindt & Palmer, 

2012). Due to above mentioned literature, 24-hr hormone exposure might induce several 

feedbacks to regulate expression levels of these genes involved in ALDO-MR signaling. In 

addition to the time dependency, hormone doses can also be critical criteria together with 

ER/PGR status of cells.  

Overall, study presented in this thesis can be considered as a preliminary study on promising 

MR-ER hormone activated crosstalk which has potential to contribute breast cancer literature 

with deeper studies. 

 

Understanding the cellular and molecular effects of combinatorial treatment with 

Sorafenib and Trifluoperazine in liver cancer and novel association with MR-GR 

signaling 

 

Liver cancer subtype Hepatocellular carcinoma is a detrimental disease with limited treatment 

options. Sorafenib-a multi-kinase inhibitor and still is the most known, used first line anti-HCC 

drug; however, SFB has mild benefits and can be applicable to only subgroups of patients and 

eventually these patients develop acquired resistance. Combining FDA approved Sorafenib 

with other anti-cancer drugs is a widely used strategy against HCC. Our lab previously 

repurposed a generic Phenothiazine derivative TFP as a novel combination partner of SFB 

(Murat Yaman PhD thesis, 2020). Functional assessment in Hep3B cell line showed synergistic 

reduction in cellular viability by several doses of combination of TFP-SFB. Another liver 

cancer cell line SkHep1 was antagonistic in terms of cellular viability with given combinations 

which provides natural comparative platform to detect the mechanistic differences of these two 

cell lines. In present study mechanisms of sensitivity and insensitivity to this novel combination 

was studied regarding cancer related pathways, such as, cell cycle, apoptosis, and kinase 

activities. Moreover, MR and GR which are known to be altered in HCC was investigated as 

possible novel targets of TFP-SFB combination. 

In the present thesis I have investigated protein markers of several pathways which are critical 

for HCC and liver cancer progression and SFB and/or TFP might act on, and hence, to discover 



96 
 

the behavior of known (e.g., DR5) and novel (i.e., MR and GR) targets which could help 

understand why the combinatorial treatment could be better than singular in liver cancer.  

Apoptosis, cell cycle and DNA damage pathways are generally altered in cancers as hallmarks. 

Hence, to evaluate the success of drug combinations protein markers of these pathways was 

investigated in Hep3B and SkHep1 cell lines. Check-point inhibitors have been studied in the 

cancer literature due to their control on cell cycle and apoptosis; indeed checkpoint inhibitor 

treatment with cytotoxic drugs is a way of increased therapy efficiency (K. Ando et al., 2019; 

Luo et al., 2001; Rogers et al., 2020).  Among these, PTZ, Thioridazine, was shown to disrupt 

ATR/CHK1 in response to DNA damage and induce apoptosis (V. Singh et al., 2019). In p53 

null cell lines (such as Hep3B), apoptosis can be induced upon DNA damage via CHK1 

inhibition and caspase 2 related apoptosis mechanism which is independent from classical 

apoptotic pathways  (Meuth, 2010; S. Shin et al., 2005; Sidi et al., 2008). Since the loss of p53 

contributes to anti-apoptotic cancer phenotype, CHK1 controlled alternative apoptotic pathway 

would be an anti-cancer target to sensitize cells to DNA damage induced apoptosis. Moreover, 

CHK1 reduction potentiates drug induced DNA damage and this was associated with caspase 

8 cleavage. This relation was validated in literature via si-CHK1 plus DNA damage inducing 

agent given cells which show increased caspase 8 cleavage, p-γH2AX activation, and cleavage 

of PARP (Z. Xiao et al., 2005). PTZ derivative, A4 induced ROS production and DNA damage 

was shown in literature (C. H. Wu et al., 2016) .  In the present thesis, I observed in TFP12 -

SFB1/2 µM combination groups in Hep3B, a reduction in total-CHEK1 levels correlates with 

increased p- γH2AX, increased c-CASP8, decrease in CDK2 levels which are compatible with 

CHK1 inhibited alternative apoptosis induction context. Moreover, previously, TFP has been 

found to repress double stranded DNA repair in lung cancer cell lines in combination with the 

DNA damaging agent bleomycin (Polischouk et al., 2007). These studies support the induction 

in DNA damage marker p-γH2AX. Moreover, c-CASP8 levels supports extrinsic apoptosis 

induction (Kruidering & Evan, 2000). Minimal alterations or insensitivity to combinations in 

classical apoptosis markers are also supportive of CHK1 dependent potentiation of apoptosis in 

