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ABSTRACT 
 

 

CHEMOTHERAPEUTIC EFFECT OF EVEROLIMUS AND ABT-737 

COMBINATION ON RENAL CELL CARCINOMA 

 

2-3 per cent of all malignant tumors are characterized as renal cell carcinoma (RCC) that 

shows a high mortality rate. Among a number of histopathological subtypes, clear cell 

RCC (ccRCC) comprises the majority and 20-30 per cent of patients diagnosed with 

ccRCC are already at locally advanced or metastatic stage. As the elevated activity of 

mTOR pathway is associated with RCC tumorigenesis, the mTOR kinase inhibitor, 

everolimus, is used in clinic for the cure of patients with metastatic RCC (mRCC). 

However, the low rate of progression free survival and the development of everolimus 

resistance are the main clinical limitations observed with everolimus therapy. Given the 

possible contribution of  anti-apoptotic Bcl-2 protein in RCC development, everolimus was 

combined with a Bcl-2 protein inhibitor ABT-737 to overcome the everolimus resistance. 

The effect of everolimus combination with ABT-737 was studied in Bcl-2 overexpressing 

RCC cell lines, A-498 and Caki-1, and in RCC xenograft mouse model. The in vitro results 

indicated that the everolimus-ABT-737 combination led to a significant decrease in the 

both RCC cell lines’ viability, which is associated with the attenuated cell cycle as a result 

of completely suppressed mTOR pathway as well as with the induction of apoptosis. 

Diminished level of anti-apoptotic Bcl-2 protein was also detected in A-498 and Caki-1 as 

a response to ABT-737 monotherapy and its combination with everolimus. In support of in 

vitro findings, the synergistic anti-tumor effect of everolimus-ABT-737 combination was 

validated in RCC xenograft Balb/c mouse model generated with the RenCares cell line. 

Taken together, the findings from this thesis suggest that the everolimus-ABT-737 

combination as a novel therapy strategy can provide therapeutic benefit for the patients 

suffering from the advanced RCC. This study was supported by TUBITAK (114S332). 
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ÖZET 
 

 

EVEROLİMUS VE ABT-737’ NİN RENAL HÜCRELİ KARSİNOM ÜZERİNDEKİ 

KEMOTERAPÖTİK ETKİSİ  

 

Böbrek hücreli karsinom (BHK) yüksek ölüm oranıyla tüm habis tümörlerin yüzde 2 ila 

3’ünü oluşturur. Histopatolojik alt tipler arasında çoğunluğu berrak hücreli BHK alır ve 

berrak hücreli BHK tanısı konmuş hastaların yüzde 20 ila 30’u lokal ileri veya metastatik 

evredelerdir. mTOR yolağının yüksek aktivitesi, BHK tümörijeneziyle ilişkilendirildiği 

için mTOR inhibitörü olan everolimus klinikte metastatik BHK hastalarının tedavisi için 

kullanılmaktadır. Buna karşın, tedavi sonucunda progresyonsuz sağkalım oranının düşük 

olması ve tümörlerin ilaca karşı direnç geliştirmesi everolimus tedavisini klinik olarak 

sınırlamaktadır. Bahsi geçen ilaç direncinde antiapoptotik Bcl-2 protein ifadesinin olası 

rolünü araştırmak için everolimus, Bcl-2 inhibitörü olan ABT-737 ile kombine edilmiş ve 

bu kombinasyonun etkinliği Bcl-2’yi yüksek miktarda ihtiva eden A-498 ve Caki-1 BHK 

hücre hatları ile BHK ksenogreft fare modeli üzerinde araştırılmıştır. İn vitro sonuçlar, 

everolimus ve ABT-737 kombinasyonunun, hücre canlılığında istatistiksel olarak anlamlı 

bir düşüşe yol açtığını göstermişlerdir. Kombinasyon tedavisi ayrıca apoptoz 

mekanizmasını tetiklemiş ve mTOR yolağının aktivitesini tamamen susturarak hücre 

döngüsünü duraklatmıştır. ABT-737 mono terapisi ve onun everolimus ile ona 

kombinasyonuna cevap olarak iki hücre hattında da düşük antiapoptotik Bcl-2 protein 

ifadesine rastlanmıştır. Bu sonuç ABT-737’nin başarılı bir şekilde Bcl-2 proteininin hücre 

ölümü üzerindeki inhibitör etkisinin üstesinden geldiğine işaret etmektedir. İn vitro 

sonuçları destekler şekilde, everolimus ve ABT-737 kombinasyonunun anti tümör etkisi, 

everolimus’a dirençli RenCares hücre hattı kullanılarak oluşturulan BHK ksenogreft Balb/c 

fare modelinde doğrulanmıştır. Tüm bu sonuçlar özgün bir terapi stratejisi olarak 

everolimus ve ABT-737 kombinasyon tedavisinin, ileri evre BHK’dan mustarip hastalar 

için terapötik yarar sağlayabileceğini önermektedirler. Bahsi geçen bu çalışmalar Türkiye 

Bilimsel ve Teknolojik Araştırma Kurumu (TÜBİTAK) tarafından desteklenmiştir.  
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1. INTRODUCTION 
 

1.1. KIDNEY CANCER 

Kidneys are a pair of organs of the urinary system. They regulate the blood pressure and 

maintain the homeostasis of acid-base and electrolyte. Additionally, kidneys secrete 

erythropoietin as a response to hypoxia to trigger the production of red blood cells from 

bone marrow [1]. Kidneys are located at the retroperitoneal region in the abdominal cavity 

of human body. Anatomy of a kidney comprises of renal cortex and renal medulla that 

forms the functional unit of the organ, called parenchyma. Renal pelvis, collecting and 

papillary ducts to where the nephrons drain the filtrated metabolic wastes as urine in, 

belong to the collection system of the kidney.  

Kidney cancer is the twelfth most widely seen cancer diagnosed in worldwide and has an 

incidence of 2.4 per cent of all cancers [2]. 2-3 per cent of kidney malignancies are 

familial/hereditary renal cancers observed in earlier age and 90 per cent are characterized 

as renal cell carcinoma (RCC) [3]. RCC accounts for two to three per cent of all adult 

tumors and is the seventh and ninth most widely seen cancer seen in men and women, 

respectively [4]. The mortality rate of RCC is about 1.4 in 100.000 and its incidence 

showed 2 per cent increase in last 20 years [5]. Among the risk factors for RCC 

development, smoking is placed on the top, followed by obesity and hypertension [6-8]. 

The highly vascularized structure of RCC tumors is associated with the disease’s 

metastatic potential where metastasis is mostly observed in lung, followed by soft tissue, 

bone, liver, and brain [9]. In most of the cases, RCC is diagnosed at locally advanced stage 

where 20-30 per cent of patients already developed metastasis [10].  

RCC originates from epithelium of renal tubes and is divided into four main subtypes 

according to the histopathological features [11]. Clear cell renal cell carcinoma (ccRCC) 

comprises 80-90 per cent of all histological subtypes followed by papillary (10 per cent), 

chromophobe (5 per cent), and collecting duct carcinoma (less than 1 per cent) (Figure 

1.1). Besides these major RCC variants, a number of other RCC subtypes is still being 

discovered [12]. All the subtypes of RCC can be either sporadic or have a hereditary 

background. The hereditary/familial RCC is mostly associated with the syndromes that 
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predispose the individuals to the malignant tumor development. Syndromes classified for 

familial RCCs are tuberous sclerosis syndrome, Birt-Hogg-Dubé (BHD) syndrome, and 

von Hippel-Lindau disease occurred through either germline mutations seen in 

oncogenes/tumor suppressor genes or loss/gain of chromosomes [13]. Although the 

incidence of hereditary RCC is low, the discovery of the genetic background giving rise  to 

their development enabled the identification of molecular pathologies for sporadic RCCs 

[14].  

ccRCC is the major subtype of renal epithelial malignancies among RCC tumors [15]. It 

originates from the proximal convoluted tubules and its histological examination points out 

a clear cytoplasm that is rich in lipid and glycogen [16]. ccRCC can be either familial or 

sporadic. In both cases, the main underlying reason for ccRCC development is the loss of 

VHL tumor suppressor gene [17]. The main advantage of this malignant subtype is the 

availability of the targeted therapies owing to the elucidation of the molecular mechanisms 

participating in its cancerogenesis.  

Multilocular cystic renal neoplasm of low malignant potential  is classified as a variant 

of ccRCC because of the presence of mutated VHL gene and clear cytoplasm [18]. 

However, this subtype has a good prognosis and exhibits complete cure without any 

observed metastasis compared to ccRCC [16].  

Papillary RCC (pRCC) is the second predominant RCC subtype accounting for 10-15 per 

cent of all RCC tumors [15]. pRCC originates from the proximal tubules and exhibits 

papillary architecture with a cytoplasm containing few organelles [16]. The histological 

analysis reveals two types of pRCC that differ from each other through their genetic 

background. Hereditary papillary renal carcinoma (HPRC) is a low-grade hereditary type I 

pRCC with a rare clear cytoplasm. Hereditary leiomyomatosis and renal cell cancer 

(HLRCC) is the type II pRCC demonstrating granular eosinophilic cytoplasm and 

aggressive behavior with poor prognosis [19]. Mutated proto-oncogene c-MET and 

fumarate hydratase (FH) genes are associated for the development of type I and type II 

pRCC, respectively [20, 21].  Trisomy of chromosomes 7 and 17, and the loss of Y 

chromosome are the common chromosomal abnormalities observed in pRCC [22].  
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The third frequently observed RCC subtype is the chromophobe RCC (chRCC) 

accounting for 5 per cent of all renal epithelial tumors [23]. It originates from the type B 

intercalated cells constituting the collecting duct and shows pale cells with reticulated 

cytoplasm during histological investigation [16]. The disease is mostly associated with 

BHD syndrome and occupies a less aggressive profile with a 7 per cent metastasis of all 

cases compared to chRCC [24].  

 

Figure 1.1. Subtypes of RCC tumors characterized by their histopathology. a. clear cell; b. 

papillary type I; c. papillary type 2; d. chromophobe; e. MiT family translocation; f. 

collecting duct [25] 

Renal oncocytome is the benign variant of RCC originating from the type A intercalated 

cells constituting the collecting duct with eosinophilic cytoplasm [26]. Like chRCC, the 

disease is also developed in patients with BHD syndrome and it is difficult to distinguish 

from chRCC [24]. 

Collecting Duct carcinoma (CDC) is a rare variant of RCC corresponding to less than one 

per cent of RCC tumors [26]. It originates from principle cells of medullary collecting duct 

and has a basophilic cytoplasm [27]. Collecting duct carcinoma is highly aggressive and 
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found in advanced stage with already developed metastasis. Indeed, mortality is observed 

for 60-70 per cent of patients with metastatic CDC within two years after diagnosis [16].  

Renal medullary carcinoma is another remarkably aggressive and rare form of RCC 

tumors [28]. The disease exhibits eosinophilic cytoplasm and is considered as a variant of 

CDC, as it arises from the collecting duct in renal medulla [27]. However, renal medullary 

carcinoma, which is linked to the sickle cell anemia is mostly observed in earlier ages 

compared to CDC [29] .  

Besides these well characterized malignant subtypes of RCC, a number of ongoing studies 

uncovers new variants of renal tumors that have been validated by World Health 

Organization (WHO) in 2016 [30].  

Hereditary leiomyomatosis and RCC syndrome–associated RCC (HLRCC-associated 

RCC) is an example for rare renal neoplasms. HLRCC-associated RCC contains 

eosinophilic cytoplasm with papillary architecture and originates from germline mutation 

in FH gene [31, 32]. The disease has poor prognosis.  

Like HLRCC-associated RCC, succinate dehydrogenase–deficient RCC (SDH-deficient 

RCC) arises from germline mutations in succinate dehydrogenase (SDH) gene and is 

mostly observed in young patients [33]. The disease shows a clear cell histology with 

vacuolated or eosinophilic material and loss of SDHB expression [34].  

Another rare subtype of RCC is the tubulocystic RCC. According to histopathological 

examination, the disease contains multiple cysts and exhibits tubular structure with 

eosinophilic cytoplasm [35, 36]. Trisomy of chromosome 17 was validated in tubulocystic 

RCC tumors [37].  

Clear cell papillary RCC (CCP-RCC) and acquired cystic disease–associated RCC (ACD-

RCC) are the two subtypes for end-stage renal disease, which develop after long-term 

hemodialysis and have a indolent behavior [23]. CCP-RCC is characterized by clear 

cytoplasm with tubular and papillary structure [38]. In comparison to ACD-RCC, this type 

of end-stage renal cell neoplasm shows no loss or gains in the chromosome 7 as well as an 

intact VHL gene [39-41]. ACD-RCC has a eosinophilic and clear cytoplasm with papillary 
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architecture. The presence of calcium oxalate crystals has been also reported [42]. The 

disease displays gains in chromosome 7 and 17 [38]. 

1.2. SIGNALING PATHWAYS IN CLEAR CELL RENAL CELL CARCINOMA  

Cancer is a neoplastic disease originating from the unlimited growth of normal cells and its 

development is a multistep process. Therefore, a healthy cell requires some biological 

capabilities such as sustained proliferation, evading growth suppressors, and enabling 

immortality to be differentiated into a cancer cell. Especially in solid tumors, cancer 

progression follows the steps of  activated invasion, induced angiogenesis and metastasis. 

These biological processes are summarized as hallmarks of cancer in a comprehensive 

review that Hanahan and Weinberg published in 2000 [43]. Under physiological 

conditions, the signaling pathways mediating these biological processes are strictly 

controlled and abnormalities seen in these signaling pathways are mostly associated with 

tumorigenesis.  

ccRCC is the predominant malignant subtype with an incidence of 80-90 per cent among 

the other subtypes of RCC tumors. It is a epithelial neoplasm with high metastatic 

potential. Indeed, almost 30 per cent of ccRCC patients suffer from metastasis already at 

the diagnosis [10]. The high incidence of the disease drew the attention of many 

researchers to investigate the underlying signaling pathways contributing to its 

tumorigenesis. Owing to their attempt, VHL/ hypoxia-inducible factor 1 α (HIF-1α) and 

phosphatidylinositol 3-kinase (PI3K) /AKT protein kinase B (AKT) / mammalian target of 

rapamycin (mTOR) pathways were characterized as the main drivers for ccRCC 

cancerogenesis [44].  

1.2.1. VHL/HIF-1α Pathway 

The high vascularity and metastatic potential of ccRCC points out that angiogenesis is 

indispensible for its pathogenesis. In fact, deregulation of angiogenic signaling driven by 

hypoxia is reported for RCC tumors [44]. Besides being a common characteristic of solid 
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tumors, hypoxia plays a fundamental role especially for RCC malignancy, as most of 

ccRCC tumors have mutated VHL tumor-suppressor gene [45].   

Hypoxia as a signaling mechanism is driven by the hypoxia inducible factors (HIFs) and 

occurs when the physiological oxygen level decreases below 5 per cent (Figure 1.2). HIF 

proteins are transcription factors and especially hypoxia-inducible factor 1 and 2 (HIF-1/2) 

initiate the transcription of over 200 hypoxia-inducible genes that are known to regulate 

cellular processes such as angiogenesis, metastasis, and apoptosis [46, 47]. HIF-1α and 

HIF-1β proteins together forms the heterodimeric HIF-1 protein [48]. HIF-1α has an 

oxygen-dependent degradation domain (ODDD) that enables the oxygen sensitivity and is 

expressed under hypoxic conditions, whereas HIF-1β lacks this domain and is 

constitutively active [49].  

 

Figure 1.2. VHL/HIF-1α pathway [50]  

Under normoxia, enzyme prolyl-hydroxylase (PHD) uses oxygen together with ferrous 

iron to oxidize HIF-1α protein [51]. The hydroxylated HIF-1α is recognized by E3 

ubiquitin ligase complex comprised of VHL, elongin B, elongin C, and Cullin-2 proteins. 
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VHL protein within the complex then binds to and ubiquitinates the hydroxylated HIF-1α 

for its proteosomal degradation by 26S proteosome, which results in the inhibition of 

hypoxia- inducible gene expression [52]. However, PHD cannot hydroxylate the HIF-1α 

protein upon the hypoxic conditions, so that HIF-1α protein translocates into nucleus 

through aryl hydrocarbon receptor nuclear translocator (ARNT) [53, 54]. In nucleus, the 

binding of HIF-1α/1ß heterodimer to hypoxia response elements (HREs) triggers the 

recruitment of the cofactors including cAMP responsive element binding protein (CREB), 

E1A binding protein p300 (EP300), and jun proto- oncogene (c-JUN) to initiate the 

transcription of hypoxia-inducible genes, including  as platelet-derived growth factor 

(PDGF) and vascular endothelial growth factor (VEGF), which are necessary for 

angiogenesis (Figure 1.2) [50, 54].  

Previous studies have reported the elevated levels of HIF-1α in solid tumors such as breast, 

prostate, and renal carcinoma, where metastasis plays a crucial role in their malignancy. In 

case of renal cell carcinoma, overexpression of HIF proteins is mostly associated with the 

loss of VHL gene [55]. Especially, 80 per cent of ccRCC shows a sporadic feature with a 

point mutation in VHL gene and 4 per cent of patients with mRCC have hereditary history 

where VHL gene inheritably mutated [56, 57]. In either case, mutated VHL protein 

abolishes the hypoxic signaling because it can not fulfill its function of ubiquitination, 

which prevents  the proteosomal degradation of HIF-1α [58]. In this regard, the loss of 

function of both alleles of VHL gene in ccRCC that causes to constitutive activation of 

HIF-1α/2α even under normoxic conditions explains the high vascularity and the 

metastatic potential of ccRCC [54]. Based on few studies, the high levels of HIF-2α were 

also reported to be associated with RCC tumorigenesis [59]. 

In addition to the regulation of angiogenesis in solid tumors under hypoxic conditions, the 

transcription factor HIF-1α can mediate the transcription of numerous hypoxia-inducible 

genes that have diverse roles in broad spectrum of biological processes such as metabolism 

and proliferation. In this regard, GLUT1 and GLUT3 can be given as example for HIF-1α 

target genes other than VEGF [46]. It was reported that HIF-1α changes the direction of 

metabolism from tricarboxylic acid (TCA) cycle to glycolytic  pathway through expression 

of GLUT1 protein at the early onset of RCC tumor formation [60].  
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1.2.2. PI3K/AKT/mTOR Pathway 

PI3K/AKT/mTOR pathway is one of the central intracellular signal transduction pathways 

regulating a wide variety of crucial processes such as growth, survival, proliferation, 

migration of cells, and angiogenesis as a respond to extracellular or intracellular stimuli 

[61]. PI3K/AKT/mTOR pathway consist of different kinases and proteins that can also 

participate in other signaling cascades by interacting indirectly or directly with their 

components. This interplay provides a complex network localizing PI3K/AKT/mTOR 

pathway in the center. Any dysregulation in the steps of the PI3K/AKT/mTOR signaling 

cascade can affect other cellular mechanisms which can, in turn, result in tumorigenesis. In 

fact, overexpression or loss of function of some of pathway components has been validated 

in numerous cancer types [62], especially in RCC cancerogenesis [63]. 