Hep3B cell line. In a study on prostate cancer cell lines, a novel PTZ derivative has bypassed 

the DDR through not activating CHK1 arrest hence induce apoptosis which may not be the case 

observed with SFB+TFP in Hep3B cells (V. Singh et al., 2020). This mechanism can be 

challenged by other observations in this study. In SkHep1 which was resistant to combination, 

a similar reduction in T-CHEK1 levels by combinations was observable as in Hep3B. Even 

though CHK1 levels were in distinguishable, in the SkHep1 cell line, CDK2 was not reduced 
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as in Hep3B via combinatorial treatment. ATM-ATR-p53-CDK2 mechanism might 

differentially regulate CDK2 levels upon CHK1 inhibition. Moreover, activity of CDK2 levels 

in S phase is associated with sensitivity against CHK1 inhibitors which might explain our 

results (Sakurikar et al., 2016). However, this CDK2-CHEK1 hypothesis should be validated 

further. Downregulation of CDK2 protein as anti-cancer agent has been shown in several 

studies in literature (Feng et al., 2018; B. Wang et al., 2017; Xia et al., 2019). In a study 

examining novel drugs on Hep3B and invasive SkHep1 cell lines, cell cycle arrest via reduced 

CDK2 was associated with differential mechanisms. These reductions were associated with 

G0/G1 arrest and apoptosis together with reduced p-AKT and p-JNK levels. In Hep3B CDK2 

reduction was explained by p53 independent arrest via p21 and p27, and in SkHep1 by WNT/β-

catenin pathway (Yadunandam et al., 2015). Hence, differential pattern of CDK2 activation can 

be related to pathways targeted by drug combinations. β-catenin reduction by TFP has been 

shown to be a must for TFP’s anti-metastatic behavior together with reduced p-AKT in a study 

comparing HT1080 and NIH/3T3 cell lines. When TFP has failed to reduce p-β-catenin in cells, 

anti-metastatic phenotype has also been lost (Pulkoski-Gross et al., 2015). Hence, targeting 

crosstalk of β-catenin pathway by the combinatorial SFB+TFP treatment in Hep3B and 

SKHep1 and remains to be assessed in future studies. 

Another important finding of our study was the reduction of anti-apoptotic BCL-xL with 

SFB2/TFP9-12µM doses in Hep3B, showing different pattern than above mentioned markers.  

Crosstalk of signaling pathways might explain this reduction which will be mentioned in the 

following paragraphs. Altogether, we might say that existence of apoptosis in DNA damage-

CHEK1-CDK2-cCASP8 axis is probable in Hep3B cell line which diverges in SkHep1 at the 

level of CDK2 and BCL-xL.  

In hepatocellular carcinoma, BCL-xL levels correlates with worse prognosis; and moreover, 

combination of regorafenib with BCL-xL inhibitors increases the therapeutic efficiency in HCC 

cell lines (Cucarull et al., 2020; Michels et al., 2013). Moreover, BCL-xL was suggested as an 

anti-mitotic target in cancers since it can control the switch between cell cycle arrest and 

induction of apoptosis (Bah et al., 2014). Autophagy is yet another mechanism with a critical 

role in HCC. For example, tumor suppressor Beclin1 can be inhibited by BCL-xL, which leads 

to a possibility of the role of autophagy in the actions of SFB+TFP combinatorial treatment, 

remaining to be addressed in future studies (Nikoletopoulou et al., 2013; Y. H. Shi et al., 2009). 

SFB alone can induce autophagy both in Hep3B and SkHep1 cell lines in an Mcl-1-STAT3 

dependent manner, and independently of BCL-xL (W. T. Tai et al., 2013). Activation of 
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autophagy can be suppressive or promoting in SFB given HCC, and the differential regulation 

would be an interesting point to explain diverse cellular response (T. Sun et al., 2017). TFP 

induced reduced viability in pancreatic carcinoma cell lines also determined to be via induction 

of apoptosis and necrosis. This dual activation could be related to mitochondrial stress inducing 

ROS (aberrant energy metabolism) and ER (Ca+2) stress which activates unfolded protein 

response (UPR) (C. Huang et al., 2019). TFP related apoptosis protection of rat 

pheochromocytoma upon H2O2 has been shown to be due to regulation of mitochondrial 

membrane potential in a Ca+2-calmodulin dependent manner (reduced ROS generation) (S. Liu 

et al., 2011). Moreover, low doses of TPF are also protective against apoptosis in glioma cells 

via control on Ca+2 levels (Wen et al., 2018). Hence, TFP associated apoptosis protection is 

also relevant to the findings of this study. Crosstalk of cellular death mechanisms are needed to 

be investigated in this context with SFB or TFP alone or in combination, as done and explained 

below. 

Another striking common phenomenon as in the case of total CHEK1 levels in between Hep3B 

and SkHep1 was the upregulation of DR5 in a TFP dependent manner. In a study on TRA-8 

resistant (DR5 agonist) TNBC breast cancer, calmodulin antagonist TFP sensitized cells 

through DR5 (direct calmodulin binding) activation and reduction in phosphorylated AKT and 

ERK levels as observed with combinatorial treatment of DR5 agonist and TFP (Fancy et al., 

2018). Even though DR5 levels was not potentiated by TFP-SFB combinations in the present 

thesis, TFP induced DR5 activation may contribute to c-CASP8 activity observed in Hep3B 

and SkHep1 cells which might lead to apoptosis. In TRAIL resistant cancer cell lines mainly 

DR5 and related complex members were associated with both apoptotic and survival stimulus 

(Shlyakhtina et al., 2017). Hence, activation of DR5 and c-CASP8 levels in both cells can be 

explained by TFP action alone. In another study, TFP has induced BCL-xL suppression in 

combination with cisplatin sensitizing the resistant cells and inducing apoptosis in bladder 

urothelial carcinoma. Accordingly, TFP dose and combination dependent induction of p-H2AX 

and CHOP upregulation has been noted in resistant cells aside from G0/G1 arrest (Kuo et al., 

2019). Induction of CHOP suggests ER stress in relationship with TFP which might be 

investigated further in the context of this thesis as well.  In ER stress induced apoptosis, not 

only DR5 and c-CASP8, but BIM and PUMA inductions determine the outcome. Knowing that 

BIM expression can be directly induced by FOXO1 (which is suppressed by AKT activity and 

retained in nucleus by TFP), suggests the potential TFP-SFB-FOXO1-BIM axis involvement 

in sensitivity of Hep3B cells to SFB+TFP combinatorial treatment (H. M. Song et al., 2015). 
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Opposite direction of BIM and BCL-xL would be explanatory for this hypothesis and should 

be tested. Interestingly, a study on glioma cell lines showed that DR5 upregulation and caspase 

8 activity is dependent on drug induced ER stress and p38 activity on CHOP which sensitizes 

cell to TRAIL induced apoptosis (Byun et al., 2018). This study also supports of the TFP 

induced DR5 levels in both cell lines.  

Above mentioned results support synergistic viability reduction in Hep3B upon exposure to 

SFB and TFP together. Identifying the mechanisms that explain improved efficiency of SFB is 

crucial. Since literature suggest the efficient combination partners could be MAPK, mTOR, c-

MET, HDAC, angiogenesis and EFGR inhibitors, we have chosen to investigate two of these: 

mTOR and MAPK pathways (kinases). 

In oral cancer cell lines, TFP was shown to reduce AKT and mTOR and increase p38 together 

with caspase 8 and 9 cleavages in connection with its multi-targeting capacity. However, dose 

dependent TFP exposure did not show effectivity for down-regulation of p-ERK levels which 

seems to be increased (C. H. Wu et al., 2016). TFP induced p-AKT reduction is also valid in 

mesangial cells (B. Wang et al., 2018). Furthermore, when wild type vs SFB resistant HUH7 

HCC cells have been compared, differential response of AKT is found as the driver of resistance 

through mTOR feedback. Protective autophagy has been adopted by the resistant cells and this 

could be reversed by AKT inhibition.(Zhai et al., 2014). In another study resistant HUH7 cells 

treated with a PI3K inhibitor could successfully reverse the resistance phenotype (H. Zhang et 

al., 2018). There are various studies showing increased SFB sensitivity and reversal of SFB 

resistance with AKT inhibition including in HCC cell lines and animal models (Jilkova et al., 

2018; Zhai et al., 2014). In the findings presented in this thesis the observed reduction in p-

AKT levels upon TFP alone and as well as in combination groups in Hep3B cells only might 

be explained as a TFP induced phenomenon which might differentiate the cell lines as in the 

case between Hep3B and SKHep1 but may not be attributed to the synergy observed in Hep3B 

(since this was observed also in TFP alone). PI3K signaling mediated CHK1 activation was 

previously observed and inhibition of CHK1 induced apoptosis in those models (Kurosu et al., 

2013). Accordingly, a simultaneous reduction of both p-AKT and CHK1 in Hep3B cells may 

be able to explain the success of the SFB+TFP therapy in Hep3B cells.  

Between the two cells studied herein, total mTOR protein levels did not reveal a striking 

difference yet, mTORC1 regulated p-p70s6 kinase levels were reduced with the increasing 

combination doses in Hep3B only. This reduction was one of the most promising candidates 

for explaining a synergistic regulation between SFB and TFP at the highest combination doses. 
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Inhibition of p70s6K which controls translation of several pro-survival genes can be a candidate 

to explain synergistic growth reduction (Bahrami-B et al., 2014). Reduction in p70s6 kinase in 

cisplatin induced DNA damage was associated with caspase3 causing cleavage of p70s6 which 

might support the potential of apoptosis in Hep3B cell line (Dhar et al., 2009). Indeed, TFP 

dependent upregulation of p-p70s6K was prominent in SkHep1 as opposed to Hep3B. In 

literature, SFB resistant SkHep1 model cells showed increased p-p70s6 kinase level similar to 

our results (M. Li et al., 2016). Moreover, p-ERK levels were also increased in SkHep1 in TFP 

given groups. ERK induction was previously observed in gastrointestinal cancer cells and is 

related to the induction of autophagy with TFP; however, increased p-p70s6K levels was not 

observed (Yen et al., 2019).  One may speculate about the existence of p-ERK induced feeding 

loop on p-p70s6 kinase in SkHep1 based on their similar incremental pattern to the exposed 

drugs. Even though AMPK (AMP-activated protein kinase) was not included in this thesis it is 

another kinase involved in energy metabolism. Under stress, AMPK can activate AKT inhibitor 

TSC2 and suppresses downstream kinases to protect cells (Inoki et al., 2003). This kinase can 

also be regulated by internal Ca+2 levels. When activated, AMPK can control apoptosis, 

survival, and autophagy. Even though its involvement in apoptosis is controversial and 

dependent on the cell line, it can induce apoptosis via reducing mTORC1 activity which 

downregulates anti-apoptotic proteins as in MCL-1 to activate mitochondrial apoptosis. AMPK 

can also induce protective autophagy in the same conditions (Villanueva-Paz et al., 2016). 