1.2.2.1. PI3K/AKT Axis 

PI3K belongs to the lipid kinase family that phosphorylates phosphatidylinositol (PtdIns) 

lipids [64]. There are three classes of PI3K that differ from each other by the selectivity of 

lipid substrates and class I PI3K responds specifically to growth factors, cytokines, and 

hormones [65]. PI3K itself forms a heterodimer with regulatory p85α and catalytic p110α 

subunits [65]. Growth factors such as epidermal growth factor (EGF), platelet-derived 

growth factors (PDGF), insulin-like growth factor (IGF) and VEGF secreted through either 

paracrine or autocrine signaling bind to their corresponding receptor tyrosine kinases 

(RTKs) located on plasma membrane [66].  

Upon the growth factor binding, RTKs undergo auto-phosphorylation at tyrosine residues 

on their cytoplasmic domain that tethers PI3K and thereby inducing its kinase activity [63]. 

Activated PI3K phosphorylates the membrane phospholipid phosphatidylinositol-4,5-

bisphosphate (PIP2) to generate phosphatidylinositol-3,4,5- trisphosphate (PIP3). PIP3, 

then, enables the recruitment of phosphoinositide-dependent kinase 1 (PDK1)  and AKT to 

cell membrane through their pleckstrin homology (PH) domains, which catalyzes the 

phosphorylation of activation loop of AKT at Thr308 by PDK1 (Figure 1.3) [67]. In 

addition to Thr308 phosphorylation, AKT is phosphorylated at Ser473 located in the 
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hydrophobic motif by mTOR complex 2 (mTORC2) and this dual phosphorylation on 

different residues causes the maximum kinase activity of AKT [68, 69]. AKT is 

responsible for the regulation of different processes such as glucose transport and protein 

synthesis by mediating the phosphorylation of a variety of proteins. The AKT’s substrate 

specificity is determined by the phosphorylation of either Thr308 or Ser473 residues. In 

fact, effector proteins of p-AKT-Thr308 are identified as glycogen synthase kinase-3 

(GSK-3) and tuberous sclerosis complex 2 (TSC2), whereas p-AKT-Ser473 targets the  

forkhead box O1/3a (FoxO1/3a) protein [70]. Dephosphorylation of Thr308 residue by 

protein phosphatase 2 (PP2) and Ser473 residue by PH domain leucine-rich repeat 

phosphatase (PHLPP) abrogates the signal transduction through AKT [71].   

 

Figure 1.3. PI3K/AKT/mTOR pathway [72] 
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1.2.2.2. mTOR Pathway 

AKT kinase has a broad spectrum of effector proteins that participate in metabolism, 

proliferation, angiogenesis, and translation (Figure 1.3) [71]. The well-studied downstream 

effector of AKT is mTOR that is a serine/threonine kinase acting as the main molecular 

switch for the regulation of cell proliferation, survival, growth, and metabolism [73]. 

mTOR, a member of the phosphatidylinositol kinase-related kinase (PIKK) family, is 

identified through the discovery of antifungal compound rapamycin. Rapamycin is able to 

form a complex together with FK506-binding protein 12 (FKBP12) protein, which then 

binds to FKBP12-rapamycin binding (FRB) domain that is located between FAT and 

kinase domain of mTOR protein. The binding of  FKBP12-rapamycin complex to FRB 

causes inhibition of mTOR’s kinase activity (Figure 1.4) [74]. There are two functionally 

distinct multi-protein complexes that have the mTOR as a catalytic subunit within the 

complex. mTOR complex 1 (mTORC1) and mTORC2 are composed of different 

components and they differ in the biological processes that they mediate through their 

downstream target proteins [75]. mTORC1 complex consists of mTOR, regulatory-

associated protein of mTOR (Raptor), proline-rich AKT substrate 40 kDa (PRAS40), DEP-

domain-containing mTOR-interacting protein (Deptor) and mammalian lethal with Sec13 

protein 8 (mLST8) and regulates cell growth, cell cycle progression, macromolecule 

biogenesis or metabolism [75]. The activity of mTORC1 complex is selectively regulated 

by the PI3K/AKT pathway in response to growth factors. 

 

Figure 1.4. Structural organization of mTOR kinase [76] 

Once phosphorylated by PDK1 at Thr308, AKT is released from the plasma membrane and 

phosphorylates TSC2 (tuberin) protein within the tuberous sclerosis complex (TSC1/2) 
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[77]. TSC2 is a GTPase-activating protein (GAP) for Ras homolog enriched in brain 

(Rheb), a positive regulator of mTORC1 [78]. AKT catalyzes the phosphorylation of TSC2 

to prevent TSC2-mediated inhibition of Rheb, so that GTP-Rheb can not be converted into 

GDP-Rheb [79]. GTP-loaded Rheb interacts with mTORC1 complex through direct 

binding that triggers the kinase activity of mTOR [80]. AKT further controls the complex 

formation and the activity of mTORC1 by phosphorylating PRAS40, the inhibitory subunit 

of mTORC1, at Thr246 residue [81]. In addition to AKT, PRAS40 is also subjected to 

phosphorylation by mTOR at Ser221 residue to enable the substrate binding of Raptor [82, 

83]. Thereby, activated mTOR performs the phosphorylation of eukaryotic translation 

initiation factor 4E binding protein 1 (4E-BP1) and 70kDa ribosomal protein S6 kinase 1 

(S6K1) proteins, the mTORC1’s downstream targets, to initiate translation [84, 85].  

4E-BP1 is a small translation repressor protein that is responsible from the suppression of 

cap-dependent translation by direct binding to the eukaryotic initiation factor 4E (eIF4E) 

[86]. The inhibitory effect of 4E-BP1 protein on eIF4E is reversed through the 

phosphorylation of 4E-BP1, which occurs sequentially at threonine 37 (Thr37), threonine 

46 (Thr46), threonine 70 (Thr70), and serine (Ser65) residues by the active mTOR kinase 

[87]. Briefly, phosphorylation of 4E-BP1 leads to its dissociation from eIF4E, so that free 

eIF4E can bind to 5’ cap of mRNAs giving rise to the assembly of translation initiation 

machinery [88]. In addition to 4E-BP1 protein, activated mTOR kinase executes the 

phosphorylation of another target protein, S6K1, at Thr389. This phosphorylation event 

triggers the kinase activity of S6K1 resulting in the phosphorylation of ribosomal protein 

S6 at Ser235/236 and/or Ser240/244, a fundamental subunit of ribosomes, to facilitate the 

ribosome biogenesis [89, 90]. In addition to S6 phosphorylation, S6K1 can also 

phosphorylate S6K1 aly/REF-like target (SKAR) to stimulate mRNA biogenesis or 

eukaryotic translation initiation factor 4B (eIF4B) and programmed cell death 4 (PDCD4) 

to enable the cap-dependent translation.  In addition, eukaryotic translation elongation 

factor 2 kinase (eEF2K), another target protein of S6K1, takes place in the translation 

elongation (Figure 1.5) [91].  
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Figure 1.5. The downstream target proteins of S6K1, adapted from Ma and Blenis 2009 

[91] 

mTOR, rapamycin-insensitive companion of mTOR (Rictor), mammalian lethal with 

Sec13 protein 8 (mLST8), Deptor, and mammalian stress-activated protein kinase 

interacting protein (mSin1) form mTORC2 complex (Figure 1.3). The conserved function 

of the complex is the maintenance of cell survival and the regulation of cytoskeletal 

organization [75]. Like mTORC1, the activity of mTORC2 is controlled by the growth  

factors through PI3K/AKT axis [92], however, the direct mechanism for this regulation 

still remains unclear. Depending on the type of growth factor, mTORC2 phosphorylates a 

different target protein. AKT, protein kinase C alpha (PKCα), and serum glucocorticoid-

induced protein kinase 1 (SGK1) and are AGC kinases and characterized as downstream 

effectors for mTORC2 [93]. The signaling triggered by growth factors initiates the auto-

phosphorylation of mTOR at Ser2481, which is believed to be the marker for an active 

mTORC2 complex [94]. Active mTORC2, then, phosphorylates its well-studied substrate, 

AKT, at Thr450 and Ser473, which controls promotes cell survival by phosphorylating the 

pro-apoptotic proteins such as procaspase-9, BAD, and apoptosis signal regulation kinase 1 

(ASK1) [69, 95]. Additionally, AKT together with SGK1 phosphorylated at Ser422 by 

mTORC2 can block apoptosis by targeting the transcription factors, FoxO1/3a, that is 

responsible for the transcription of genes coding the cell cycle inhibitors [70, 96]. In 

addition, mTORC2 participates in the regulation of actin cytoskeleton by activating PKCα 

that further elevates the migration potential of cells [97].  
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1.2.2.3. Regulation of PI3K/AKT/mTOR Pathway  

PI3K/AKT/mTOR pathway mediates the signal transduction induced by growth factors to 

promote critical cellular processes that maintain the vitality of cells. Owing to its pivotal 

role, pathway is strictly regulated by feedback loops that act either upstream or 

downstream of the signaling cascade to prevent development of any cellular abnormalities. 

A lipid phosphatase, phosphatase and tensin homolog on chromosome 10 (PTEN), is an 

upstream negative regulator of PI3K and performs the dephosphorylation of PIP3 into PIP2 

resulting in the interruption of signal transduction from RTKs to mTOR through AKT [98]. 

Loss of PTEN function caused by mutations or deletions was observed in a variety of 

human cancers including kidney cancer [99].  

Additionally, the signal trafficking through PI3K/AKT axis can be blocked by mTORC1 

complex, where mTORC1 counteracts its own activity by inducing the negative feedback 

mechanisms. In this regard, PI3K pathway was inhibited by mTORC1 through 

phosphorylation of growth factor receptor–bound protein 10  (Grb10) that serves as a 

negative regulator of the insulin-induced PI3K/AKT signal cascade [100]. In another 

mechanism, S6K1 phosphorylates insulin receptor substrate 1 (IRS1) at Ser302 to block 

growth factor-induced signaling of PI3K/AKT [101]. Furthermore, S6K1 inhibits 

mTORC2-mediated AKT phosphorylation at S473 by phosphorylating Rictor at Thr1135 

site upon growth factor stimulus [102, 103].  

1.2.2.4. mTOR Pathway and Renal Cell Carcinoma 

Human cancers are mostly associated with the gain-of-function or loss-of-function 

mutations and abnormalities observed in the regulation of molecular mechanisms, 

especially those mediating the cell survival. mTOR pathway, the main regulator of cell 

survival, has been intensively reported as being affected in many types of cancers such as 

non-small cell lung carcinoma (NSCLC), breast cancer, colon cancer, and kidney cancer 

[62]. The participation of mTOR pathway in renal diseases ranges from the polycystic 

kidney disease to intrarenal inflammation and RCC [104]. In many types of cancer, the 

studies revealed that the mutations affecting this cell signaling pathway are considered as 



14 
 

 

oncogenic. Especially, PTEN, the negative regulator of PI3K, is listed as the second tumor 

suppressor gene after p53 gene as being frequently mutated in human cancers. Besides 

PTEN, PIK3CA coding for catalytic subunit p110α of PI3K is another gene that is highly 

mutated in cancers after KRAS oncogene. However, mutations in PTEN and/or PIK3CA are 

not frequently observed in RCC, when the importance of PI3K/AKT/mTOR pathway for 

RCC tumorigenesis is considered [63].  

 

Figure 1.6. Interplay between HIF/VHL and PI3/AKT/mTOR pathways, adapted from 

Bielecka et al. 2014 [45] 

The angiogenic signaling mediated by VHL/HIF-1α  pathway is the major contributor of  

high vascularity and metastatic potential in ccRCC. Almost 75 per cent of ccRCC tumors 

are characterized as being VHL-deficient [45]. The VHL deficiency ensures the 

stabilization of HIF-1α protein that executes the angiogenesis through constitutive 

transcription of VEGF under growth factor stimulation [49]. The autocrine signaling of 

VEGF facilitates the interplay between VHL/HIF-1α pathway and PI3K/AKT/mTOR 

signaling that provides a positive feedback loop by participating in the translation of HIF-

1α protein (Figure 1.6) [63, 105]. In fact, the upregulation of HIF-1α and HIF-2α was 

observed in RCC tumors [59, 106]. The overexpression of HIF-2α mediated by mTORC2 

seems to be more critical in RCC tumorigenesis ratifying a pro-proliferative feature [107, 

108].  This cross talk between two pathways implements a complex signaling network that 

is essential for RCC development. Additionally, it also explains the high activity of mTOR 

signaling, although the occurrence of mutations in genes such as PTEN and PIK3CA is a 

rare event in RCC [109].  
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1.2.3. Feedback Loops Activating mTOR Pathway 

The acquired drug resistance is the major limitation confronted during cancer treatment 

with the current molecularly targeted therapies. Different molecular mechanisms 

facilitating or promoting the drug resistance was proposed for various cancer types. In 

general, resistance mechanisms mediate the activation of survival pathways or down-

regulation of programmed cell death [110]. Besides their particular role in regulating these 

critical survival processes, they can also induce epithelial mesenchymal transition (EMT) 

and epigenetic modifications or alter the drug metabolism leading to the inactivation of 

drugs [111]. Among many malignant and solid tumors, mRCC tumors that have already 

showed resistance to the traditional therapies tend to enable insensitivity to the targeted 

agents [112]. A number of feedback mechanisms are proposed that dedicatedly coordinate 

the interplay between signaling cascades to provide a survival advantage to mRCC tumors 

[113]. The activation of PI3K/AKT pathway, loss of negative feedback loops or 

overexpression of anti-apoptotic proteins are the main examples for the characterized 

resistance mechanisms participating in the failure in drug response for mRCC tumors.  

1.2.3.1. Loss of Negative Feedback Loops  

AKT activation mostly serves as a possible biomarker for the acquired everolimus 

resistance observed in mRCC tumors [114]. Generally, the loss negative feedback loops 

activates the signaling cascade through PI3K/AKT axis, and thereby, they fully participate 

in the development of drug-resistance [115]. 

A negative feedback loop activated by mTORC1 is responsible to block IGF signaling 

using S6K1 protein. IGF signaling is responsible for the maintenance of cell growth, 

proliferation, and metabolism  [116]. The signal transduction begins through the binding of 

IGF-1 to its corresponding receptor tyrosine kinase, IGF-R1, located on the cell membrane. 

The interaction of IGF-R1 with its ligand triggers the recruitment of the adaptor protein, 

IRS-1, to the cytoplasmic region of the RTK [117]. IRS-1, further, interacts with p85α 

subunit of PI3K to activate PI3K/AKT/mTOR pathway [118]. The active mTOR pathway, 

further, regulates the expression of IRS-1 through S6K1 protein. Besides, S6K1 
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phosphorylates IRS-1 protein at Ser302 to block the IGF-induced signaling cascade [101]. 

In case of rapalog treatment, the loss of S6K1 activation causes the stabilization of IRS-1 

that contributes to the stimulation of PI3K/AKT axis by IGF signaling [119]. Everolimus 

resistance mediated-IGF signaling was observed in prostate cancer and acute myeloid 

leukemia [119, 120]. Moreover, IGF-induced AKT phosphorylation was reported in the 

multiple myeloma cells, rhabdomyosarcoma cell lines and xenograft mouse models [121, 

122].  

The loss of S6K1 as a consequence of mTORC1 inhibition also influence the RAS/ 

mitogen-activated protein kinase (MAPK) pathway through PI3K-dependent IGF-1/IRS-1 

signaling [123]. MAPK pathway is a complex network of kinases that are responsible for 

the transduction of extracellular stimuli to nucleus to activate the corresponding genes 

regulating the cell growth, cell differentiation, cell proliferation, and apoptosis [124].  The 

interplay between mTOR and MAPK pathways was first shown by Carracedo et al., where 

they proposed a negative feedback regulation of MAPK pathway by mTORC1 [123]. Their 

study showed an increase in the protein levels of phosphorylated extracellular signal-

related kinase (ERK), the final executer of MAPK pathway, in the tumor samples of 

metastatic melanoma, breast and colon cancer derived from patients treated with 

everolimus [123]. Therefore, the activation of MAPK pathway is accepted as a feedback 

loop for the adaptive rapalog resistance [115].  

In addition to the above mentioned feedback loops, another reason for the acquired rapalog 

resistance observed in mRCC tumors is the molecular switch from mTORC1 to mTORC2. 

Differently from mTORC1, mTORC2 complex is rapamycin insensitive and this 

insensitivity is provided by its constituent rictor [125] that is phosphorylated by S6K1 at 

Thr1135 [102, 103, 126]. Phosphorylated rictor blocks the mTORC2 complex to 

phosphorylate AKT at Ser473, thus providing a negative feedback loop [69]. Upon rapalog 

treatment, mTORC1 can not activate S6K1, and thereby loses its inhibitory effect on 

mTORC2, which causes the constitutive activation of AKT observed in rapalog-resistant 

mRCC [127, 128].  

Additionally, active mTORC2 provides an interplay between mTOR and HIF pathways by 

upregulating the overexpression of HIF-2α that plays a major role in tumorigenesis [129]. 

HIF-2α is predominantly expressed in kidney and mediate the transcription of genes 
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including VEGF and Cyclin D1 [130, 131]. Elevated levels of HIF-2α was also reported in 

mRCC as a critical player for its pathogenesis [107]. As mTORC2 is insensitive to 

rapamycin, rapamycin analogs could not downregulate HIF-2α expression, which limits 

the efficacy of mTORC1 targeted therapy in mRCC. 

Mutations that occur in FKBP12 or mTOR genes can also participate in the adaptive 

rapalog resistance, as they will impair the interaction of rapamycin and its analogs with 

FKBP12 or the rapamycin-FKBP12 complex with mTOR [113].  

1.2.3.2. FKBP Proteins 

FK506 binding proteins (FKBPs) belong to the immunophilin family that bind to the 

naturally occurring immunosuppressive agents, FK506 (tacrolimus) and rapamycin. 

FKBPs mainly act as chaperons as they participate in biochemical functions such as 

protein folding and protein trafficking. Besides their regulatory role during T-cell 

activation,  they exhibit neuroprotective effects as they have been found to be abundantly 

expressed in neurons [132]. FK506 binding affinity and peptidylprolyl cis/trans isomerase 

(PPIase) activity are conserved in the canonical family members such as FKBP12, 

FKBP51, and FKBP52.  FKBP38 is the non-canonical protein of the family as it neither 

possess PPIase activity nor binding affinity for FK506 due to lack of amino acid Trp59 

residue within the FK506 binding domain (FKBD) [133, 134].  

In comparison to FKBP12 that contains only FKBD domain, FKBP38 is a high molecular 

weight protein comprising FKBD, three units of tetratricopeptide repeats (TPRs), 

calmodulin binding domain (CBD), and  transmembrane domain (Figure 1.7) [132, 133]. 