AMPK related crosstalk of apoptosis and autophagy is known for colon cancer, too. It is 

possible that AMPK can be responsible for Hep3B apoptosis via reduction in p70s6K which 

coincides with reduced BCL-xL levels-intrinsic apoptosis induction and requires further 

attention. 

FOXO 1 is a Fork-head box protein O protein which is known to be tumor suppressor 

(Hornsveld et al., 2018). AKT phosphorylates FOXO1 to inhibits its function via degradation, 

however PI3K inhibitors adversely increase ERK phosphorylation derived resistance. In a study 

on prostate cancer cells, cytoplasmic FOXO1, which is phosphorylated by AKT, reduces the 

ERK phosphorylation/resistance which means that FOXO1 can have a cytoplasmic tumor 

suppressor role. FOXO-derived phosphor-mimicking peptides have been suggested as solutions 

to FOXO1 induced ERK activation in used model (C. Pan et al., 2017).. In HCC cell lines, 

FOXO1 nuclear localization is associated with TFP action which induces apoptosis (J. Jiang et 

al., 2017).  In literature, SFB exposure unexpectedly increases p-ERK levels in Hep3B which 

makes it more insensitive to the drug while SkHep1 shows sensitivity to SFB which is related 



101 
 

to BIM activity. BIM degradation can be induced by ERK and AKT and reduced by JNK 

signaling and consequently controls BCL-2 proteins (Y. Chen et al., 2017). As mentioned 

before, FOXO1 and AMPK can increase BIM expression to induce intrinsic apoptosis. Even 

though BAX, BCL2 and CASP9 was not informative in the present thesis’ findings explaining 

the synergism between SFB and TFP, BCL-xL reduction in Hep3B might support the induction 

of apoptosis along with FOXO1. Since CDK2 can phosphorylate FOXO1 to induce proteasomal 

degradation, reduced CDK2 levels in Hep3B combinations groups may support FOXO1 related 

sensitivity (H. Huang et al., 2006).  FOXO (not specified as FOXO1) and BCL-xL was also 

shown to be related since FOXO activity can reduce BCL-xL levels by intermediate BCL-6 

action (Ho et al., 2008). Moreover, FOXO1 expression shown to be minimal in SkHep1 cell 

line which might support the insensitivity of SKHep1 to SFB+TFP together if FOXO1 is 

playing a role, which remains to be assessed  (Dong et al., 2017). 

Modulations in MAPK pathway which can crosstalk with AKT/mTOR could also be critical 

for SFB sensitization. In a study carried out on HCC cell lines for SFB sensitization, the level 

of p-ERK has been determined as a sensitivity marker. In particular, reducing the p-ERK2 levels 

with MEK/ERK inhibitors successfully induces SFB sensitivity (Cun Wang et al., 2018). 

Hence, the reduced p-ERK in Hep3B and increased levels in SkHep1 in the present thesis can 

help explain the opposite sensitivity observed in response to combinatorial treatment.  

On the other hand, p38 levels acted in the same direction in both cell lines in a TFP dependent 

manner herein. General reduction in total p38 protein levels in Hep3B should be further 

analyzed to understand its contribution to results. In literature, in HCC, induction of p-38 levels 

generally correlates with SFB resistance (Witt-Kehati et al., 2018). However, p38 has dual roles 

which might have meanings in different context. For example, reduced p-38 levels are also 

correlated with HCC cell growth (Iyoda et al., 2003). Everolimus-SFB combination has bene 

shown to induce this phosphorylation to activate AMPK-p38 related apoptosis (Pignochino et 

al., 2015). Moreover, p-p38 in HCC patients has been associated with poor survival which is 

antagonized by p-JNK. Exposure to TFP alone in Ca922 cell lines induces p-38 phosphorylation 

in a dose dependent manner (C. H. Wu et al., 2016). Hence, there might be a balance between 

p38-JNK which needs to be investigated further. Studying DNA-damage-AKT-AMPK-p38-

autophagy and apoptosis axes might be explored deeply to understand the mechanisms of drug 

combinatorial action of SFB and TFP. Moreover, doses of combinations, analyzed 

phosphorylated sites of proteins, uninvestigated crosstalk of pathways should be considered to 

evaluate existing results and planning the future experimentations. 
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One of the most interesting and novel aim of the second chapter of this thesis was examination 

of MR and GR modulation in response to SFB, TFP or in combination in liver cancer cells. 

Whether MR and GR are targets for combinatorial therapy in HCC to potentiate drug efficiency 

still remains relatively unexplored. Since HCC is diagnosed more commonly in men and breast 

cancers in women, differential sex hormone levels which are under SHRs makes investigation 

of this family valuable (Sukocheva, 2018). Reduced expression of MR in HCC patients through 

chromosomal aberrations or acetylated chromosomes has been established and proposed to be 

a negative prognostic marker. Downregulation of MR has been shown in liver cancer patients 

which underlies its pathogenic act in liver cancer. As mentioned before ALDO-activated MR 

reduces HCC viability. In another study, cirrhosis of liver cancer has been reduced via MR-

antagonist eplerenone (Schreier et al., 2018). Moreover, rapid-genomic action of MR signaling 

crosstalk with the above mentioned PI3K and MAPK pathways is known as mentioned in 

introduction. In the present study GR was downregulated significantly while MR still needs to 

be validated. There is no literature on the effects of TFP or SFB on MR and but there are some 

for GR. MR antagonist spironolactone induces PI3K/AKT/mTOR signaling which cause 

autophagy has been shown in diabetic rat podocytes (D. Li et al., 2016) and can be a way to 

manipulate MR signaling in association with GR.  

On the other hand, calcium-calmodulin antagonists, such as TFP and chlorpromazine, was 

shown to have direct interactions with GR interfering with GR’s transcriptional actions in a 

Ca+2 dependent manner (Basta-Kaim et al., 2002). In neurons, glucocorticoids were shown to 

reduce Ca+2 levels to protect cells from Ca+2 overload and cell death. Moreover, in SFB given 

cells, the signaling pathway members downstream of GR were found to be dysregulated 

(Suwanjang et al., 2013).GR dependent induction of proliferation and metastasis in colon 

cancer draws further attention to diverse GR activities (W. Shi et al., 2019). Moreover, GR 

related ERK2 activity and induction of EMT are also relevant which are shown in breast cancer. 

Hence, reduction in GR protein in high combination of SFB+TFP that happened in Hep3B cells 

can be antiproliferative as suggested by the above-mentioned literature. Moreover, GR has been 

found to control BCL-xL levels when activated by its ligand (Gross et al., 2011).  In Hep3B, 

GR and BCL-xL exhibited similar reduction patterns which were not observed in SkHep1.  

Moreover, mTOR-FOXO-GR-DEX crosstalk has also been also shown in skeletal muscle 

(Shimizu et al., 2011). However, more detailed investigations are required to decipher this 

possible crosstalk. SGK-1 which is inducible by both MR and GR signaling and target of 

mTORC1 provides another lead to pursue. In literature, TFP and Tamoxifen treated nerve 
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sheath tumors reduces SGK1 to prevent tamoxifen resistance (Brosius et al., 2014). However, 

SGK1 which is under control of above-mentioned pathways did not lead to significant changes 

in protein levels upon treatment in either of the cell lines. Moreover, one may speculate about 

the MR-GR ratio being a sensitivity indicator for this therapy in HCC after completed 

experimental setups. MR and GR acting on opposite directions in HCC and failed observation 

of MR bands in SkHep1 probably due to low expression might support this idea. Moreover, 

other MR-GR downstream target might be included to understand their regulation in an 

extended level.   

Altogether, in Hep3B cell line the sensitivity of cellular viability to novel TFP-SFB 

combinatorial approach has supported at protein level via connection with multiple cancer 

related pathways and a novel change in GR levels, that needs to be further studied. However, 

to decipher the full mechanism of action requires more detailed investigations and several 

suggestions have been made in the discussion above. Sorting out the cellular death mechanism 

leading to reduced cell viability in a cell line/type specific manner and detecting protein targets 

of synergy would be beneficial to decipher combinatorial action and understand resistance of 

SkHep1. These findings are not only important in liver cancer but can be extended to other 

cancers where MR, GR are modulators and SFB+TFP can be an effective strategy as an anti-

cancer treatment. 
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CHAPTER 6 

 

FUTURE PERSPECTIVES 

 

Herein, I have listed the future experimental approaches should be followed to clarify 

preliminary or inconclusive results of this study in two parts.  

 

ALDO-E2 crosstalk in breast cancer cell line T47D 

 

Our findings were novel and interesting yet requires further experimental approaches to be 

adopted for having stronger conclusions on possible mechanism of interaction. Hence, there is 

a requirement for more advanced experimental setups including dose (range of crosstalk) and 

time dependence together with a vast range of signaling markers to provide a better perspective 

on the mechanistic view. PGR and MR specific targets, and markers of cell cycle, apoptosis 

and other related pathways can be included. 