TPR domains enable the interaction of FKBP38 with anti-apoptotic proteins, including 

Bcl-2 and Bcl-xL [135], while through the FKBP-C within FKBD domain, FKBP38 

interacts with Rheb and mTOR [136]. FKBP38 also associates with presenilin 1/2 and S4 

subunit of proteosome through the TPR domains [137, 138]. The presence of a 

transmembrane domain in the structure enables FKBP38 to anchor at membranes of 

mitochondria and ER suggesting that  FKBP38 protein can perform various undefined 

functions within the cells.  
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Figure 1.7. Domain organization of FKBP38, adapted from Kang et al. 2008 [132] 

The relation of FKBP38 protein with mTOR pathway was first identified through a yeast 

two-hybrid screen performed to determine the putative interaction partners of Rheb [139]. 

The studies reported that the inhibitory effect of FKBP38 on mTORC1 complex, which is 

characterized by a decrease in the phosphorylation of mTORC1’s downstream effector 

proteins, was lost through the interaction of FKBP38 with Rheb.GTP in the presence of 

insulin and nutrients (Figure 1.8) [136, 139, 140].  

Besides mTOR and Rheb, Bcl-2 protein has been validated as an interacting partner of 

FKBP38 [142]. Bcl-2 has an unstructured flexible loop between BH4 and BH3 domains 

that is subjected to posttranslational modifications (PTMs) such as c-Jun N-terminal kinase 

(JNK)-mediated phosphorylation at Thr56, Ser70, and Ser87 [143]. The studies revealed 

that the specific binding of FKBP38 to this flexible loop prevents the phosphorylation of 

Bcl-2, and thereby, its proteosomal degradation [134]. FKBP38 interaction with the 

flexible loop protects Bcl-2 protein from the caspase-mediated cleavage, as Asp34 residue 

located at this unstructured loop of Bcl-2 protein was identified as a cleavage site for 

caspase 3 [135, 144]. This interaction further enables the localization of Bcl-2 protein into 

mitochondrial outer membrane (MOM), which results in the inhibition of apoptosis [142]. 

In fact, the knockdown of FKBP38 by siRNA was reported to reduce the Bcl-2 protein 

level concomitant with the induction of apoptosis, which was characterized by PARP 

cleavage and increased caspase 3 activity [145]. According to these findings, the interplay 

between FKBP38 and Bcl-2 has been suggested to maintain the chemoresistance in cancer 

cells overexpressing Bcl-2 protein [135]. 
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Figure 1.8. Interaction between FKBP38 and mTOR/ Rheb, adapted from Zheng et al. 

2014 [141] 

Besides the regulation of mTORC1 activity through competing with FKBP38, the 

interaction of Rheb with FKBP38 also contributes to apoptotic process. According to the 

study of Ma et al., Rheb blocks the FKBP38-Bcl-2 interaction under the nutrient-rich 

conditions, once Bcl-2 is transported to mitochondrial outer membrane, suggesting an 

inhibitory role of Rheb on apoptosis [84]. Additionally, a recent paper proposed a 

regulatory role for FKBP38 during the interplay between Bcl-2 and mTORC1 complex, 

where it demonstrated that the association of the decreased mTORC1 activity with the 

siRNA-silenced Bcl-2 protein [146].  

1.3. BCL-2 FAMILY MEDIATED APOPTOSIS  

Apoptosis is the term used for a programmed cell death mechanism playing a major role in 

the regulation of diverse biological functions including maintenance of tissue homeostasis, 

elimination of damaged cells and pathogens. Besides, apoptosis is a necessary process 

occurring during embryogenesis. The hallmarks of apoptosis have been characterized 

according to the morphological changes that a cell undergoes during cell death process. 

Cell shrinkage, chromosomal condensation, DNA fragmentation can be given as main 

examples for the morphological alterations [147].  

Extrinsic and intrinsic apoptotic pathways are two fundamental signal transduction 

pathways of apoptosis mediating cell death by respectively transducing extracellular and 

intracellular death signals to caspase cascade. Although both induce the activation of 
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caspase cascade at the final step of the apoptotic program, the mechanisms how they 

mediate the execution of apoptosis as well as the components that are involved in the 

process are quite different. Extrinsic apoptosis is a receptor-mediated cell death whose 

activation is triggered upon the binding of extracellular death-inducing ligands to death 

receptors located on plasma membrane, whereas intrinsic apoptosis initiates 

mitochondrion-mediated cell death as a response to intracellular abnormalities and tightly 

regulated by the orchestra of Bcl-2 family members [148]. 

Considering the extensive contribution of apoptosis in cell homeostasis, any aberrant 

regulation of proteins involved in apoptotic process can cause cancer development and 

severe disorders [149]. Besides, cancer cells have the ability of evading apoptosis to 

sustain their survival, which is one of the current limitations confronted during cancer 

treatment. To circumvent this problem, therapeutic agents targeting specifically apoptotic 

proteins were developed showing therapeutic benefits in the management of several 

malignancies [150].  

1.3.1. Bcl-2 Family 

Bcl-2 protein, the first identified member of the family, was determined as a transcript of 

bcl-2 gene that was discovered near breakpoint between chromosomes 14 and 18 in human 

follicular B-cell lymphoma [151]. The translocation of bcl-2 gene under the 

immunoglobulin heavy chain (IgH) gene enhancer Eµ results in the constitutive expression 

of Bcl-2, which is suggested to associate with pathogenesis of the lymphoma [152]. Instead 

of promoting cell proliferation, which is attributed to oncogenes, Bcl-2 provides a survival 

advantage for B-cell lymphoma [153, 154]. The intensive study in this field resulted in the 

discovery of other Bcl-2-related genes such as Bcl-xL, another negative regulator of 

apoptosis [155]. The first insights about the structural organization of Bcl-2 and its 

relatives came from the NMR analysis of Bcl-xL. This study revealed that Bcl-xL protein 

consists of seven α helices, a flexible loop between α1 and α2, and four Bcl-2 homology 

(BH) regions [156]. According to the findings obtained during last decades, a number of 

Bcl-2-related proteins were identified and divided into three classes (Figure 1.9). These 

proteins differ in their activities that they perform during apoptosis as well as in the 
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number of BH domains in their structure. The class of anti-apoptotic Bcl-2 proteins is 

comprised of Bcl-2, Bcl-xL, Bcl-w, A1, and Mcl-1 and responsible for the inhibition of 

apoptotic induction, whereas Bax, Bak, and Bok, the pro-apoptotic proteins, carry out the 

initiation process. The proteins in both groups contain four BH domains and nine α helices 

in their structure [157].  

 

Figure 1.9. The Bcl-2 family, adapted from Czabotar et al. 2014 [157] 

The execution of apoptosis merely based on the direct interaction between anti- and pro-

apoptotic Bcl-2 proteins on MOM. Before their association, however, these proteins 

require the communication with BH3-only proteins that comprised the third class of the 

family. As the name indicates, these proteins possess only BH3 domain in their structure 

and play a balancing role between their pro- and anti-apoptotic counterparts [158]. Bim, 

Bid, Bik, Bad, Bmf, Hrk, Puma, Noxa, and Bnip3 are the examples of BH3-only proteins 

[159]. The structural differences in BH3 domain provides BH3-only proteins a target 

selectivity to act either as sensitizers or activators [147, 160]. Indeed, Bim, Puma, and tBid 

(the active form of Bid) have a broad selectivity enabling them to interact with both pro- or 

anti- survival Bcl-2 proteins [150]. Among sensitizers, Bad and Bmf targets specifically 

Bcl-2, Bcl-xL, and Bcl-w, whereas A-1 and Mcl-1 are the binding partners of Noxa [161]. 

This precise and organized interplay between Bcl-2 family members is maintained by their 

protein-protein interaction through the conserved BH3 domain [162, 163].  
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1.3.2. Execution of Intrinsic Apoptosis through MOMP 

The main characteristic of the intrinsic apoptosis is the disruption of the mitochondrial 

outer membrane (MOM) integrity [159]. As a response to apoptotic stimuli, MOM 

undergoes permeabilization that is carried out by pro-apoptotic Bax and Bak proteins 

[164]. Bax and Bak differ by their cellular localization as well as through binding affinities 

for their anti-apoptotic counterparts [165, 166]. Under physiological conditions, the 

binding of corresponding anti-apoptotic Bcl-2 proteins inhibits Bax and Bak [167]. Bak 

that is constitutively bound to MOM interacts primarily with Bcl-xL and Mcl-1, whereas 

Bax is free in cytoplasm and targets Bcl-2 and Bcl-xL for binding once translocated onto 

MOM. Like Bak, Bcl-2 is also tightly bound to MOM, whereas Bcl-xL, Bcl-w, and Mcl-1 

require conformational changes to be inserted into MOM (Figure 1.10) [168]. 

Upon apoptotic stimuli, the sensitizer BH3-only proteins (Bad, Bik, Bmf, Bnip3, Noxa, 

and Hrk) interacts with pro-survival proteins to interrupt their association with Bak or Bax. 

These sensitizer BH3 proteins do not possess the ability of direct binding to Bax and Bak 

[170].  Meanwhile, activator BH3-only proteins (Bim, Puma, and tBid, the cleaved form of 

Bid) that are able to interact both anti- and pro-apoptotic proteins, translocate to the MOM 

through their mitochondria targeting sequences (MTS). This binding of BH3-only proteins 

to MOM recruits cytosolic Bax to the MOM where it interacts with the membrane-bound 

Bak [171]. This interaction further leads to a conformational change in Bax’s α1 helix to 

catalyze the insertion of α5, 6 and 9 helices into the MOM [172]. Bax stably inserted into 

MOM can reciprocally dimerize with other Bax or Bak proteins through its α2 helix 

corresponding to BH3 domain [173]. These Bax/Bax homodimers or Bax/Bak 

heterodimers can oligomerize and, thereby form a pore about 5 nm in diameter on the 

MOM [174]. The pore formation can now enables the cytochrome c leakage into cytosol 

[175]. The continuous oligomerization further increases the diameter of already existing 

pore resulting in the efflux of larger proteins such as pro-caspase 9 and Smac/Diablo. 

Under the presence of ATP, the interaction of cytosolic cytochrome c with Apaf-1 recruits 

pro-caspase 9 in order to form a wheel-like structure named apoptosome [176]. 

Apoptosome complex triggers the proteolytic cleavage of pro-caspase 9 into active caspase 

9 that initiates cellular destruction by the activating of caspase 3, 6 and 7 [177, 178]. 
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Figure 1.10. Mechanism of intrinsic apoptosis, adapted from Youle and Strasser 2008 

[169] 

1.4. TREATMENT OF METASTATIC RCC 

Renal cell carcinoma is the prominent malignancy of kidney and accounts for 2-3 per cent 

of all adult tumors [3]. 70-75 percent of RCC patients are diagnosed with ccRCC at locally 

advanced stage, where almost 20-30 per cent of patients suffers from metastasis [179]. 

Radical nephrectomy, nephron sparing surgery (especially for bilateral RCC and RCC 

having high risk of tumor growth, and for patients with solitary kidney only), and 

laparoscopic nephrectomy (radical or partial) are the surgical operations for the localized 

mRCC [180]. In addition, minimal alternative treatments such as cryoablation, 

percutaneous radiofrequency (RF) or microwave therapy are the other medical attentions 

[181]. Although the surgery increases the survival rate about 85 per cent, patients are 

susceptible to the development of metastasis during follow-up period [182]. Low response 
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rate and resistance observed with standard chemotherapeutics during treatment of mRCC 

indicates that mRCC patients might benefit more from systemic therapy [183, 184].  In this 

regard, the cytokine therapy with high-dose interleukin 2 (IL-2) showed tumor regression 

that is durable for 10 months, whereas no durable response was observed with interferon-α 

(IFN-α) [185, 186]. The disadvantage of IL-2 therapy was the toxicity-associated severe 

side effects including capillary leak syndrome (CLS), arrhythmia, hypotension, nausea, 

vomiting, and diarrhea, which requires the selection of patients without organ failure as 

well as an intensive observation of patients during therapy [187, 188]. Therefore, the lack 

of survival benefit and the elevated toxicity of immunotherapy with IL-2 and IFN-α 

interfered with their use in mRCC treatment [189, 190].  

The identification of signaling mechanisms participating in RCC tumorigenesis gave rise 

to the development of targeted therapy, which is accepted as the first treatment option for 

patients suffering from cytokine-refractory mRCC. Reports revealed that the use of the 

novel agents ameliorate the advantage of survival rate about two fold [191]. There are 

seven therapeutic agents currently used in clinic for mRCC treatment. These agents, 

namely sorafenib, sunitinib, bevacizumab, pazopanib, axitinib, temsirolimus, and 

everolimus are divided into two main groups according to their target mechanisms [192]. 

The first group is composed of sorafenib, sunitinib, pazopanib, and axitinib, which are 

tyrosine kinase inhibitors (TKIs) specifically targeting the highly expressed VEGFR. In 

addition to TKIs, bevacizumab can also be used as it is an humanized antibody against 

VEGF. The first group, therefore, is responsible for the suppression of RCC progression 

through the inhibition of angiogenesis [193, 194]. The second group of drugs contains 

temsirolimus and everolimus, so called rapalogs, that target mTOR pathway, the main 

mediator of cell growth, cell survival, cell proliferation and angiogenesis [73]. All 

molecular targeted agents mentioned here are further divided into two groups according to 

their administration line. Sunitinib, pazopanib, bevacizumab, and temsirolimus are used in 

the first-line setting, whereas sorafenib, axitinib, and everolimus are administered to 

mRCC patients as a second-line therapy [194].  
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1.4.1. Molecular Targeted Therapy  

ccRCC, the most prevalent subtype of RCC tumors, is a epithelial neoplasm with a high 

metastatic potential. Metastasis is mostly observed during diagnosis or follow-up period 

after the surgery of patients diagnosed with advanced RCC. The identification of the 

molecular aspects underlining the tumor-associated vasculature of mRCC paved the way 

for the idea of the targeted therapy. Hence, many therapeutic agents were developed to 

specifically target the molecular mechanisms defining RCC tumorigenesis. Currently, there 

are seven therapeutics approved by FDA for the curative therapy of ccRCC as alternative 

cancer treatment to immunotherapy which exhibits a low efficacy. These therapeutics 

listed in Table 1.1 are classified as TKIs and mTOR inhibitors, and their aim is to increase 

the PFS of mRCC patients by blocking the VEGF-mediated angiogenesis in endothelial 

cells.  

Table 1.1. List of drugs approved for the treatment of patients diagnosed with advanced 

and/or metastatic RCC 

Generic Name 
Brand 

Name 

FDA 

Approval 

(Year) 

Target Molecule 
Administration 

Line 

Sorafenib Nexavar 2005 
Raf-1, VEGFR (1,2,3), 

PDGFR-β, Flt-3, c-kit 
2nd Line 

Sunitinib Sutent 2006 VEGFR-2, PDGFR 1st Line 

Pazopanib Vatrient 2009 
all VEGF and PDFG 

receptors 
1st Line 

Axitinib Inlyta 2012 VEGFR (1,2,3) 2nd Line 

Bevacizumab Avastin 2009 VEGF-A isoforms 1st Line  

Temsirolimus Torisel 2007 mTOR 1st Line 

Everolimus Afinitor 2009 mTOR 2nd Line 
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1.4.1.1. Tyrosine Kinase Inhibitors 

TKIs inhibit a wide variety of tyrosine kinase receptors and disrupt the signal transduction 

activating angiogenic signaling. Their action mechanism is very similar, although they 

differ from each other in the duration of PFS and side effects that they exhibit [195]. 

Sorafenib is a first-generation TKI approved by FDA in 2005 for the treatment of patients 

with advanced RCC tumors [196]. Sorafenib targets the RAF/MEK/ERK pathway 

especially by inhibiting a broad spectrum of RTKs including VEGFR 1-2-3, PDGFR-β, 

Flt-3, c-kit, and as well as serine threonine kinase Raf-1[197]. Sorafenib monotherapy is 

accepted as the second line treatment for patients with cytokine-refractory and intermediate 

risk mRCC and shows a PFS of 5.5 months [198]. Diarrhea, nausea and hypertension were 

reported as severe side effects of sorafenib [199].  

Sunitinib is another first generation TKI approved by FDA in 2006 as standard cure for the 

advanced ccRCC patients [196]. VEGFR-2 and PDGFR-α are the target molecules 

inhibited more potently among the other RTKs by sorafenib [200]. The agent administered 

in the first-line setting showed a PFS of 11 months in treatment-naïve patients and overall 

survival (OS) of 26.4 months [201, 202]. In addition to adverse effects including diarrhea, 

nausea, and fatigue observed with sorafenib treatment, the most severe site effect reported 

for sunitinib monotherapy is the cardiac toxicity [203, 204].  

Pazopanib is a second generation multitargeted TKI developed to block all VEGF and 

PDGF receptors [205]. FDA approved the use of pazopanib for mRCC patients in 2009 

which provides PFS about 9.2 months in treatment-naïve patients or patients subjected to 

the cytokine therapy [206, 207]. Pazopanib monotherapy is administered in the first-line 

setting for good or intermediate risk mRCC patients as an alternative to sunitinib 

monotherapy due to its tolerability [188, 194]. In addition to gastrointestinal side effects, 

hepatotoxicity was observed with pazopanib treatment [199, 208]. 

The third generation TKI, axitinib, selectively inhibits the VEGFR-1, 2, and 3 [209]. In 

2012, the drug was approved by FDA for standard treatment of mRCC patients with failure 

to immunotherapy in a second-line setting with a PFS of  6.7 months  [210]. In addition to 

gastrointestinal symptoms as adverse effects, the drug exhibits a higher risk of 

hypertension compared to the other TKIs [211, 212]. 
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Another comprehensive subject in the field of molecular targeted therapy is the therapeutic 

benefit of monoclonal antibodies that are utilized to target specific proteins participating in 

the angiogenic signaling. Bevacizumab is a monoclonal humanized antibody designed to 

particularly neutralize all isoforms of pro-angiogenic VEGF-A [213]. FDA gave approval 

for bevacizumab in 2009 to be utilized as the first-line treatment together with IFN-α 

[196]. The combination of bevacizumab with IFN-α increased PFS up to 10.2 months for 

good or intermediate risk mRCC patients [214]. Hypertension, anorexia and fatigue are 

reported as adverse effects of bevacizumab and IFN-α combination therapy [215].    

1.4.1.2. mTOR Inhibitors 

mTOR inhibitors are designed to suppress the tumor cell growth, cell proliferation and 

neovascularization by inhibiting the activity of mTOR. They are the derivatives of 

rapamycin that forms a complex with its intracellular receptor, FKBP12 [216]. This 

complex exclusively binds to mTOR’s FRB domain to impair the interaction between 

mTOR and raptor, thereby preventing the initiation of translation by mTORC1 [217]. In 

comparison to mTORC1, mTORC2 is insensitive to rapamycin and this insensitivity is 

attributed to the existence of rictor, the regulatory protein for mTOR kinase in complex 2 

[125]. However, it was reported that rapamycin-insensitivity of mTORC2 can be reversed 

by the prolonged treatment of rapamycin through the disruption of complex formation [69, 

218].  