I was T47D in this study which is a MR and ER positive breast cancer cell line. To be able to 

conclude MR and ESR1 as the responsible receptors in ALDO-E2 crosstalk, RNAi studies 

targeting these receptors alone and in combination, with/without hormone exposures can be 

included into experimental setup. Besides of RNAi, blocking receptors with small molecules to 

investigate rescue of crosstalk specific phenotypes might be beneficial. MR signaling 

antagonist spironolactone and drospirenone can be candidates. More detailed studies can be 

carried on cell lines without endogenous ER and/or MR expression to establish overexpression 

models to validate interactions. In this part, involvement of ALDO inducible GR signaling 

should be considered.  Hence, involvement of cell lines that has no endogenous GR expression 

or RNAi silenced GR should be added to the experimental sets to sort out the ALDO-GR 

activation to prove ALDO induced MR involvement. Moreover, ER isoforms can be 

investigated due to their diverse functions in these treatment groups.  

Furthermore, RNA-seq of ALDO and/or E2 treated groups in appropriate cellular model to 

identify gene clusters acting the same or diverse upon treatments can be a high throughput 



105 
 

approach to identify their distinctive inductions and interactions. To be able to sort out the 

possible mechanism of crosstalk we should investigate how these receptors or ligands interacts 

at cellular level. Co-localization studies can be performed via Immunofluorescence with 

antibodies targeting MR, ER, and their targets (possible mediators). Ligand induced nuclear 

translocation of proteins and their overlaps in nucleus would be a clue on their nuclear 

interactions. However, whether they form a protein complex in nucleus, regulate each other 

through secondary protein or directly target HRE elements of each other would be another 

question. For this purpose, Co-Immunoprecipitation of proteins can be evaluated upon hormone 

treatments in a nuclear and cytoplasmic levels to reveal protein-protein interactions. For the 

HRE regulation, Chromatin Immunoprecipitation Sequencing (ChIP-Seq) approach can be 

adopted to evaluate protein-DNA interaction upon treatments. Moreover, hormone regulated 

differential activity of receptors can be evaluated with Luciferase activity assays.  

ALDO’s effect on cell viability which seems to be reversed by E2 suggesting crosstalk of these 

signals, should be investigated further. Additional cell viability assessments involving 

optimization of hormone deprivation, increasing, or decreasing ALDO and E2 concentration in 

a time and cell concentration dependent manner might underly the effects on viability. 

Moreover, understanding the mechanism of this reduction, cell cycle and other related pathways 

should be investigated. In this context, cell cycle progression via PI- staining and evaluation of 

apoptosis via Annexin-PI or protein markers might be useful.   

Since ALDO mediated metastasis is known in literature of renal cancer via GPER, metastasis 

might be relevant in this concept. Moreover, MR induced activities are known in brain. Hence, 

EMT markers might be evaluated to related breast cancer treatments which would be guided by 

ENaCs (has been related to metastasis in literature) in above mentioned models. Identification 

such mechanisms would be a valuable contribution to literature.  

In more advanced future perspective, upon validation of ALDO induced reduction in cell 

viability, effectiveness can be tested in vivo by zebrafish xenograft models.  

Reversed ALDO-induced PGR reduction by E2 signaling was a novel finding in this thesis. 

Whether ER is required for ALDO’s reduction on PGR or ALDO-induced MR directly acts on 

PGR should be investigated at mechanistic and functional levels. With this purpose, above 

mentioned RNAi approaches can be adopted. Since PGR has two isoforms isoform specific 

action upon ALDO should be investigated. Whether silencing of PGR affects ALDO and E2 

induced phenomena with hormone induction would be another question to ask. Over-expression 
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of PGR, may be in an isoform specific manner, should be investigated in the context of MR- 

ALDO signaling to reveal whether PGR expression rescues ALDO induced functional changes.  

 

Understanding the cellular and molecular effects of combinatorial treatment with 

Sorafenib and Trifluoperazine in liver cancer and novel association with MR-GR 

signaling 

 

The findings in the present thesis have indicated the possibility of apoptosis induction by 

combinatorial treatments in a cell-line specific manner, which should be validated with 

additional protein markers. Moreover, autophagy or other cell death mechanism should not be 

ignored. Annexin-PI staining, caspase 3/7 assays with pan-caspase inhibitors would be 

beneficial in terms of this validation. Moreover, energy metabolism dysfunction via AMPK and 

mitochondrial membrane dysfunction should be investigated through TMRE-mitochondrial 

membrane potential kit. Since the pathways that have been investigated have the ability to 

crosstalk with many others additional protein markers such as JAK-STAT, β-catenin, JNK, 

FOXO, MCL-1, BIM, and autophagy markers might be more informative in deciphering the 

mechanism. PKC signaling pathway can also be investigated in this combination due to its 

crosstalk with examined pathways and relativeness to calcium levels which can be targeted by 

TFP. 

Since we have Hep3B cell line RNA-seq results which can be used as a reference to us for 

future validations, and a similar approach can be adopted for SkHep1 cell line via mRNA 

isolation, RNA-seq and/or qRT-PCR. Heterogeneity of HCC/liver cancer is a concern for drug 

developing hence addition of more cell lines to these panels would be beneficial to extend the 

view of this thesis. Since the cell lines used in this thesis differ in terms of p53 levels, 

importance of p53 should be validated. Moreover, the treatment has reduced p-AKT levels in 

the sensitive cells which might be beneficial to observe this activity in PTEN mutant cell lines. 

Additional cell lines of other cancers would be important to study to validate success of 

combination. In that sense, online tools can be used to predict treatment efficiency. 

We have investigated the cell lines at mRNA and protein levels in addition to cell viability. 

More detailed functional analysis can be added to reveal effectiveness of this new treatment 

approach such as colony formation, soft agar, sphere formation, wound healing, real-time cell 
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analysis to assess morphology etc. would be beneficial to evaluate migration, stemness and 

proliferation upon treatments. Especially, EMT markers would be beneficial which can be 

induced by combinatorial targets.  

Since we are proposing this treatment to enhance SFB induced effects in HCC cell lines, 

establishing SFB resistant cell lines and evaluate combination efficiency would be informative 

to display possible TFP induced sensitization. 

In the cross-section of SHRs and SFB-TFP treatment, promising reduction in GR has drawn 

attention. Hence, GR might be affected by this treatment to relay anti-cancer effects with cross 

talking critical cellular pathways namely MR. Although a reduction in GR was seen, MR was 

not significantly altered, and this will may lead to higher MR activity and should be pursued 

further. These implicate whether GR rescue (may be MR too depending on completed 

experimental sets) can reverse the drug induced apoptotic phenotype in the absence or over 

expression of MR (hormones can be included to setup). 
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 APPENDIX 

 

APPENDIX A: ALDO/MR and E2/ER signaling pathways and their possible crosstalk in 

breast cancer.   

In the main text, Set2 of the protein experiments were used for representation. Below in Figure, 

Set1 and Set2 were given together. 

  

Appendix A Figure 1. ALDO/MR and/or E2/ER downstream signaling members’ protein 

levels. Western blot images of proteins obtained from 24 hr., 10nM ALDO and/or E2 exposed 

T47D.   
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Appendix A Table 1. Three-way ANOVA interaction table of T47D cellular viability levels 

upon combinatorial hormone treatment in a time dependent manner (2000 cells). 

  

Appendix A Table 2. Three-way ANOVA interaction table of T47D cellular viability levels 

upon combinatorial hormone treatment in a time dependent manner (5000 cells). 
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APPENDIX B: Single, commercial phenothiazine derivative treatments in SkHep1 and 

Hep3B to evaluate expression of cell cycle, nucleic acid processing and apoptosis markers. 
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Appendix B Figure 1. Expression levels of apoptosis, cell cycle, nucleic acid processing 

markers upon treatment of Phenothiazine derivatives in SkHep1 cell line. 20µM of 

commercial PTZs were applied for 24 hours. One-Way ANOVA Dunnett and Tukey Multiple 

comparison test was applied (n=2) (* p≤ 0.05, **≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ## 

p<0.1, #<0.2).  
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Appendix B Figure 2. Expression levels of apoptosis, cell cycle, DNA damage, nucleic acid 

processing markers upon treatment of Phenothiazine derivatives in Hep3B cell line. 20 

µM of commercial PTZs were applied for 24 hours. One-Way ANOVA Dunnett and Tukey 

Multiple comparison test was applied (n=2) (* p≤ 0.05, **≤ 0.01, *** p ≤ 0.001, **** p ≤ 

0.0001, ## p<0.1, #<0.2)).  
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Appendix B Figure 3. Investigation of apoptosis at protein levels in SkHep1 and Hep3B 

cell lines upon treatment of commercial derivatives. 10 and 20µM of PTZ treatments were 

applied for 24 hours. A) SkHep1, b) quantification of bands in SkHep1, c) Hep3B, d) 

quantification of bands in Hep3B.  Band quantifications were performed in ImageJ program. 

All proteins were normalized to internal control GAPDH and experimental control DMSO. 

Results were represented in log2 scale in graphs drawn in Graphpad Prism. 
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APPENDIX C: TFP and SFB combinatorial treatment in Hep3B and SKHep1 cell lines 

at protein level. 

 

Appendix C Table 1. Log2FC and p values of chosen genes of pathways involved in HCC 

in Hep3B drug combination RNA-seq data. 
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Quantified two replicates of Western Blot images of combinatorial drug treatment in liver 

cancer cell lines are given in the Figures below. 