There are currently two mTOR inhibitors, temsirolimus and everolimus, which were 

approved by FDA for the therapy of patients with metastatic ccRCC [196]. Both 

temsirolimus and everolimus are analogues of rapamycin that was identified as an 

antifungal antibiotic isolated from the bacteria Streptomyces hygroscopicus [74]. Initially, 

rapamycin showed the ability to suppress the immune response that enabled its use in 

organ allografting to inhibit the rejection [219]. In fact, FDA approved the use of 

rapamycin in combination with cyclosporine in clinic for the patients undergone renal 

allografts [220, 221]. Almost a few years later after its discovery, investigations performed 

in solid tumors such as colon and brain pointed out the antitumor activity of rapamycin 

[222]. Growing evidence of in vitro studies further revealed that rapamycin causes growth 

arrest of cells originated from cancers including SCLC, neuroblastoma, prostate cancer, B-
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cell lymphoma, and osteosarcoma [223]. Further, Luan et al. suggested that rapamycin 

treatment could block tumor growth and progression of metastasis in in vivo model of 

murine RCC [224].  Although in vitro and in vivo studies could potentiate the use of 

rapamycin in clinic, the low solubility in water made its clinical utility impossible [223]. In 

comparison to rapamycin, its analogue temsirolimus exhibited better solubility that 

facilitates its intravenous administration [196]. Therefore, temsirolimus is approved by 

FDA in 2009 for the cure of advanced RCC patients as the first-line therapy [196, 225]. 

The monotherapy with temsirolimus showed a PFS of 3.8 months for the poor risk mRCC 

patients who were not subjected to any treatments with targeted agents [226]. Additionally, 

the drug provided therapeutic benefit for patients diagnosed with non-clear cell RCC as 

well as for patients who did not undergo nephrectomy [227, 228]. Rash and mucotitis are 

the adverse events reported for temsirolimus treatment [226].  

Everolimus (RAD001) is the second mTOR inhibitor approved by FDA in 2009 for the 

treatment of sorafenib/sunitinib refractory mRCC patients as a second-line therapy [229]. 

In comparison to temsirolimus, everolimus is an orally bioavailable agent. A phase I study 

performed to estimate the convenient dose of everolimus demonstrated good response in 

solid tumors including RCC [230]. Phase II trial with advanced mRCC patients showed 

antitumor activity of everolimus [231]. Later, Motzer et al. conducted a phase III trial with 

416 mRCC patients who were subjected to prior TKI therapy. The study revealed a median 

PFS for 4.9 months. The observed adverse effects were dyspnea and fatigue. Importantly, 

the side effects associated with TKI treatment were not reported for everolimus 

monotherapy [232]. Of note, a recent meta analysis performed by Pal et al. indicated that 

any agent of TKI chosen for the first-line therapy did not affect the consequence of 

everolimus treatment in a second-line setting [233]. The promising efficacy of everolimus 

observed for mRCC opened the way to investigate its potent therapeutic role in other 

malignancies. In this regard, there are ongoing phase II trials that study the antitumor effect 

of everolimus in several cancers such as mantle cell lymphoma, gliablastoma and breast 

cancer [234]. Besides its therapeutic success, the main issue confronted with rapalog 

treatment is the limitation of the therapy due to the development of drug resistance [97]. In 

fact, the acquired resistance against rapalogs causes to insufficiency of therapy to decrease 

the mortality rate and/or increase the duration of PFS. The studies investigating the 

possible reasons for the generation of resistance draw attention towards the feedback loops 
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and the interconnected molecular mechanisms that are activated upon the inhibition of 

mTOR pathway [115].  

1.4.2. Recent Advances in mRCC Treatment 

The limited response of mRCC patients to current treatments has accelerated the search for 

other molecular targeted agents providing better efficiency and less toxicity. Recent 

advances revealed that there are a number of new therapeutics that are still under 

investigations in terms of clinical trials. The main purpose of these novel therapeutics is to 

overcome the rapalog-resistance encountered during mRCC treatment. Given the suggested 

participation of several feedback loops activated by PI3K/AKT axis and mTORC2 

complex in the acquired rapalog resistance, several attempts were performed to develop 

novel therapeutics targeting those pathways. In fact, molecular targeted agents such as 

NVP-BEZ235, GDC0980, BEZ235,  GDC0890 and GSK1059615 have been designed to 

block specifically both PI3K and mTOR kinases, whereas AZD8055 and AZD2014 solely 

target mTORC1/mTORC2 [235]. Among these drugs, especially NVP-BEZ235, and 

AZD2014 were tested in mRCC patients to compare their efficiency with the rapalog 

treatment.  

NVP-BEZ235 is a dual-drug targeting ATP-binding domain of pan class I PI3K and 

mTOR kinase. Although preclinical study revealed the growth arrest both in vitro and in 

vivo settings, phase II study has been terminated due to severe adverse affects [236, 237]. 

In addition, phase I study is completed, which is conducted for the use of BEZ235 in 

combination with everolimus in 2015. However, the results of the study has not been 

reported yet. In comparison to NVP-BEZ235, AZD2014 is designed to merely inhibit 

mTOR kinase activity in mTORC1 and mTORC2 complexes. According to preclinical 

study indicating the higher efficiency of AZD2014 compared to rapamycin and RAD001, 

investigation for dose determination was performed as phase I trial in patients with the 

advanced solid tumors and the convenient dose for phase II was reported [238, 239]. 

However, phase II study conducted in VEGF-refractory mRCC patients was terminated 

due to the adverse effects that decrease the efficiency of AZD2014 in terms of PFS in 

comparison to everolimus [240].  
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Therefore, the development of novel therapy strategies is still the urgent need for the 

treatment of mRCC patients.  

1.4.3. New Approaches Targeting Evasion of Apoptosis 

Cancer cells can change their genetic background to affect the process of signaling 

mechanisms playing a pivotal role in cell survival. Enormous data obtained through 

investigations about cancer initiation and progression have enabled the characterization of 

essential cancer hallmarks that utilize the complex interplay between cellular processes 

[43]. In this regard, evasion of apoptosis, one of these hallmarks, is the major strategy used 

by cancer cells to develop resistance against standard anti-cancer therapies as well as 

molecular targeted therapies.  

The attempts made to characterize apoptotic process led to the identification of Bcl-2 

family proteins that play a crucial role in cancer biology. Owing to their significant impact 

on cancerogenesis, researchers performed structure-based development of drugs in order to 

target only pro-survival members of Bcl-2 family. Among the others, Bcl-2 protein is the 

most studied member of the family targeted by these agents. 

1.4.3.1. Bcl-2 Targeted Therapy 

During the last decades, investigations performed in various solid tumors revealed the 

tremendous contribution of anti-apoptotic Bcl-2 protein in their tumorigenesis as well as 

the resistance against conventional therapies. Besides the standard anti-cancer therapies 

that use cytotoxic agents such as cisplatin or doxorubicin, the acquired resistance to novel 

molecular targeted agents is also suggested to associate with the overexpressed anti-

apoptotic Bcl-2 protein [241-243].  

The importance of bcl-2 gene in the pathogenesis of cancer has been first identified in 

human follicular B-cell lymphoma [152]. Later, Vaux et al. suggested the role of Bcl-2 

protein in cell survival by the study performed with lymphoid and myeloid cell lines [153]. 

Besides hematological malignancies, expression of Bcl-2 protein was recorded in solid 

tumors including neuroblastoma, malignant melanoma, androgen-independent prostate 
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carcinoma, NSCLC, SCLC, and esophageal squamous cell carcinoma  [244-248].  

Additionally, the immunohistochemical analysis carried out in RCC tumors also indicated 

the overexpression of Bcl-2 [243, 249-253]. However, the association of the elevated Bcl-2 

level with resistance to apoptosis was first mentioned for multidrug resistant SCLC [248, 

254] and later reported in chronic lymphocytic leukemia (CLL) and SCLC [255-257]. 

Besides Bcl-2, Bcl-xL has been also suggested to be an indicator of chemo-resistance 

observed in multiple myeloma [258]. As its elevated level negatively modulates the 

cytotoxicity of anti-tumor therapeutics, several BH3 mimetics were developed in order to 

attenuate the interaction of anti-apoptotic Bcl-2 proteins with their pro-apoptotic and BH3-

only counterparts.  

Among several Bcl-2 inhibitors, obatoclax (GX15-070) was developed as pan-Bcl-2 

inhibitor [259]. Although obatoclax inhibited more potently Bcl-2, Bcl-xL, and Mcl-1, it 

could not induce the “Bcl-2 relief of inhibition” on Bax/Bak activation which is 

determined as a necessary mechanism of action for BH3 mimetic [260].  

Further attempts were performed to find out a compound binding to hydrophobic groove of 

Bcl-xL protein. Chemical structure of the compound discovered through screening of a 

chemical library was revised to increase the binding affinity against Bcl-xL and, thus ABT-

737 was developed [261]. Besides Bcl-xL, ABT-737 has the ability to inhibit Bcl-2 and 

Bcl-w, as they possess a structure similarity. However, other anti-apoptotic proteins 

including Mcl-1 and A1 are not the targets of ABT-737 because they exhibit different 

structural properties [261]. The efficiency ABT-737 was first investigated in hematological 

diseases as well as in SCLC, where it provided pronounce implications for clinical 

developments [262, 263]. Preclinical trials performed in CLL and myeloma have shown 

that ABT-737 was able to induce Bcl-2-mediated apoptosis through displacing the pro-

apoptotic Bax and Bak from Bcl-2 [262, 264].  

Because of the solubility problems, ABT-263 (navitoclax), orally bioavailable analog of 

ABT-737, was developed and used in clinical trials [265]. Phase I study of ABT-263 

conducted in patients suffering from refractory lymphoid malignancies revealed PFS of 25 

months. Thrombocytopenia, lymphopenia and diarrhea were the reported adverse effects 

[266]. Another phase I carried out eight SCLC patients reported the safety and tolerability 

of ABT-263. Documented side effects were the dose-dependent thrombocytopenia, 
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diarrhea, nausea, vomiting, and fatigue [267]. In comparison to phase I and II studies,  

however, the phase II of ABT-263 conducted in patients with recurrent SCLC showed 

limited single agent efficiency with thrombocytopenia as adverse effect [268]. In order to 

circumvent the development of thrombocytopenia that is the major limitation confronted 

with ABT-263 treatment, another orally available agent, ABT-199, was developed, which 

merely targets the Bcl-2 protein [269].  

The duration of response as 20.5 months was reported as a result of phase I study 

conducted with refractory CLL patients which was compared to the phase II trial carried 

out in high risk AML patients [270]. Neutropenia, diarrhea and fatigue are the adverse 

effects observed in both trials. According to the promising outcome of phase trials, ABT-

199 is currently the prominent agent for hematological malignancies used in clinic.  

1.5. AIM OF THE STUDY 

RCC is the prominent type of kidney cancer and accounts for 2-3 per cent of all adult 

tumors [3]. Among several histopathological subtypes, ccRCC comprises the majority of 

RCC cases and displays an aggressive malignant profile [15]. In fact, tumor has already 

developed resistance to the standard anti-cancer therapies in 20-30 per cent of patients 

diagnosed with ccRCC at advanced or metastatic stage [10].  

According to studies performed in last decades, VHL/HIF and mTOR pathways have been 

identified to play an essential role in ccRCC tumorigenesis [44]. The loss of VHL gene has 

been reported in most of the ccRCC tumors, which causes overexpression of HIF proteins 

that regulate the initiation of angiogenesis through growth factors such as EGF and VEGF 

as well as the induction of mTOR pathway, the main mediator of cell survival [54, 55, 

104]. In fact, the elevated activity of the mTOR pathway has been associated with ccRCC 

tumorigenesis [62]. In this regard, everolimus, FDA-approved mTOR kinase inhibitor, is 

used in clinic to provide a therapeutic advantage for the treatment of advanced RCC [271]. 

However, the expected efficacy of the everolimus therapy could not be achieved due to the 

acquired everolimus-resistance that circumvents mTOR inhibition and further results in the 

tumor recurrence [192, 272].  
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Among several feedback loops, the overexpression of anti-apoptotic Bcl-2 protein has been 

suggested to play a role in the acquired drug resistance, as its overexpression was reported 

in hematological disorders, solid tumors  as well as in RCC [244, 246, 253]. However, its 

contribution to rapalog resistance was reported only in prostate intraepithelial neoplasia 

[273]. Owing to its association with cancer survival as a prominent biomarker, several 

small BH3 mimicking molecules have been developed in order to activate the apoptotic 

process by blocking the interaction of anti-apoptotic Bcl-2 protein with its pro-apoptotic 

counterparts [150]. In this regard, the preclinical efficiency of ABT-737, a BH3 mimetic, 

have been investigated in several cancer types including lymphoma and SCLC [262, 263]. 

However, the anti-cancer effect of ABT-737 on everolimus-resistant RCC tumors has not 

been tested yet. Given the suggested role of high Bcl-2 protein levels in the development of 

everolimus-resistance in mRCC tumors, this thesis aimed to investigate the anti-tumor 

effect of ABT-737 alone or everolimus-ABT-737 combination using Bcl-2 overexpressing 

RCC cell lines and established RCC xenograft mouse model. In this regard, the aim of this 

thesis was to complete the preclinical study of everolimus-ABT-737 combination therapy 

that is needed prior to clinical trials for mRCC patients. 

Another aim of the thesis is to clarify the molecular mechanism for the interplay between 

mTOR and Bcl-2 pathway. Our second hypothesis was to test whether the crosstalk 

between two pathways depends on FKBP38 protein, as it can interact with both mTOR 

kinase and Bcl-2 protein under the regulation of Rheb [139, 142]. In support of our 

hypothesis, FKBP38 was reported to participate in Bcl-2-mediated mTORC1 regulation, 

where knockdown of Bcl-2 correlated with the attenuation of mTORC1 activity [146]. 

Therefore, this thesis aimed to determine the participation of FKBP38 protein as a scaffold 

between mTOR and Bcl-2 in everolimus-resistant mRCC.   
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2. MATERIALS  
 

2.1. INSTRUMENTS 

2.1.1. Instruments used for Cell Culture Experiments 

CO2 incubator (Thermo Fisher Scientific, USA), Laminar Flow Cabinet (ESCO Labculture 

Class II Biohazard Safety Cabinet 2A, Singapore), Low-Speed Centrifuge (Gyrozen 416, 

Korea), Microscope Primo Vert (Zeiss, Germany), Shaking Water Bath (Stuart, UK), 80°C 

freezer (Thermo Forma -86°C ULT Freezer, USA) 

2.1.2. Instruments used for Cell Death  

FACS Calibur (BD Biosciences, USA) 

2.1.3. Instruments used for SDS-PAGE and Western Blot 

ChemiDOC XRS+Gel Imaging System (Bio-Rad Universal Hood 2, USA), Gyro-Rocker 

(Stuart, UK), Magnetic Stirrer (MR 3004 Heidolph, Germany), Mikro 22 R Centrifuge 

(Hettich Zentrifugen, Germany), Mini Trans-Blot Cell Blotting System (Bio-Rad 170-

3935, USA), Mini-PROTEAN Tetra Cell Electrophoresis System (Bio-Rad 165-8001, 

USA), Multi-Rotator (BioSan Multi Bio RS-24, Latvia), pH/ ORP/ Temperature Bench 

Meter (Milwaukee Mi151, USA), Pierce G2 Fast Blotter (Thermo Fisher Scientific 62287, 

USA), SpectraMax Paradigm (Molecular Devices Multi-Mode Detection Platform, USA), 

TS-1 Thermo-Shaker (INOVIA Technology, UK), Vortex (Stuart SA8, UK), Weighing 

Machine (Shimadzu Corporation TW423L, Japan) 
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2.2. EQUIPMENTS 

15 ml and 50 ml Conical Bottom Centrifuge Tube, Screw Cap (Axygen, USA), Pipette 

Tips (10, 200, and 1000 µl) (SPL Life Sciences, Korea), Bright-Line Hemocytometer 

(Sigma Aldrich Z359629, Germany), Cell Culture Dish (60 mm x 15 mm) (SPL Life 

Sciences 20060, Korea), Cell Culture Dish, 100 mm (SPL Life Sciences 200200, Korea), 

Cell Culture Flask T-150 (SPL Life Sciences, Korea), Cryo Tubes two ml (TPP 89020, 

Switzerland), Electronic pipette (CAPP aid, Denmark), Filter 0.22/0.45 µm (Santorius 

Stedim Biotech, Germany), Graduated Cylinder 50, 250, 500, and 1000 ml (Isolab, 

Germany), Microcentrifuge Tubes 0.5, 1.5, and two ml (CAPP, Denmark), Micropipettes 

two, 10, 20, 100, 200, and 1000 µl (Eppendorf Research, Germany), Serological pipets 

two, 5, 10, and 25 ml (Isolab, Germany), Tissue Culture Flask T-25 (TPP 90025 or 90026, 

Switzerland), Tissue Culture Flask T-75 (TPP 90075 or 90076, Switzerland), Tissue 

Culture Test Plates 6-well, 12-well, 24-well, and 96-well (TPP, Switzerland) 

2.3. DRUGS 

ABT-737 (Selleck Chemicals S1002, USA), Aphidicolin (Santa Cruz Biotechnology sc-

201535, USA), Everolimus (Selleck Chemicals S1120, USA) 

2.4. CHEMICALS 

2.4.1. Chemicals used for Cell Culture  

Amphotericin B (Gibco 15290018, Thermo Fisher Scientific, USA), Cell Proliferation 

Reagent WST-1 (Roche 11644807001, Switzerland), DMSO (Dimethyl Sulphoxide) 

(Santa Cruz Biotechnology sc-202581, USA), DMEM with L-glutamine (Gibco 41966-

029, Thermo Fisher Scientific, USA), Heat inactivated Fetal Bovine Serum (FBS) (Gibco 

10500-056, Thermo Fisher Scientific, USA), L-glutamine Solution (Sigma Aldrich G7513, 

Germany), McCoy's 5A (modified) (Gibco 26600-023,  Thermo Fisher Scientific, USA), 

Penicillin-Streptomycin (Gibco 15140-122 Thermo Fisher Scientific, USA), Phosphate 
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Buffered Saline (PBS) (Lonza BE17-517Q, Switzerland), RPMI-1640 Medium (Sigma 

Aldrich R8758, USA), Trypsin 10x (Lonza BE02-007E,  Switzerland)  

2.4.2. Chemicals used for Cell Death  

Annexin V-FLUOS Staining Kit (Roche 11988549001, Switzerland)  

2.4.3. Chemicals used for Co-Immunoprecipitation 

EDTA (Merck 324503, Germany), Phenylmethanesulfonyl fluoride (Sigma Aldrich 78830, 

Germany), Protein A-Agarose (Santa Cruz Biotechnology sc-2001, USA), Protein G Plus 

Agarose (Santa Cruz Biotechnology sc-2002, USA), Sodium Deoxycholate (Sigma Aldrich 

D6750, USA) 

2.4.4. Chemicals used for SDS-PAGE and Western Blot 

2-Propanol (Sigma Aldrich 24137, Germany), Acrylamide/Bis-acrylamide, 30 per cent 

solution (Sigma Aldrich A3574, Germany A), Albumin, Bovine Serum (Bioshop Canada 

ALB001, Canada), Amersham Full-Range Rainbow Molecular Weight Marker (GE 

Healthcare RPN800E, USA), Ammonium persulfate (APS) (Sigma Aldrich A3678, 

Germany), Dodecyl sulfate sodium salt (Sigma Aldrich L3771, Germany), Ethanol (Sigma 