 

Appendix C Figure 1. Investigation apoptosis, cell cycle, DNA damage, mTOR, AKT and 

MAPK pathway members at protein levels in Hep3B cell line upon treatment of TFP 

and/or SFB in indicated doses. 48 hours of TFP and/or SFB treatments were given in indicated 

doses (n=2, A is replicate 1, B is replicate 2). 
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Appendix C Figure 1 cont. Investigation apoptosis, cell cycle, DNA damage, mTOR, AKT 

and MAPK pathway members at protein levels in Hep3B cell line upon treatment of TFP 

and/or SFB in indicated doses. 48 hours of TFP and/or SFB treatments were given in indicated 

doses (n=2, A is replicate 1, B is replicate 2). 
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Appendix C Figure 2. Investigation apoptosis, cell cycle, DNA damage, mTOR, AKT and 

MAPK pathway members at protein levels in SkHep1 cell line upon treatment of TFP 

and/or SFB in indicated doses. 48 hours of TFP and/or SFB treatments were given in indicated 

doses (n=2, A is replicate 1, B is replicate 2). 
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Appendix C Figure 2 cont. Investigation apoptosis, cell cycle, DNA damage, mTOR, AKT 

and MAPK pathway members at protein levels in SkHep1 cell line upon treatment of TFP 

and/or SFB in indicated doses. 48 hours of TFP and/or SFB treatments were given in indicated 

doses (n=2, A is replicate 1, B is replicate 2). 
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Appendix C Figure 3. Investigation of ERK 1 and ERK 2 levels in SkHep1 cell line upon 

treatment of TFP and/or SFB in indicated doses. 48 hours of TFP and/or SFB treatments 

were given in indicated doses (n=2,). A) One-way-ANOVA Dunnett Multiple comparison test. 

B) Two-way-ANOVA Tukey Multiple comparison test.  

 

 

Appendix C Figure 4. Investigation of ERK 2 levels in Hep3B cell line upon treatment of 

TFP and/or SFB in indicated doses. 48 hours of TFP and/or SFB treatments were given in 

indicated doses (n=2). A) One-way-ANOVA Dunnett Multiple comparison test. B) Two-way-

ANOVA Tukey Multiple comparison test.  
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Appendix C Figure 5. Evaluation of possible synergy of drug combination in terms of 

protein markers in Hep3B cell line. Two-Way ANOVA-Tukey Multiple comparison test 

(n=2) (* p≤ 0.05, **≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ## p< 0.1, # p< 0.2).  
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Appendix C Figure 5 cont. Evaluation of possible synergy of drug combination in terms 

of protein markers in Hep3B cell line. Two-Way ANOVA-Tukey Multiple comparison test 

(n=2) (* p≤ 0.05, **≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ## p< 0.1, # p< 0.2).  
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Appendix C Figure 5 cont. Evaluation of possible synergy of drug combination in terms 

of protein markers in Hep3B cell line. Two-Way ANOVA-Tukey Multiple comparison test 

(n=2) (* p≤ 0.05, **≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ## p< 0.1, # p< 0.2).  
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Appendix C Figure 6. Evaluation of possible synergy of drug combination in terms of 

protein markers in SkHep1 cell line. Two-Way ANOVA-Tukey Multiple comparison test 

(n=2) (* p≤ 0.05, **≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ## p< 0.1, # p< 0.2).  
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Appendix C Figure 6 cont. Evaluation of possible synergy of drug combination in terms 

of protein markers in SkHep1 cell line. Two-Way ANOVA-Tukey Multiple comparison test 

(n=2) (* p≤ 0.05, **≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ## p< 0.1, # p< 0.2).  
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Appendix C Figure 6 cont. Evaluation of possible synergy of drug combination in terms 

of protein markers in SkHep1 cell line. Two-Way ANOVA-Tukey Multiple comparison test 

(n=2) (* p≤ 0.05, **≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ## p< 0.1, # p< 0.2). 
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APPENDIX D: Nuclear Receptor Family in liver cancer cell lines upon combinatorial 

TFP-SFB treatment 

Nuclear Receptor Family members were evaluated upon combinatorial treatment in Hep3B 

SkHep1 cell lines at protein level. Below, two replicates evaluated for statistical analysis are 

given. 

Appendix D Table 1. RNA-seq differential gene expressions of chosen SHRs and their 

downstream effectors of their signaling pathways (s1: SFB 1µM, s2: SFB 2µM, t1: TFP 

12µM, ts1: TFP 12µM-SFB 1µM, ts2: TFP 12µM-SFB 2µM).  
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Appendix D Figure 1. Investigation of Nuclear Receptor Family members and 

downstream effectors at Protein. A.) Hep3B and B.) SkHep11 cell lines. 48 hours of TFP 

and/or SFB treatments were given in indicated doses (n=2). 

 

Appendix D Figure 2. Evaluation of possible synergy of drug combination in terms of GR 

and SGK1. A) Hep3B, B) SkHep1 cell lines. Two-Way ANOVA-Tukey Multiple comparison 

test (n=2) (* p≤ 0.05, **≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ## p< 0.1, # p< 0.2). 
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APPENDIX E. Copyright permissions 

Copyright permission for Figure1.               
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   Copyright permission for Figure2.        
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Copyright permission for Figure 3 was not required.      

 

Copyright permission for Figure 4/5 was not required.      

 

Copyright permission for Figure 6.            
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Copyright permission for Figure 7. 
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Copyright permission for Figure 8.           

 

 

Copyright permission for Figure 9 was not required.           

 

 

 