Aldrich 32221, USA), Glycine (Santa Cruz Biotechnology sc-29096B, USA), Immobilon-

P Membrane, PVDF, 0.45 µm (Millipore IPVH00010, USA), Immobilon-PSQ PVDF 

Membrane, 0.2µm (Merck ISEQ00010, Germany), Isopropanol extra pure (Sigma Aldrich 

I9516, Germany), Laemmli Buffer 2x Concentrate (Sigma Aldrich S3401, Germany), 

Mercaptoethanol (Merck 805740, Germany), Methanol (Sigma Aldrich 34885, Germany), 

Mitochondria Isolation Kit for Cultured Cells (Thermo Fisher Scientific 89874, USA), 

Nitrocellulose membrane (0.22 µm) (GE Healthcare RPN3032D, USA), Nitrocellulose 

membrane (0.45 µm) (GE Healthcare RPN303D, USA), Protein Assay Dye Reagent 

Concentrate (Bio-Rad 5000006, USA), Protein Assay Reagent A (Bio-Rad 5000113, 

USA), Protein Assay Reagent B (Bio-Rad 5000114, USA), RIPA Buffer (Santa Cruz 
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Biotechnology sc-24948, USA), Sodium Azide (Sigma Aldrich S2002, Germany), Sodium 

Chloride (Merck 106404, Germany), Sodium Hydroxide (Sigma Aldrich 06203, 

Germany), Tris Ultra Pure (MP Biomedical 819623, France), Trizma hydrochloride (Fisher 

Scientific BP153-1, USA), TWEEN® 20 Detergent (Merck 655204, Germany), 

WesternBright Sirius HRP Substrate (Advansta K-12043, USA), Whatman 3MM CHR 

Blotting Paper (GE Health Care3030-917, USA) 

2.5. ANTIBODIES 

2.5.1. Primary Antibodies 

4E-BP1 (CST 9452S, USA), AKT (CST 9272S, USA), Anti-Bcl-2 (phospho S87) (Abcam 

Ab73985, UK), Bad (CST 9239P, USA), Bax (CST 5023P, USA), Bcl-2 (CST 2870P and 

15071S, USA), Bcl-xL (CST 2764P, USA), Bim (CST 2933P, USA), Caspase 9 (CST 

9502S, USA), CDK2 (CST 2546S, USA), CDK4 (CST 12790S, USA), Cleaved caspase 3 

(CST 9664S, USA), Cyclin D3 (CST 2936S, USA), Cyclin E1 (CST 4129S, USA), Cyclin 

D1 (CST 2978S, USA), Cytochrome c (CST 4272S, USA), FKBP38 (Abcam ab24450, 

UK), FKBP38 (Millipore ABS992, USA), FKBP38 (Novus NBP1-77909, USA), Mcl-1 

(CST 5453P, USA), mTOR (CST 2972S, USA), Noxa (CST 14766S, USA), p27Kip1 (CST 

3686S, USA), P53 (CST 2524S, USA), p70S6K (CST 9202S, USA), pan-Actin (CST 

8456S, USA), PARP (CST 9542P, USA), Phospho-4E-BP1 (Ser65) (CST 9451S, USA), 

Phospho-4E-BP1 (Thr37/46) (CST 2855S, USA), Phospho-4E-BP1 (Thr70) (CST 9455S, 

USA), Phospho-AKT (Ser473) (CST 4060S, USA), Phospho-AKT (Thr308) (CST 9275S, 

USA), Phospho-Bad (Ser136) (CST 4366S, USA), Phospho-Bcl-2 (Ser70) (CST 2827P, 

USA), Phospho-Bcl-2 (Thr56) (CST 2875P, USA), Phospho-mTOR (Ser2448) (CST 

5536S, USA), Phospho-mTOR (Ser2481) (CST 2974S, USA), Phospho-p70 S6 Kinase 

(Thr389) (CST 9205S, USA), Phospho-Rictor (Thr1135) (CST 3806S, USA), Phospho-S6 

Ribosomal Protein (Ser235/236) (CST 4858S, USA), Phospho-S6 Ribosomal Protein 

(Ser240/244) (CST 2215S, USA), Puma (CST 4976P, USA), Rheb (CST 13879S, USA), 

Rictor (CST 2104S, USA), S6 (CST 2317S, USA), SDH5 (CST 14445, USA), Β-Actin 

(Sigma Aldrich A5316, Germany) 
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2.5.2. Secondary Antibodies 

Anti-mouse IgG peroxidase conjugate (Sigma Aldrich A4416, Germany), Anti-rabbit IgG, 

HRP-linked antibody (CST 7074S, USA or Sigma Aldrich A0545, Germany), Normal 

Mouse IgG (Santa Cruz Biotechnology sc-2025, USA), Normal Rabbit IgG (Santa Cruz 

Biotechnology sc-2027, USA) 

2.6. CELL LINES 

A-498, Human Primary Kidney Epithelial Carcinoma, Adherent (ATCC HTB-44, USA), 

ACHN, Human Metastatic Renal Cell Carcinoma (lung), adherent (ATCC CRL-1611, 

USA), Caki-1, Human Metastatic Kidney Clear Cell Carcinoma (Skin), Adherent (ATCC 

HTB-46, USA), Caki-2 Human Primary Clear Cell Carcinoma of Human Kidney, 

Adherent (ATCC HTB-47, USA), HEK-293, Human Embryonic Kidney Epithelial, 

Adherent (ATCC CRL-1573, USA), RenCa, Mouse Renal Epithelial Adenocarcinoma, 

Adherent (ATCC CRL-2947, USA), RenCares, Everolimus-resistant Mouse Renal 

Epithelial Adenocarcinoma (generated during the study by Ayşe Hande Nayman) 
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3. METHODS 
 

3.1. CELL CULTURE 

3.1.1. Cell Thawing 

The cryo tubes were taken from liquid nitrogen and the frozen cell suspension was allowed 

to thaw at room temperature. Later, the cell suspension (1 ml) was added drop by drop to 4 

ml of complete growth medium and the mixture was subjected to centrifugation at 300 x g 

for 5 minutes. The cell pellet was resuspended in complete growth medium and transferred 

to appropriate culture dish/flask and incubated in a humidified mammalian cell culture 

incubator at 37ºC and 5 per cent CO2. After 24 hours incubation, the medium was replaced 

with fresh complete growth medium.  

3.1.2. Culturing Conditions 

All cell lines used during the thesis were purchased from American Type Culture 

Collection (ATCC). A-498 (primary human kidney carcinoma), ACHN (metastatic human 

kidney carcinoma), and HEK-293 (human embryonic kidney cell 293) cells were cultured 

in DMEM medium supplemented with 10 per cent (v/v) FBS, 100 µg/ml streptomycin, and 

100 units/ml penicillin. RenCa (mouse murine renal adenocarcinoma) and RenCares 

(everolimus-resistant mouse murine renal adenocarcinoma) cells were grown in RPMI-

1640 medium containing 15 per cent (v/v) FBS, 100 µg/ml streptomycin, and 100 units/ml 

penicillin. Caki-1 (ccRCC skin metastasis) and Caki-2 (primary human RCC) cells were 

maintained in McCoy’s 5A medium supplemented with 10 per cent (v/v) FBS, 100 µg/ml 

streptomycin, and 100 units/ml penicillin. All cell lines were cultured in the humidified 

incubator at 37ºC and 5 per cent CO2.  
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3.1.3. Cell Passaging 

The cells that reached 70-80 per cent confluency were subjected to passaging. For the 

passaging, the cells were washed with 1x DPBS, followed by the incubation with 0.05 per 

cent (w/v) trypsin at 37°C for 5 minutes. The cell suspension was collected and mixed with 

complete growth medium to inhibit the trypsin’s enzyme activity. The suspension was then 

centrifuged at 300 x g for 5 minutes. The cell pellet was resuspended in growth media and 

cultured in appropriate cell culture flasks.  

3.1.4. Calculation of Cell Number 

The cell suspension prepared for passaging (described in Section 3.1.2.) was used to 

determine the cell number. 10 µl of cell suspension was pipetted into the hemocytometer 

and the upper left and upper right quarters of the chamber of hemocytometer were counted. 

The average number was calculated and the total amount of cells in 1 ml complete growth 

medium was determined. The formula for the calculation used was: 

Cell number / ml = Average of total cell counts x dilution factor x depth of hemocytometer 

3.1.5. Generation of Everolimus-resistant RenCa Cells 

Drug resistant RenCa cells were generated by exposure to the increasing concentrations of 

everolimus as described in [274]. RenCa cells were initially seeded at a density of 5 x 103, 

cells/well in 96-well plate containing RPMI-1640 medium supplemented with 10 per cent 

(v/v) FBS, 100 µg/ml streptomycin, and 100 units/ml penicillin. Next day, the cell 

monolayer was washed with 1x DPBS and the cells were grown in complete growth 

medium containing 1 µM everolimus for 72 hours. Following 72 hours, cells were sub-

cultured in complete growth medium with increased concentration of everolimus (10 µM) 

for additional 72 hours. Following 72 hours of drug treatment, cells were transferred to 6-

well plate containing complete growth medium without everolimus and allowed to grow 

for 2 weeks. Following this period, cells were re-exposed to 1 µM everolimus for 
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additional 2 weeks period. RenCa cells that showed exponential proliferation in the 

presence of everolimus were designated as everolimus-resistant RenCa (RenCares) cells. 

3.1.6. Cryopreservation of Cells 

The freezing solution was prepared by mixing 10 per cent (v/v) DMSO (dimethyl 

sulfoxide) with 90 per cent FBS (v/v). Cells were washed with 1xDBPS and trypsinized as 

described in Section 3.1.2. The cell pellet was  resuspended in 1 ml of freezing solution 

and transferred into cryo tubes, which were immediately placed to -80°C freezer for 2-3 

days. Vials were finally transferred into liquid nitrogen containing tanks for a long-term 

storage.  

3.2. DETERMINATION OF THE EFFECT OF DRUG TREATMENT ON RCC 

CELL LINES 

3.2.1. Cell Viability Assay 

The cell viability assay was performed to determine the cytostatic doses of everolimus and 

ABT-737, and the cytotoxic effect of their combination on cells. A-498, Caki-1, RenCa, 

and HEK-293 cells were subjected to 4 hours serum starvation prior to the cell viability 

assay. Following starvation, A-498, RenCa, and RenCares cells were seeded at a density of 

5 x 103 cells/well in 96-well plate, whereas cell density was 1 x 104 cells/well in 96-well 

plate for Caki-1 and HEK-293 cells. After 24 hours, A-498, Caki-1, HEK-293, and 

RenCares cells were treated either with increasing concentrations of everolimus or ABT-

737 or in combination of both drugs at chosen concentrations for 24, 48 and 72 hours. 

RenCa cells were subjected only to increasing concentrations of everolimus and neither to 

ABT-737 nor combinatorial treatment. Following the incubation time, WST-1 cell viability 

assay was performed according to the manufacturer’s protocol. 5 µl of WST-1 reagent was 

mixed with 45 µl of complete growth medium and cells were incubated with the total 

amount of 50 µl at 37°C for 1 hour. Following 1 hour incubation, the absorbance was 

measured at 450/630 nm using the spectrophotometer. In parallel, cell viability assay was 
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performed for the cells seeded in 96-well plate at pre-determined number to establish a 

standard curve. 

3.2.1.1. Isobolograms 

A-498 and Caki-1 cells were subjected to 4 hours serum starvation prior to the cell 

viability assay. Following starvation, A-498 cells were seeded at a density of 5 x 103 

cells/well in 96-well plate, whereas cell density was 1 x 104  cells/well in 96-well plate for 

Caki-1 cells. After 24 hours, A-498 were subjected to treatment with either 1-50 µM 

everolimus or 1-10 µM ABT-737. Caki-1 cells were treated either with 1-50 µM 

concentrations of everolimus or 1-50 µM concentrations of ABT-737 for 72 hours. 

Following the incubation time, the analysis of the effect of individual drugs on cell 

viability was performed by WST-1 cell viability assay as described in Section 3.2.1.  

3.2.2. Cell Death Assay 

A-498, Caki-1, RenCa, and RenCares cells were subjected to 4 hours serum starvation prior 

to culture for the cell death assay. Following starvation, Caki-1 and A-498 cells were 

seeded in a 6 well-plate at a density of 3,5 x 105  and 3 x 105 cells/well, respectively, 

whereas RenCa and RenCares cells were seeded at a density of 3,5 x 105 cells/ well in 6-

well plate. After 24 hours of culturing in a humidified incubator at 37ºC and 5 per cent 

CO2, cells were subjected to either single drug treatments or combinatorial treatment for 

24, 48 and 72 hours and the control group were treated with the vehicle DMSO. Following 

incubation with drugs, the growth medium containing the dead cells was centrifuged at 350 

x g for 10 minutes. In mean time, the cell monolayer was washed with 1x DPBS and 

trypsinized at 37°C for 5 minutes followed by the centrifugation at 350 x g for 10 minutes. 

After centrifugation processes, both cell pellets were gathered with 1 ml of 1x DPBS and 

counted. The cell number was counted and 1 x 105 cells were transferred into a new 1.5 ml 

eppendorf tubes to perform Annexin-V Fluos Staining assay according to the 

manufacturer’s protocol. Briefly, cells were centrifuged at 300 x g for 10 minutes followed 

by incubation with 2 µl Annexin-V labeling reagent and/or PI solution prepared in 98 µl of 

incubation buffer under dark conditions for 15 minutes. The samples were supplied with 
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400 µl of 1x DPBS and 30,000 cells were analyzed by flow cytometry. Gating was 

performed with control cells incubated without Annexin V or PI.  

3.3. DETERMINATION OF THE EFFECT OF COMBINATON TREATMENT 

ON PROTEIN LEVELS 

3.3.1. Isolation of Total Protein Extracts for Analysis of mTOR Pathway, Cell Cycle 

and Bcl-2 Family Proteins 

A-498, RenCa and RenCares (3 x 105 cells/well), and Caki-1 (3,5 x 105 cells/well) cells 

were serum starved for 4 hours and seeded into 6-well plates followed by drug treatment 

for 24 hours. After 24 hours, cell monolayer was washed with 1x DPBS and cells were 

scraped with 30 µl RIPA (Radio immunoprecipitation assay) lysis buffer supplemented 

with 1mM sodium orthovanadate (Na3VO4), 2 mM PMSF and 1 per cent (v/v) protease 

inhibitor cocktail. Sonication of samples by 4 cycles at 60 per cent power with three 

second pulses on ice was followed by centrifugation at 10,000 rpm and 4°C for 10 minutes. 

The supernatants was transferred into sterile 1.5 ml eppendorf tubes and stored at -20°C for 

1-2 days or -80°C for long-term storage. 

3.3.2. Isolation of Total Protein Extracts for Analysis of Caspase Cascade 

A-498, RenCa and RenCares (3 x 105 cells/well), and Caki-1 (3,5 x 105 cells/well) cells 

were serum starved for 4 hours and seeded into 6-well plates followed by drug treatment 

for 24 hours. After 24 hours, dead cells in the growth medium was collected by 

centrifugation at 350 x g for 10 minutes. The cell monolayer was washed with 1x DPBS 

and isolation of total proteins was performed by scraping the cells from surface with RIPA 

lysis buffer supplemented with 1 mM sodium orthovanadate (Na3VO4), 2 mM PMSF and 1 

per cent (v/v) protease inhibitor. Isolated protein extracts and precipitated dead cells were 

combined and sonicated by 4 cycles at 60 per cent power with three second pulses on ice. 

The samples were, then, centrifuged at 10,000 rpm for 10 minutes at 4°C. The supernatants 

was transferred into sterile 1.5 ml eppendorf tubes and stored at -20°C for short-term 

storage (1-2 days) or -80°C for long-term storage. 
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3.3.3. Isolation of Total Protein Extracts for Detection of FKBP38 Protein 

A-498 (3 x 105 cells/well), and Caki-1 (3,5 x 105 cells/well) cells were serum starved for 4 

hours and seeded into 6-well plates followed by drug treatment for 24 hours. After 24 

hours, dead cells in the growth medium was collected by centrifugation at 350 x g for 5 

minutes. 200 µl of supernatant was left and adjusted to 1ml with 1x DPBS. Samples were 

subjected to an impulse until 5,000 x g or 13,000 rpm and 4°C first and centrifuged at 350 

x g for 5 minutes at 4°C subsequently. Meanwhile, cell monolayer was washed with 1x 

DPBS and cells were scraped in IP buffer (50 mM Tris-HCl pH 7.4, 0.25 per cent sodium 

deoxycholate, 150 mM NaCl, 5 mM EDTA, 0.1 M PMSF, and 1 per cent protease 

inhibitor) or RIPA buffer supplemented with 1 mM Na3VO4, 2 mM PMSF and 1 per cent 

(v/v) protease inhibitor. Cell lysates were combined and sonicated for 1 cycle at the lowest 

power with one pulse on ice. 

3.3.4. Determination of Protein Concentration by Lowry Method 

BSA standards ranging from 0.25 to 1 mg/ml  concentration was prepared and total protein 

extracts were diluted 1:10 with dH2O. The determination of protein concentration was 

performed according to Lowry method. Briefly, 25 µl of protein assay reagent A and 5µl 

of samples (BSA standards or proteins) were placed into the well of 96-well plate 

subsequently and mixed with 200 µl protein assay reagent B. The mixture was incubated at 

room temperature for 15 minutes and absorbance was measured at 750 nm by using 

microplate reader. A standard curve was established with absorbance values of BSA 

standards to determine the unknown concentration of protein extracts.  

3.3.5. Sodium Dodecyl-sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Proteins isolated from the cell line of interest were separated according to their molecular 

weight by SDS-PAGE technique. SDS-PAGE was performed with 30-100 µg of proteins 

that were denatured with 2x Laemmli buffer (125 mM Tris-HCl pH 6.8, 20 per cent (v/v) 

glycerol, 4 per cent (v/v) SDS, 10 per cent (v/v) 2-b-mercaptoethanol, and 0.004 per cent 
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bromophenol blue) at 95°C for 5 minutes. Stacking and separating polyacrylamide gels 

were prepared according to Table 3.1 and 3.2. 

Table 3.1. The solutions for separating polyacrylamide gel  

Solutions 
6 per 

cent 

8 per 

cent 

10 per 

cent 

12 per 

cent 

15 per 

cent 

1.5 M Tris/  0.4 per cent 

SDS pH 8.8 
3.75 ml 3.75 ml  1.25 ml 1.25 ml 1.25 ml 

50 per cent Glycerol -   - 400 µl 400 µl 400 µl 

Acrylamide / 

bisacrylamide (29:1) 
 3 ml 4 ml  1.65 ml 2 ml 2.5 ml 

dH2O 8.25 ml    7.25 ml 1.7 ml 1.35 ml 850 µl 

10 per cent APS 50 µl   50 µl 50 µl 50 µl 50 µl 

TEMED 10 µl   10 µl 5 µl 5 µl 5 µl 

 

First, separating gel with the percentage of interest was prepared by mixing the solutions in 

the same order as written in Table 3.1. The mixture was poured between the glasses of 

casting gel and isopropanol was pipetted on top of the solution to avoid any contact with 

air. After the polymerization of the gel, isopropanol was discarded and the gel surface was 

washed with dH2O to remove any remaining isopropanol.  

Table 3.2. The solutions for stacking polyacrylamide gel 

Solutions 
4 per 

cent 

0.5 M Tris/ 0.4 per cent 

SDS pH 6.8  
1.25 ml 

Acrylamide /  

bisacrylamide  
500 µl 

dH2O 3.25 ml 

10 per cent APS 40 µl 

TEMED 10 µl 
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Then, the solutions for stacking gel was mixed in the same order as given in Table 3.2. and 

the mixture was poured on the separating gel surface. 10-well comb with a thickness of 1 

mm was placed into the stacking gel. The comb was removed carefully after stacking gel 

was polymerized. Gel plates placed into PROTEAN Tetra cell Electrophoresis apparatus 

that was filled with electrode running buffer consisting of 25 mM Tris pH 8.5, 192 mM 

glycine, and 0.1 per cent (w/v) SDS. Denatured proteins were loaded into the slots 

provided by the 10-well comb. Electrophoresis was initiated with 70V, until the proteins 

reached the borderline of separating gel and the voltage was then increased up to 100V for 

the rest of the electrophoresis. The running of the proteins through the system was ceased, 

when the dye bromophenol blue completely migrated out off the separating gel.  

3.3.6. Western Blot Analysis 

SDS-PAGE technique was followed by Western blot to transfer separated proteins onto 

membranes with a pore size of 0.22 or 0.45 µm electrophoretically. The transfer of proteins 

was performed by two different transfer systems, mini Trans-Blot Cell Blotting System for 

wet blot transfer and Pierce G2 Fast blotter for semi-dry transfer.   

3.3.6.1. Wet Transfer 

Blotting sponge pads, Whatman papers, nitrocellulose or PVDF membrane, and gel were 

soaked in ice-cold transfer buffer composed of 25 mM Tris-Base pH 8.3, 192 mM glycine 

and 20 per cent (v/v) methanol. PVDF membrane was incubated with methanol for 5 

minutes before usage. So-called gel sandwich was prepared by placing a blotting sponge 

pad, two sheets of Whatman paper, membrane, gel, two sheets of Whatman paper and one 

blotting sponge pad onto each other in a blotting cassette. The blotting cassette and a 

frozen ice container were placed into the blotting apparatus filled with one liter of ice-cold 

transfer buffer. The transfer was performed by a current of 250 mA for 1 hour.  
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3.3.6.2. Semi-dry Transfer 

Semi-dry transfer was performed for the proteins with a molecular weight more than 200 

kDa. Briefly, Whatman papers, membranes and gel were soaked in ice-cold transfer buffer 

composed of 25 mM Tris-Base pH 8.3, 192 mM glycine, 0.05 per cent SDS, and 20 per 

cent (v/v) methanol and placed onto Pierce G2 Fast blotter in the following order, three 

sheets of Whatman paper, membrane, gel, and three sheets of Whatman paper. The transfer 

was performed by 2.5V for 15 minutes. 

3.3.6.3. Antibody Incubation 

After the transfer, the membrane was blocked with blocking solution (5 per cent (w/v) non-

fat milk powder in 1x TBS-T buffer consisting of 1 M Tris-HCl pH 7.4, 9 per cent NaCl, 

and 0.5 per cent Tween 20) at room temperature for 1 hour under gentle agitation. 

Following blocking, the incubation of membrane with primary antibody of interest that 

was prepared with a proper dilution in blocking solution was performed at 4°C overnight 

under rotation. Next day, the membrane was washed three times with 1x TBS-T for 5 

minutes, followed by incubation with secondary antibody at room temperature for 1 hour 

under gentle agitation. The secondary antibody was then removed by washing the 

membrane three times with 1x TBS-T for 5 minutes. After removing the secondary 

antibody, the membrane was stored in 1x DPBS until detection. The immuno-detection 

was performed by incubating the blots with WesternBright Sirius HRP Substrate at room 

temperature for 1 minute and the visualization of signals was carried out with ChemiDOC 

XRS+Gel Imaging System. 
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3.4. DETECTION OF BCL-2 OR MTOR INTERACTION WITH FKBP38 

PROTEIN 

3.4.1. Preparation of Beads Suspension 

Protein A/G beads were used for the co-immunoprecipitation experiments. 50 µl of the 

beads, already as slurry, was transferred into new 1.5 ml eppendorf tubes and spin down at 

600 x g for one minute at 4ºC. The beads were washed three times with washing buffer (50 

mM Tris-HCl pH 7.4, 0.25 per cent sodium deoxycholate, 150 mM NaCl, 5 mM EDTA 

and 0.1 M PMSF), followed by centrifugation at 300 x g for 1 minute at 4ºC.  

3.4.2. Co-Immunoprecipitation 

A-498 cells were serum starved for 4 hours prior to seeding at a density of 3 x 105 

cells/well in a 6-well plate and incubated in complete growth medium in a humidified 

incubator at 37ºC and 5 per cent CO2 over night. Next day, cells were subjected to either 1 

µM Everolimus or 5 µM ABT-737 or their combinatorial treatment for 24 hours. After  

incubation with drugs, the cell monolayer was washed with 1xDPBS and scraped with 200 

µl washing buffer (50 mM Tris-HCl pH 7.4, 0.25 per cent sodium deoxycholate, 150 mM 

NaCl, 5 mM EDTA, 0.1 M PMSF, and 1 per cent protease inhibitor) to isolate total protein 

extracts. The concentration of isolated proteins were measured as described in the Section 

3.3.4. 150-200 µg of proteins were taken for the immunoprecipitation and the volume was 

adjusted to 150 µl with washing buffer. The samples were pre-cleared with 0.5 µg of non-

specific IgG (rabbit/mouse) at 4ºC for 1 hour under rotation. Pre-cleared protein samples 

were incubated with protein A or G beads at 4ºC for 90 minutes on rotator. After 

centrifugation at 600 x g for one minute at 4ºC, the supernatants were transferred into  

fresh 1.5 ml eppendorf tubes and incubated with proper amount of antibody of interest at 

4ºC for 90 minutes under rotation. Next, immune complexes were precipitated with beads 

at 4ºC for 2 hours, followed by the centrifugation at 600 x g for one minute at 4ºC. The 

supernatants were transferred into fresh eppendorf tubes and stored at -80ºC freezer. The 

samples were supplied with 20 µl of  2x Laemmli buffer and heated at 95ºC for 5 minutes 

and used either directly for Western blot or stored at -80ºC.  



49 
 

 

3.5. IN VIVO EXPERIMENTS 

3.5.1. Handling and Care of Animals 

6-8 weeks old male Balb/c mice were bred and maintained in the animal facility of 

Yeditepe University (Turkey) in accordance with and approved by Animal Care and 

Welfare Committee of Yeditepe University (Turkey).  

3.5.2. Mice Xenograft Model and Pathological Analysis 

The Balb/c male mice with the age between 6-8 weeks were separated into four groups as 

being control, everolimus, ABT-737 and combination of both drugs. RenCares cells cultured 

in RPMI-1640 supplemented with 15 per cent (v/v) FBS, 100µg/ml streptomycin, 100 

units/ml penicillin, and 1 µM everolimus in a humidified incubator at 37°C and 5 per 

cent CO2 were injected subcutaneously in the dorsal side of the mice at a density of 15 x 

106 per mouse. Following the fourth day of inoculations, mice were injected at peritoneum 

every other day with vehicle control, everolimus (2 mg/kg) [275], ABT-737 (75 mg/kg) or 

the combination of everolimus (2 mg/kg), ABT-737 (75 mg/kg) for a period of 21 days 

[264]. DMSO diluted with 1x DPBS was used as vehicle control. After 21 days, mice were 

sacrificed and organs including brain, thymus, heart, lung, stomach, guts, liver, kidney, 

spleen, testis, and  tumor tissue, if any observed, were isolated and immediately stocked in 

10% formalin for pathological analysis. Hematoxylin and eosin (H&E) staining was 

carried out to characterize tumor tissue [276]. 

3.6. ANALYSIS OF DATA 

3.6.1. Analysis of Western Blots 

The bands on Western blots were visualized by ChemiDOC XRS+Gel Imaging System.  

The densitometric analysis of band’s intensity was carried out by using ImageJ software. 
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Blots presented in the figures were chosen as the representative of at least three 

independent experiments. 

3.6.2. Statistical Analysis 

Data were obtained from three to six independent experiments and presented as means ± 

standard deviation (SD). Regarding in vitro experiments, each graph shows the mean ± S.D 

of three independent experiments, each performed in triplicate. The significant analysis of 

treatment groups was performed by one-way ANOVA followed by Tukey post-hoc test 

using GraphPad Prism 6 (GraphPad Software, USA). p value less than 0.05 was considered 

as statistically significant. Asterisk in graphs indicates the statistical significance between 

control group and everolimus and/or ABT-737 treatment groups. * P ≤ 0.05, ** P ≤ 0.01, 

*** P ≤ 0.001, **** P ≤ 0.0001.  

The formula established by Chou-Talalay was used to calculate the combination index (CI) 

[277]. CI value less than 1 was considered as synergistic and CI more than 1 was defined 

as antagonistic.  

The significance analysis of tumor weights of mice from different treatment cohorts was 

performed by two-tailed Student t-test. 
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4. RESULTS 
 

4.1. DETERMINATON OF PROTEIN LEVELS OF ANTI-APOPTOTIC BCL-2 

FAMILY MEMBERS IN RCC CELL LINES 

In order to find out the model cell lines that exhibit a high level of Bcl-2 protein, basal 

levels of anti-apoptotic Bcl-2 proteins were determined in the primary site A-498 and 

Caki-2 as well as in the metastatic site Caki-1 and ACHN RCC lines using Western blot 

analysis as described in Section 3.3.6.  

 

Figure 4.1. Identification of basal protein levels of anti-apoptotic Bcl-2 family members. 

Western blot analysis was performed with four different RCC cell lines to compare 

expression of Bcl-2 (26 kDa), Bcl-xL (30 kDa), and Mcl-1 (40 kDa) proteins. To ensure 

equal protein loading 38 kDa-protein β-actin was utilized.  

All four RCC cell lines used in this experiment showed different expression levels of anti-

apoptotic proteins (Figure 4.1). In fact, only the primary site A-498 and metastatic site 

Caki-1 cells exhibited elevated levels of Bcl-2 protein. While the protein level of Bcl-2 

was barely detectable in Caki-2 and ACHN, the Bcl-xL protein levels was found to be 

higher in these cell lines compared to A-498 and Caki-1 cells. Basal Mcl-1 protein was 
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detected in A-498, Caki-1, and ACHN in very low levels compared to other anti-apoptotic 

proteins. Caki-2 cells did not show Mcl-1 protein expression.  

According to Western blot analysis, A-498 and Caki-1 cells were chosen as the model cell 

lines to analyze the therapeutic effect of everolimus and ABT-737 combination in 

subsequent experiments.  

4.2. DETERMINATION OF THE CYTOTOXIC DOSES OF EVEROLIMUS AND 

ABT-737 

4.2.1. Effect of Everolimus and/or ABT-737 Combination on the Viability of A-498 

Cells 

Before analyzing the therapeutic effect of everolimus and ABT-737 combination on cell 

viability, A-498 cells were subjected to increasing concentrations of everolimus or ABT-

737 for 24, 48, and 72 hours. Dose-dependent effect of monotherapies on A-498 cell 

viability and proliferation was determined by WST-1 viability assay as described in 

Section 3.2.1. Absorbance values obtained for the cell viability of control cells was 

considered as 100 per cent at 24 hours. In parallel, a standard curve was drawn to translate 

the absorbance values into cell number, where absorbance values corresponded to different 

cell densities including 1 x 103, 2 x 103, 3 x 103, 4 x 103, and 5 x 103 cells/well. 

The effect of 1 and 5 µM everolimus concentration was a dose dependent decrease in cell 

viability with time (Figure 4.2a). In comparison to control cells, 15 per cent and 17 per 

cent decrease observed in A-498 cell viability at 24 hours were followed by 53 per cent 

and 45 per cent decrease for 1 and 5 µM everolimus after 72 hours, respectively. The 

viability of A-498 cells was declined about 20 per cent after 10 µM everolimus 

concentration at 24 hours. After 48 and 72 hours, the cell viability of  the control A-498 

cells recorded respectively as 140 and 170 per cent compared to 10 µM everolimus 

treatment which showed a 45 per cent decrease in cell viability. Starting from 24 hours, no 

decrease in cell number below 2 x 103 was observed when cells were subjected to the 

increasing doses of everolimus (Figure 4.2b). Taken together, the cell viability and cell 

proliferation results indicated a cytostatic effect of everolimus on A-498 cells. Based on 
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these results, 1 µM concentration of everolimus was chosen as the minimum effective drug 

dose for the combinatorial treatment with ABT-737. 

 

Figure 4.2. Determination of the cytostatic doses of everolimus for A-498 cells. Increasing 

doses of everolimus were utilized to treat A-498 cells for 24, 48, and 72 hours. DMSO was 

used to treat control cells (0 µM). (a) The cell viability of control cells measured by WST-

1 viability assay at 24 hour was set to 100 per cent. (b) The initial cell number/well was 2 x 

103 at the start of the experiment. 
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The cell viability and proliferation obtained from ABT-737 monotherapies for 24, 48, and 

72 hours were demonstrated in Figure 4.3. When compared to the vehicle (DMSO) treated 

A-498 (control) cells at the indicated time points, the decrease in A-498 cell viability 

caused by 1 µM ABT-737 monotherapy was not significant, but cytostatic (Figure 4.3 a 

and b). However, a dose- and time-dependent cytotoxicity was observed with 5 and 10 µM 

concentrations of ABT-737. 

 

Figure 4.3. Determination of the cytostatic doses of ABT-737 for A-498 cells. Increasing 

doses of ABT-737 were utilized to treat A-498 cells for 24, 48, and 72 hours. DMSO was 

used to treat control cells (0 µM). (a) The cell viability measured for control cells at 24 

hours was set to 100 per cent. (b)  2 x 103 cells /well were seeded at time t0.  
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In fact, 5 µM ABT-737 led to 67 per cent and 122 per cent decrease in cell viability while 

137 per cent and 170 per cent viability was detected for the control cells at 48 and 72 

hours, respectively. Only 10 per cent of A-498 cells remained viable after 72 hours 

treatment with 10 µM ABT-737 (Figure 4.3a).  

 

Figure 4.4. Determination of the cytotoxic effect of everolimus-ABT-737 combination on 

A-498 cells. A-498 cells were exposed to everolimus (1 µM ) and/or ABT-737 (5 µM) for 

indicated hours. DMSO-treated A-498 cells were considered as control (0 µM). (a) The 

viability of control cells measured by WST-1 viability assay at 24 hours was set to 100 per 

cent. (b) 2 x 103 cells/well were seeded at the start of the experiment. 
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In validation with the cell viability data, a significant reduction in cell number was 

observed after 10 µM ABT-737 regimen. In fact, initial 2 x 103 cell number was 

diminished to 250 cells per well after 72 hours (Figure 4.3b). Based on these viability 

results, 5 µM ABT-737 concentration was decided as the effective concentration for the 

combinatorial treatment.  

Following the determination of everolimus and ABT-737 concentrations, the cytotoxic 

effect of dual-drug combination (1 µM everolimus with 5 µM ABT-737) was analyzed in 

A-498 cells in a time-dependent manner. A 50 per cent decrease was observed in the cell 

viability after 24 hours treatment (Figure 4.4a and 4b). After 48 hours, the co-treatment 

resulted in a 75 per cent decrease in cell viability, when compared to the control A-498 

cells (100 per cent viability). The cytotoxic effect of combination regimen was even more 

potent after 72 hours treatment, as only 8 per cent A-498 cells remained viable. Altogether, 

these findings indicated that ABT-737-dependent anti-cancer effect is more potent in 

primary site A-498 cells when combined with everolimus.  

4.2.2. Effect of Everolimus and/or ABT-737 Combination on the Viability of Caki-1 

Cells 

In order to determine the lowest effective dose of everolimus and ABT-737, Caki-1 cells 

were treated with various concentrations of both drugs for 24, 48, and 72 hours. The effect 

of single drug treatments on cell viability and proliferation was analyzed by WST-1 

viability assay as described in Section 3.2.1. The absorbance value of control cells at 24 

hours was considered as 100 per cent for the viability analysis. Meanwhile, absorbance 

values obtained from cells seeded at different densities, including 5 x 103, 1 x 104, 1.5 x 

104, and 2 x 104 cells/ well, were translated into cell number via a standard curve. 

The impact of everolimus monotherapy on Caki-1 cell viability and cell proliferation was 

demonstrated in Figure 4.5. 1, 5, and 10 µM  concentrations of everolimus showed no 

impact on the Caki-1 cell viability at 24 hours, as similar absorbance values were recorded 

for each concentration (Figure 4.5a). However, 1 µM everolimus led to an average of 10 

per cent decrease in cell viability at 48 and 72 hours, whereas an average of 14 per cent 

decrease in viability  was observed with 5 µM everolimus at the same time points. The 
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highest drug concentration (10 µM) diminished the viability of Caki-1 cells about 24 and 

25 per cent upon 48 and 72 hours treatment, respectively. In parallel  to these viability 

results shown in Figure 4.5a, analysis of the proliferation data pointed out the cytostatic 

effect of everolimus at increasing doses on Caki-1 cells, as no reduction in cell number was 

recorded in comparison to control cells. In fact, the cell number was increased to 14,211 

upon 10 µM everolimus regimen at 72 hours (Figure 4.5b). All together, these results 

indicated the possible everolimus resistance of Caki-1 cell line.  

 

Figure 4.5. Determination of the cytostatic doses of everolimus for Caki-1 cells. Increasing 

everolimus doses were utilized to expose Caki-1 cells to -24, 48, and 72 hours treatments. 

DMSO was used to treat control cells (0 µM). (a) The cell viability of control cells was set 

to 100 per cent at 24 hours. (b) 1 x 104 cells/well were seeded at the time t0. 
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In line with the results obtained from everolimus treatment, ABT-737 monotherapy did 

not show a significant reduction in viability of Caki-1 cells (Figure 4.6a). In fact, 1 µM 

ABT-737 concentration decrease cell viability about 12 per cent at 72 hours. When 

compared to control cells, the reduction in cell viability was more pronounced with 5 

µM ABT-737, where 19 and 38 per cent decrease was observed at 48 and 72 hours, 

respectively. Additionally, the proliferation of Caki-1 cells was not affected by each 

concentration at 24 and 48 hours, as similar cell numbers were calculated for each 

concentration (Figure 4.6b).  The highest decline in the cell viability (31 per cent) was 

recorded with 10 µM ABT-737 at 24 hours, which was followed by 41 and 54 per cent 

reductions at 48 and 72 hours, respectively. The observed decrease was related to the 

cytostatic effect of the drug, as the calculated cell number was 10,573 after 72 hours of 

the treatment (Figure 4.6b). In comparison to A-498 cells, a more resistant profile to 

ABT-737 monotherapy was observed in Caki-1 cells.  

Based on single drug treatments, 1 µM everolimus and 10 µM ABT-737 were chosen to 

analyze the effect of their combination on Caki-1 cells’ viability and proliferation (Figure 

4.7). A time-dependent decrease in the Caki-1 viability was observed upon treatment with 

everolimus-ABT-737 combination. When compared to the viability of control cells at 48 

and 72 hours, the combinatorial drug treatment hampered the viability to 38 per cent at 48 

hours, which was followed by a 98 per cent decrease in the viability at 72 hours (Figure 

4.7a). Only 20 per cent of Caki-1 cells remained viable after the combination regimen for 

72 hours, which corresponded to 3.329 cells (Figure 4.7b). Thereby, data presented here 

pointed out the cytotoxic effect of everolimus and ABT-737 combination on Caki-1 cells.  

Similar to A-498 cells, the combination of everolimus with ABT-737 potentiated the anti-

cancer effect of everolimus in Caki-1 cells that exhibit high level of the anti-apoptotic Bcl-

2 protein.  
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Figure 4.6. Determination of the cytostatic doses of ABT-737 for Caki-1 cells. Increasing 

ABT-737 concentration were used in treatments of Caki-1 cells for indicated hours. DMSO 

was used to treat control cells (0 µM). (a) The viability of control cells was set to 100 per 

cent at 24 hours. (b) Initial number of cells seeded was 1 x 104 cells/well. 
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Figure 4.7. Determination of the cytotoxic effect of everolimus-ABT-737 combination on 

Caki-1 cells. 1 µM everolimus and/or 10 µM ABT-737  doses were used to treat Caki-1 

cells for indicated hours. DMSO-treated Caki-1 cells were considered as control (0 µM). 

(a) The viability of control cells measured by WST-1 viability assay at 24 hours was set to 

100 per cent. (b) 1 x 104 cells/well were seeded at the start of the experiment. 
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4.2.3. Effect of Everolimus and/or ABT-737 Combination on the Viability of HEK-

293 Cells 

In order to answer the question, whether everolimus and ABT-737 combination exerts a 

cytotoxic effect on the viability of healthy kidney cells, human embryonic kidney 293 

(HEK-293) cell line was used as control cell line. Prior to the combinatorial regimen, 

HEK-293 cells were treated with the increasing concentrations of individual drugs for 24, 

48 and 72 hours. The viability of cells was measured by WST-1 viability assay (Section 

3.2.1), where the viability of control cells was considered as 100 per cent at 24 hours. In 

parallel, HEK-293 cells were seeded at an increasing density of 5 x 103, 7.5 x 103, 1 x 104, 

1.25 x 104, 1.5 x 104, and 2 x 104 cells/well to draw a standard curve using absorbance 

values. The standard curve was then used to calculate the actual cell number at the 

indicated time points after treatments.  

Figure 4.8 shows the effect of everolimus and ABT-737 monotherapies on viability and 

proliferation of HEK-293 cells. According to the results, 1 µM everolimus caused a 12 per 

cent decrease in the viability of HEK-293 cells at 24 hours, which is followed by an 

average of 29 per cent reduction at 48 and 72 hours (Figure 4.8a). A similar response was 

observed when HEK-293 cells were subjected to 5 µM everolimus regimen that decreased 

the cell viability about an average of 30 per cent upon 48 and 72 hours treatments 

compared to control cells. In comparison to 1 and 5 µM concentrations, 10 µM everolimus 

led to a 20 per cent reduction in HEK-293 viability after 24 hours. The decrease was more 

pronounced when the duration of treatment was increased. In fact, 46 per cent decrease in 

viability of HEK-293 cells was recorded after 48 hours of treatment, which was recovered 

at 72 hours. The calculated cell number after each treatment indicated no effect of 

everolimus monotherapy on cell proliferation at all three time points when compared to the 

initial cell number (Figure 4.8b).  
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Figure 4.8. Determination of the cytostatic doses of everolimus for HEK-293 cells. The 

increasing concentrations of everolimus were utilized for the treatment of HEK-293 cells at 

indicated hours. DMSO-treated HEK-293 cells were considered as control (0 µM). (a) The 

viability of control cells set to100 per cent at 24 hours. (b) 1 x 104 cells/well was seeded at 

time t0. 
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Figure 4.9. Determination of the cytostatic doses of ABT-737 for HEK-293 cells. HEK-

293 cells were exposed to increasing ABT-737 dosed for indicated treatment hours. 

DMSO-treated HEK-293 cells were considered as control (0 µM). (a) The viability of 

control cells set to100 per cent at 24 hours. (b) 1 x 104 cells/well were seeded at time t0. 

Similar to everolimus monotherapy, no significant reduction in the cell viability was 

observed with different concentrations of ABT-737 (Figure 4.9a), although HEK-293 cells 

showed a different profile of response against each treatment. Upon 1 µM ABT-737 

treatment, 29 per cent decrease observed in HEK-293 viability at 48 hours was recovered 

by the cells at 72 hours, where 127 per cent of cells were calculated as viable compared to 

the control cells at the same time point. At 24 hours, the average reduction of 23 per cent 
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recorded for the cell viability upon treatment with 5 and 10 µM ABT-737 concentrations 

was increased up to 40 and 50 per cent at 48 hours, respectively. In consistence with 1 µM 

ABT-737 dose, the cytostatic effect of 5 and 10 µM ABT-737 concentrations observed 

after 24 and 48 hours was recovered by the cells when the duration of treatment time was 

increased to 72 hours. In fact, only 18 and 27 per cent reduction in viability were observed 

for these two concentrations at 72 hours, respectively. Additionally, the proliferation data 

indicated that HEK-293 cells could proliferate even under the highest ABT-737 

concentration at the indicated time points (Figure 4.9b).  

HEK-293 cells were further used to investigate the role of combination therapy on the cell 

viability and proliferation. The combination of 1 µM everolimus with 5 µM ABT-737 led 

to a time-dependent increase in the cell viability when compared to the control cells at 24 

hours (Figure 4.10a). In that, 57 per cent increase in the cell proliferation recorded upon 

the combinatorial treatment at 48 hours was restored to 85 per cent at 72 hours, indicating 

no cytostatic effect of dual-drug treatment (Figure 4.10b). 

Altogether, these results demonstrated that everolimus and ABT-737 exerted their 

cytotoxic effect merely on the model RCC cell lines of RCC, A-498 and Caki-1 cells, and 

not on the healthy kidney HEK-293 cells. 
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Figure 4.10. Determination of the effect of combination therapy on the cell viability of 

HEK-293 cells.  The treatments with everolimus (1 µM) and/or ABT-737 (5 µM) were 

performed in HEK-293 cells for 24, 48, and 72 hours. HEK-293 cells treated with DMSO 

were considered as control (0 µM). (a) The viability of control cells measured by WST-1 

viability assay at 24 hours was set to100 per cent. (b) 1 x 104 cells/well were seeded at the 

start of the experiment. 
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4.3. ANALYSIS OF THE SYNERGY BETWEEN EVEROLIMUS AND ABT-737 

The synergy between individual drugs used in a combination during cancer therapy is 

determined by the analyses of isobologram and combination index (CI) [278]. The CI less 

than 1 defines the synergy, whereas CI more than 1 points out the additive effect of the 

drugs in the combination [277]. In order to determine whether everolimus-ABT-737 

combination demonstrates a synergistic effect on A-498 and Caki-1 cells, combination 

index was calculated using the classic isobologram analyses. In this regard, A-498 and 

Caki-1 cells subjected to a wide range of everolimus and ABT-737 concentrations were 

used to define the lethal doses (LD) 30, 50, 70, 90 for each drug at 72 hours by WST-1 cell 

viability assay.  

Figure 4.11 shows that the increasing concentrations of everolimus (0-50 µM) and ABT-

737 (0-10 µM) led to a continuous decrease in the viability of A-498 cells, when treated for 

72 hours. According to Figure 4.11a, 30 per cent decrease in the viability was observed at 

12.7 µM everolimus concentration. LD50 and LD70 were recorded with an average of 37.5 

and 47 µM of everolimus, respectively. 50 µM everolimus was defined as LD90 for the 

drug, when only 10 per cent of A-498 cells remained viable.  

A-498 cells were more prone to ABT-737 treatment, which led to a continuous decrease in 

the cell viability with lower concentrations compared to everolimus, indicating the possible 

everolimus resistance of this RCC cell line (Figure 4.11b). Indeed, LD30 was defined at 2 

µM concentration after the treatment of cells with ABT-737. Only a further 0.7 µM  

increase in the concentration led to the 50 per cent decrease in the viability, whereas 30 per 

cent of cells remained viable after ABT-737 regimen of 4.7 µM dose. Additionally, 10 µM, 

the highest concentration of drug tested in the study, led to the 90 per cent decrease (LD90) 

in the viability of A-498 cells.  

According to the isobologram showing distribution of the obtained LD values, the 

calculated CI was 0.32 for LD90, indicating the synergistic effect of both drugs for A-498 

cells, when 1µM everolimus and 5 µM ABT-737 were used in a combination (Figure 

4.11c).  
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Figure 4.11. Effect of everolimus or ABT-737 on the viability of A-498 cells. A-498 cells 

were exposed to increasing doses of (a) everolimus (1-50 µM) and (b) ABT-737  (1-10 

µM) for 72 hours. DMSO-treated A-498 cells were considered as control (0 µM). The 

viability of control cells set to100 per cent. (c) Isobologram was drawn with concentrations 

of each drug giving LD30, LD50, LD70, and LD90. x shows the concentrations of each 

drugs used in the combination.  
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In comparison to A-498 cells, Caki-1 cells showed a more resistant profile to both 

everolimus and ABT-737 concentrations tested (Figure 4.12a). In fact, LD30 was recorded 

when Caki-1 cells were treated with 42 µM everolimus. 45 and 46 µM everolimus 

concentrations led to 50 and 70 per cent decrease in the cell viability. Interestingly, all LD 

values were calculated within the narrow range of everolimus doses between 42 and 48 

µM, in that 10 per cent of cells (LD90) remained viable after the treatment with 48 µM 

everolimus.  

In comparison to A-498 cells, higher ABT-737 concentrations were required for the 50 and 

90 per cent reduction in the viability of Caki-1 cells (Figure 4.12b). 10 µM dose of ABT-

737 caused to 30 per cent decrease in the Caki-1 viability, where 90 per cent reduction was 

recorded with the same dose for A-498 cells. Further 2.5 µM increase in the concentration 

diminished the viability of Caki-1 cells about 50 per cent. The calculated LD50 and LD90 

were obtained with an average of 17.5 and 36.7 µM doses of ABT-737.  

Based on the isobologram drawn with the calculated LD values, CI value of 0.685 was 

recorded for the LD40 pointing out the synergistic effect of everolimus and ABT-737 on 

Caki-1, when 1 µM everolimus was used in combination with 10 µM ABT-737 for the 

treatment of Caki-1 cells (Figure 4.12c).  
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Figure 4.12. Effect of everolimus or ABT-737 on the viability of Caki-1 cells. Caki-1 cells 

were exposed to increasing concentrations of (a) everolimus and (b) ABT-737 for 72 

hours-treatment. DMSO-treated Caki-1 cells were considered as control (0 µM). The 

viability of control cells set to 100 per cent. (c) Isobologram was drawn with 

concentrations of each drug giving LD30, LD50, LD70, and LD90. x shows the 

concentrations of each drugs used in the combination. 
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4.4. ANALYSIS OF EVEROLIMUS ABT-737 COMBINATION AT MOLECULAR 

LEVEL 

4.4.1. Effect of Everolimus and/or ABT-737 Combination on Cell Cycle   

Previous results demonstrated that the combination of everolimus with ABT-737 exerts 

anti-proliferative effect on both primary site A-498 and metastatic site Caki-1 cells. 

Therefore, the reduction in the number of cells raised the question whether the co-

treatment of both drugs altered the cell cycle mechanism. In order to answer this question, 

Western blot analysis was performed as described in Section 3.3.6 using the cell lysates 

obtained from A-498 and Caki-1 cells that were subjected to either monotherapy or the 

combination therapy for 24 hours.  

 

Figure 4.13. Effect of everolimus-ABT-737 combination on the cell cycle players in A-498 

cells. Cell lysates of A-498 cells that were treated either with 1 µM everolimus and/or 5 

µM ABT-737 for 24 hours were used to determine protein levels of CDK4 (30 kDa), 

Cyclin D1 (36 kDa), Cyclin D3 (31 kDa), CDK2 (33 kDa), Cyclin E1 (48-56 kDa), and 

p27Kip1 (27 kDa) by Western blot. To ensure equal protein loading 38 kDa-protein β-actin 

was utilized. One representative blot was shown. The average percentage values were 

calculated according to densitometric analysis of at least three independent experiments 

and set as 100 per cent for control cells. 
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The analysis of cell cycle in A-498 cells treated either with 1 µM everolimus and/or 5 µM 

ABT-737 or left untreated was shown in Figure 4.13. Compared to untreated control cells, 

everolimus monotherapy led to 24 and 5 per cent decrease in Cyclin D1 and Cyclin D3 

levels, whereas an average of 43.5 per cent reduction was recorded for both proteins upon 

ABT-737 regimen, respectively. However, the combination of both drugs diminished the 

protein levels of Cyclin D1 and Cyclin D3 about 97 and 83 per cent, respectively. 

Everolimus therapy led to  27 per cent increase in CDK4 level when compared to ABT-

monotherapy that decreased the protein level about 34 per cent. This result suggests that 

the combination therapy might cause cell cycle arrest at G1 phase that is regulated by the 

Cyclin D-CDK4 complex. The complex formed by Cyclin E1 and CDK2 that regulates the 

G1/S transition was also affected by the everolimus-ABT-737 combination as 25 and 57 

per cent reduction in Cyclin E1 and CDK2 levels were recorded, respectively. Although, 

ABT-737 regimen led to a slight decrease (10 per cent) in CDK2 protein level, everolimus 

monotherapy resulted in a more significant reduction in CDK2 protein (68 per cent) levels 

compared to the combination regimen. Interestingly, reduced of p27Kip1, the G1/S inhibitor, 

level was detected upon ABT-737 monotherapy and combination therapy, which was more 

pronounced compared to everolimus regimen.  

Figure 4.14 shows the changes in cell cycle protein levels for Caki-1 cells after treatment 

with 1 µM everolimus and/or 10 µM ABT-737. Everolimus regimen led to 46 and 66 per 

cent reductions in Cyclin D1 and Cyclin D3 protein levels, respectively. In contrast with 

everolimus treatment, ABT-737 monotherapy exhibited an increase in Cyclin D1 protein 

level, whereas the drug caused a 49 per cent reduction in Cyclin D3 level. Upon 

combination therapy, the decrease detected in Cyclin D3 level was more pronounced than 

the one in Cyclin D1 protein. Although everolimus treatment led to a 58 per cent decrease 

in CDK4 protein expression, the reduction observed upon the combinatorial treatment was 

only 31 per cent. In line with these results, ABT-737 monotherapy also caused a slight 

decrease in CDK4 protein level. Similarly, the 72 per cent decrease recorded for Cyclin E1 

level after everolimus monotherapy was brought up to 21 per cent of the control levels 

upon combination regimen. ABT-737 treatment also led to a lower decline in Cyclin E1 

level by 38 per cent than everolimus regimen. On the other hand, the reduction in CDK2 

level was detected less in cells treated with everolimus than its combination with ABT-737 

than ABT-737 alone. The co-treatment of cells with everolimus and ABT-737 seemed to 
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favor the inhibition of cell cycle as the reduced level of p27Kip1 protein was recovered upon 

combinatorial regimen.  

Altogether, these data suggest that combination of everolimus with ABT-737 might induce 

the cell cycle arrest at G1 phase for both A-498 and Caki-1 cells. 

  

Figure 4.14. Effect of everolimus-ABT-737 combination on the cell cycle proteins in Caki-

1 cells. Cell lysates of Caki-1 cells that were treated either with 1 µM everolimus and/or 10 

µM ABT-737 for 24 hours were used to determine protein levels of CDK4 (30 kDa), 

Cyclin D1 (36 kDa), Cyclin D3 (31 kDa), CDK2 (33 kDa), Cyclin E1 (48-56 kDa), and 

p27Kip1 (27 kDa) by Western blot. To ensure equal protein loading 38 kDa-protein β-actin 

was utilized. One representative blot was shown. The average percentage values were 

calculated according to densitometric analysis of at least three independent experiments 

and set as 100 per cent for control cells. 

4.4.2. Effect of Everolimus and/or ABT-737 Combination on mTOR Pathway  

As everolimus targets mTOR pathway, the effect of everolimus and/or ABT-737 on the 

mTOR molecular mechanism was analyzed following the cell cycle. In this regard, 

Western blot analysis was performed to determine the changes of protein levels of mTOR 
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pathway components. The analysis carried out in the cell lysates of A-498 and Caki-1 cells 

that were subjected to either monotherapies or combination therapy for 24 hours.  

mTOR pathway mediates its regulatory function through two main complexes, mTORC1 

and mTORC2, that differ from each according to their upstream regulators and 

downstream target proteins executing distinct cellular processes [75]. Therefore, the impact 

of combinatorial treatment was examined in three parts. The initiation of mTORC1 activity 

depends on its upstream regulator, AKT, that undergoes a phosphorylation at Thr308 by 

PDK1 [67]. In comparison to control and everolimus-treated A-498 cells, 56 per cent 

increase was observed in phosphorylated AKT at Thr308 after ABT-737 monotherapy, 

which was further increased up to 128 per cent upon combination therapy (Figure 4.15). In 

contrast, a 37 per cent decrease was observed for the basal AKT level in A-498 cells 

treated with ABT-737 alone. The combination of ABT-737 with everolimus further 

decreased AKT level about 50 per cent in A-498 cells.  

 

Figure 4.15. Effect of everolimus-ABT-737 combination on the upstream regulators of 

mTORC1 pathway in A-498 cells. A-498 cells were treated with 1 µM everolimus and/or 5 

µM ABT-737 for 24 hours and cell lysates were used to determine levels of p-AKT 

(Thr308) (60 kDa), AKT (60 kDa), p-mTOR (Ser2448) (289 kDa), and mTOR (289 kDa) 

proteins by Western blot analysis. To ensure equal protein loading 38 kDa-protein β-actin 

was utilized. One representative blot was shown. The average percentage values were 

calculated according to densitometric analysis of at least three independent experiments 

and set as 100 per cent for control cells. 
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In Caki-1 cells, everolimus led to a 43 per cent decrease in p-AKT protein level, while no 

change in p-AKT protein was observed after ABT-737 regimen (Figure 4.16). The 

combination therapy, however, resulted in 130 per cent increase in p-AKT protein. The 

basal AKT protein was affected negatively by each treatment which was evident by an 30 

decrease in the endogenous AKT protein level in Caki-1 cells. 

 

Figure 4.16. Effect of everolimus-ABT-737 combination on the upstream regulators of 

mTORC1 pathway in Caki-1 cells. Caki-1 cells were treated with 1 µM everolimus and/or 

10 µM ABT-737 for 24 hours and cell lysates were used to determine levels of p-AKT 

(Thr308) (60 kDa), AKT (60 kDa), p-mTOR (Ser2448) (289 kDa), and mTOR (289 kDa) 

proteins by Western blot analysis. To ensure equal protein loading 38 kDa-protein β-actin 

was utilized. One representative blot was shown. The average percentage values were 

calculated according to densitometric analysis of at least three independent experiments 

and set as 100 per cent for control cells. 

The activity of mTORC1 is characterized by the phosphorylation of its downstream target 

proteins. Therefore, the inhibitory effect of dual-drug therapy on mTORC1 activity was 

analyzed through the determination of phosphorylated mTORC1’s effector proteins. 

Everolimus and combination regimen drastically diminished the expression of p-S6K1 

protein in A-498 and Caki-1 cells, while no effect of ABT-737 regimen on p-S6K1 level 

recorded for both cell lines (Figure 4.17 and 4.18). In comparison to Caki-1 cells, the 
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reduction in basal S6K1 level in response to each drug treatment was more pronounced in 

A-498  cells. 

As S6 protein is the downstream target of S6K1, the loss of its phosphorylation at Thr389-

S6K1 caused the complete loss of S6 phosphorylation at Ser235/236 and Ser240/244 in A-

498 cells after the combinatorial treatment. In accordance, ABT-737 and combination 

regimen diminished the basal S6 level about 68 and 86 per cent, respectively (Figure 4.17).  

Similar to A-498 cells, almost 75 per cent decrease was recorded for the phosphorylated S6 

protein at Ser235/236 and Ser240/244 regions in Caki-1 cell after everolimus and the 

combination treatment. Interestingly, Caki-1 cells showed an 131 and 172 per cent increase 

in  the basal S6 protein when treated with ABT-737 or its combination with everolimus, 

respectively (Figure 4.18).  

Reduced levels for phosphorylated 4E-BP1, another well-known effector of mTORC1 

complex, was evident in A-498 cells in the presence of everolimus (Figure 4.18). More 

than 50 per cent decline in the levels of 4E-BP1 Thr37/45 and Thr70 was recorded for 

everolimus treated A-498 cells. Although, in the presence of ABT-737 similar decline in 

4E-BP1 (Thr70) levels was observed,  the phosphorylation of 4E-BP1 at Thr37/45 was not 

affected by ABT-737 regimen in A-498 cells. In Caki-1 cells, everolimus and combination 

regimen could only diminish the protein level of p-4E-BP1 at Ser65 Thr70 (Figure 4.18), 

whereas ABT-737 regimen increased the level of  p-4E-BP1 at Thr70.  

Interestingly, ABT-737 exhibited different effect on basal 4E-BP1 protein expression in 

both cell lines. In fact, ABT-737 caused to a slight decrease in 4E-BP1 level of A-498 cells 

when used alone or in combination with everolimus, whereas a significant increase in 4E-

BP1 level was observed in Caki-1 cells under the presence of ABT-737. Taken together, 

the results showed that the addition of ABT-737 to everolimus regimen could sustain the 

inhibitory effect of everolimus on mTORC1 activity in both A-498 and Caki-1 cells. 
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Figure 4.17. Effect of everolimus-ABT-737 combination on the downstream target proteins 

of mTOR pathway in A-498 cells. Cell lysates of A-498 cells treated with 1 µM 

everolimus and/or 5 µM ABT-737 for 24 hours were used to determine levels of p-S6K1 

(Thr389) (70-85 kDa), S6K1 (70-85 kDa), p-S6 (Ser235/236) (32 kDa), p-S6 (Ser240/244) 

(32 kDa), S6 (32 kDa), p-4E-BP1 (Thr37/45) (15-20 kDa), p-4E-BP1 (Ser65) (15-20 kDa), 

p-4E-BP1 (Thr70) (15-20 kDa), and 4E-BP1 (15-20 kDa) proteins by Western blot. As 

loading control, β-Actin (38 kDa) was used. The average percentage values were 

calculated according to the densitometric analysis of at least three independent experiments 

and set as 100 per cent for control cells. 
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Figure 4.18. Effect of everolimus-ABT-737 combination on the downstream target proteins 

of mTOR pathway in Caki-1 cells. Cell lysates of Caki-1 cells treated with 1 µM 

everolimus and/or 10 µM ABT-737 for 24 hours were used to determine levels of p-S6K1 

(Thr389) (70-85 kDa), S6K1 (70-85 kDa), p-S6 (Ser235/236) (32 kDa), p-S6 (Ser240/244) 

(32 kDa), S6 (32 kDa), p-4E-BP1 (Thr37/45) (15-20 kDa), p-4E-BP1 (Ser65) (15-20 kDa), 

p-4E-BP1 (Thr70) (15-20 kDa), and 4E-BP1 (15-20 kDa) proteins by Western blot. As 

loading control, β-Actin (38 kDa) was used. One representative blot was shown. The 

average percentage values were calculated according to the densitometry analysis and set 

as 100 per cent for control cells. 

One of the feedback loops characterized in RCC as being activated upon acquired 

everolimus resistance is the molecular switch from mTORC1 to mTORC2 complex [115]. 

Under normal conditions, the activity of mTORC2 is regulated indirectly by mTORC1 
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through which mTORC2 exhibits rapamycin insensitivity. Therefore, cell lysates of A-498 

and Caki-1 cells that were subjected to mono- or combination therapies for 24 hours were 

next used in Western blot in order to determine whether the combination therapy can affect 

the mTORC2 complex activation. The phosphorylation of S6K1 at Thr389 by mTORC1 

complex activates  S6K1 which in turn catalyzes the phosphorylation of Rictor protein at 

Thr1135 [102, 125]. Hence, the presence of phosphorylated Rictor protein indicates the 

active mTORC2 complex.  

In A-498 and Caki-1 cells, the reduced p-Rictor level were observed after everolimus and 

combination regimen, whereas ABT-737 regimen caused to a slight increase in p-Rictor 

protein level (Figure 4.19 and 4.20). These results indicates that Rictor protein could not be 

phosphorylated due to the lack of p-S6K1 protein observed in both cell lines after 

everolimus and combination regimen (Figure 4.17 and 4.18). As ABT-737 had no effect on 

S6K1 phosphorylation, the p-Rictor could be detected in both cell lines. In comparison to 

A-498 cells, where ABT-737 and dual-drug regimen led to a slight decrease in basal Rictor 

level, an increase in endogenous Rictor protein was detected in Caki-1 cells in response to 

the same treatments. 

mTORC2 complex provides a negative feedback loop in cells that develop resistance to 

rapalogs. In fact, mTORC2 complex catalyzes the phosphorylation of AKT at Ser473 that 

further activates the mTORC1 complex [119, 128]. In A-498 cells, the level of 

phosphorylated AKT at Ser473 was decreased about 26 and 36 per cent upon everolimus 

or ABT-737 regimen. The reduced p-AKT level was more pronounced upon dual-drug 

combination (57 per cent) (Figure 4.19). However, Caki-1 cells showed an average of 17 

per cent increase in p-AKT protein level upon ABT-737 and combination treatments, 

whereas everolimus caused to a reduction in  p-AKT level for this cell line (Figure 4.20). 

In contrast, the reduced level of basal AKT was detected in both cell lines after each 

treatment type. These results indicate that mTORC2 complex is regulated differently in 

both cell lines. Everolimus and combination regimen decreased the level of phosphorylated 

mTOR at Ser2481 in A-498 and Caki-1 cells, while an increase in p-mTOR was detected 

in both RCC cell lines upon ABT-737 treatment. In A-498 cells, each treatment caused a 

slight decrease in the basal mTOR level in comparison to Caki-1 cells which exhibited 

high endogenous mTOR level in response to mono- and combination therapies.  
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Altogether, these data suggested that the combination treatment might suppress the activity 

of mTORC2 complex in A-498 cells. In contrast, the activation of mTORC2 complex as a 

result of mTORC1 suppression was not affected by the dual-drug therapy in Caki-1 cells. 

 

Figure 4.19. Effect of everolimus-ABT-737 combination on the mTORC2 complex in A-

498 cells. Protein extracts of A-498 cells treated with 1 µM everolimus and/or 5 µM ABT-

737 for 24 hours were used to determine p-Rictor (Thr1135) (200 kDa), Rictor (200 kDa), 

p-mTOR (Ser2481) (289 kDa),  mTOR (289 kDa), p-AKT (Ser473) ( 60 kDa), and AKT 

(60 kDa) protein levels by Western blot analysis. To ensure equal protein loading 38 kDa-

protein β-actin was utilized. One representative blot was shown. The average percentage 

values were calculated according to densitometric analysis of at least three independent 

experiments and set as 100 per cent for control cells. 
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Figure 4.20. Effect of everolimus-ABT-737 combination on the mTORC2 complex in 

Caki-1 cells. Protein extracts of Caki-1 cells treated with 1 µM everolimus and/or 10 µM 

ABT-737 for 24 hours were used to determine p-Rictor (Thr1135) (200 kDa), Rictor (200 

kDa), p-mTOR (Ser2481) (289 kDa),  mTOR (289 kDa), p-AKT (Ser473) ( 60 kDa), and 

AKT (60 kDa) by Western blot. As loading control, β-Actin (38 kDa) was used. One 

representative blot was shown. The average percentage values were calculated according to 

the densitometry analysis and set as 100 per cent for control cells. 

4.5. EFFECT OF EVEROLIMUS AND ABT-737 COMBINATION ON CELL 

DEATH 

4.5.1. Apoptotic Effect of Everolimus and ABT-737 Combination  

In A-498 and Caki-1 cells, the cytotoxic effect of everolimus and ABT-737 combination 

was shown with WST-1 viability, suggesting that  the reduction of cell number might be 

due to induced cell death. In order to determine the apoptotic response against the 



81 
 

 

combination therapy, Annexin V-PI staining was performed as described in Section 3.2.2 

on A-498 and Caki-1 cells that were subjected to either monotherapy or combination 

therapy for 24, 48, and 72 hours.  

In consistence with cell viability data, percentages of A-498 cells that enter in early and 

late apoptosis was 2 per cent and 7 per cent at 24 hours after everolimus regimen, 

respectively (Figure 4.21b). The increased duration of treatment did not significantly 

change the number of apoptotic cells at 48 and 72 hours (Figure 4.22 and 4.23). In 

comparison to everolimus, a significant induction of apoptosis was observed upon ABT-

737 regimen and its combination with everolimus even after 24 hours where apoptosis was 

demonstrated in more than 60 per cent of A-498 cells (Figure 4.21). Compared to control 

cells, the induction of apoptosis was much more pronounced when cells were treated with 

ABT-737 monotherapy and combination therapy for 48 and 72 hours (Figure 4.22 and 

4.23).  

These results indicated that the decrease in A-498 cell viability observed as a response to 

combination therapy was due to the induction of apoptosis. In order to investigate this 

apoptotic response at the  molecular level, the protein expressions of caspases were 

analyzed by Western blot performed with the cell lysates of A-498 cells subjected to 1 µM 

everolimus and/or 5 µM ABT-737 for 24 hours (Figure 4.24).  

In consistence with results obtained from Annexin-V staining, ABT-737 monotherapy and 

its combination with everolimus increased the protein level of cleaved caspase 9, as well as  

cleaved caspase 3, the effector of active caspase 9. As the cleaved PARP is another 

indicator for the active apoptotic mechanism, the observation of the increase in its cleaved 

form under the same conditions indicated the induction of cell death.  
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Figure 4.21. Effect of everolimus-ABT-737 combination on A-498 cell death at 24 hours. 

(a) Cell death of A-498 cells subjected to 1 µM everolimus and/or 5 µM ABT-737 was 

analyzed by Annexin-V/PI staining. The numbers of cells entered in early apoptosis 

(bottom right) and late apoptosis (top right) cells were shown as percentages in histogram 

images. (b) Graphical representation of percentages for Annexin V-positive cells (early and 

late apoptosis) were shown. 
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Figure 4.22. Effect of everolimus-ABT-737 combination on A-498 cell death at 48 hours. 

(a) Cell death of A-498 cells undergone treatment with 1 µM everolimus and/or 5 µM 

ABT-737 was analyzed by Annexin-V/PI staining. The numbers of cells in early apoptosis 

(bottom right) and late apoptosis (top right) cells were shown as percentages in histogram 

images. (b) Graphical representation of percentages for Annexin V-positive cells (early and 

late apoptosis) were shown. 
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Figure 4.23. Effect of everolimus-ABT-737 combination on A-498 cell death at 72 hours. 

(a) A-498 cells were treated with 1 µM everolimus and/or 5 µM ABT-737 to analyze cell 

death by Annexin-V/PI staining. The numbers of cells entering in early apoptosis (bottom 

right) and late apoptosis (top right) cells were shown as percentages in histogram images. 

(b) Graphical representation of percentages for Annexin V-positive cells (early and late 

apoptosis) were shown. 
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Figure 4.24. Effect of everolimus-ABT-737 combination on apoptotic mechanism of A-

498 cells. A-498 cells were undergone everolimus (1 µM) and/or ABT-737 (5 µM) 

regimens for 24 hours were used to determine the protein expression of caspase 9 (47, 37, 

35 kDa), caspase 3 (17, 19 kDa), and PARP by Western blot analysis. To ensure equal 

protein loading 45 kDa-protein pan-actin was utilized.  

An average of 7 per cent of Annexin-V stained Caki-1 cells was recorded after the 

treatment with 1 µM everolimus for 24 and 48 hours, where an average of 5 per cent cells 

were found in late apoptosis (Figure 4.25). In comparison to A-498 cells, the significant 

induction of cell death was observed only after 72 hours of treatment with ABT-737 and its 

combination with everolimus (Figure 4.27) in Caki-1 cells. ABT-737 monotherapy resulted 

in 14 per cent and 19 per cent late apoptosis at 24 and 48 hours, which was increased 

significantly up to 60 per cent at 72 hours, whereas no significant change was observed in 

early apoptosis (Figure 4.25 and 4.26). At the end of 72 hours, 64 per cent of Caki-1 cells 

were  stained positive for Annexin-V (Figure 4.27). 

In comparison to ABT-737 regimen, 10 per cent and 8 per cent late apoptosis were 

recorded after everolimus-ABT7-737 combination at 24 and 48 hours, respectively (Figure 

4.25 and 4.26). Similar to single ABT-737 regimen, 58 per cent of cells were characterized 

as being apoptotic in response to the combination regimen for 72 hours (Figure 4.27).  
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Figure 4.25. Effect of everolimus-ABT-737 combination on Caki-1 cell death at 24 hours. 

(a) Annexin-V/PI staining was carried out to analyze the cell death of Caki-1 cells 

undergone treatment with 1 µM everolimus and/or 10 µM ABT-737. The numbers of cells 

entered in early apoptosis (bottom right) and late apoptosis (top right) cells were shown as 

percentages in histogram images. (b) Graphical representation of percentages for Annexin 

V-positive cells (early and late apoptosis) were shown. 
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Figure 4.26. Effect of everolimus-ABT-737 combination on Caki-1 cell death at 48 hours. 

(a) Cell death of Caki-1 cells subjected to everolimus (1 µM) and/or ABT-737 (10 µM ) 

was analyzed by Annexin-V/PI staining. The numbers of cells in early apoptosis (bottom 

right) and late apoptosis (top right) cells were shown as percentages in histogram images. 

(b) Graphical representation of percentages for Annexin V-positive cells (early and late 

apoptosis) were shown. 
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Figure 4.27. Effect of everolimus-ABT-737 combination on Caki-1 cell death at 72 hours. 

(a) Caki-1 cells were subjected to everolimus (1 µM) and/or ABT-737 (10 µM) treatments 

in order to analyze cell death determined by Annexin-V/PI staining. The numbers of cells 

entered in early apoptosis (bottom right) and late apoptosis (top right) cells were shown as 

percentages in histogram images. (b) Graphical representation of percentages for Annexin 

V-positive cells (early and late apoptosis) were shown. 
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The effect of combination therapy on Caki-1 apoptosis was further investigated at the 

molecular level. Therefore, Caki-1 cells were subjected to everolimus (1 µM) and/or ABT-

737 (10 µM) regimen in order to analyze their protein extracts by Western blot.  

 

Figure 4.28. Effect of everolimus-ABT-737 combination on the apoptotic mechanism of 

Caki-1 cells. Protein extracts of A-498 cells subjected to everolimus (1 µM) and/or ABT-

737 (10 µM) regimens for 24 hours were used to determine  the protein expression of 

caspase 9 (47, 37, 35 kDa), caspase 3 (17, 19 kDa), and PARP by Western blot. To ensure 

equal protein loading 45 kDa-protein pan-Actin was utilized.  

In support of the Annexin V data, an increase in levels of cleaved caspase 9 and cleaved 

caspase 3 were observed in Caki-1 cells once subjected to ABT-737 or combination 

regimen, compared to the control and everolimus-treated cells. Interestingly, the level of 

cleaved PARP was more pronounced in cells undergone single ABT-737 treatment than in 

cells co-treated with everolimus and ABT-737 (Figure 4.28). 

Taken together, the data presented here suggested that ABT-737 alone or in combination 

with everolimus triggers the apoptotic response in Bcl-2 overexpressing A-498 and Caki-1 

cells that were insensitive to everolimus treatment.  
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4.5.2. Effect of Everolimus and ABT-737 Combination on Bcl-2 Family Members 

In order to understand the molecular mechanism underlining the apoptotic response 

observed in A-498 and Caki-1 cells when they were subjected to everolimus-ABT-737 

combination, the alterations in the expression levels of Bcl-2 family proteins were 

investigated by Western blot analysis as described in Section 3.3.6. 

The stability of Bcl-2 protein is regulated through the phosphorylation of amino acids 

located between BH4 and BH3 domains of the protein [144]. Therefore, the alterations in 

the protein level of phosphorylated Bcl-2 at Ser70 might indicate the effect of the 

everolimus-ABT combination therapy on the integrity of Bcl-2 protein, as BH3 region of 

Bcl-2, Bcl-xL, and Bcl-w is the specific target of ABT-737. In A-498 cells, everolimus 

treatment led 50 per cent decrease in the phosphorylation of Bcl-2 in comparison to basal 

Bcl-2 protein, which was increased up to 40 per cent upon everolimus regimen (Figure 

4.29). In comparison to everolimus regimen, single ABT-737 treatment exerted an 

inhibitory effect on the Bcl-2 phosphorylation in A-498 cells as evidenced by 30 per cent 

fold decrease in the p-Bcl-2 protein level. The decrease in p-Bcl-2 was recorded only as 80 

per cent when cells were subjected to combination therapy. These reduced p-Bcl-2 levels 

correlated with 60 and 80 per cent reduction in the basal Bcl-2 protein levels observed in 

A-498 cells treated ABT-737 monotherapy and combination therapy, respectively.  

In addition to Bcl-2, ABT-737 also showed an blocking effect on the protein expression of 

Bcl-xL in A-498 cells. In fact, cells treated either with ABT-737 or dual-drug combination 

demonstrated a respective 10 and 50 per cent decrease in Bcl-xL levels. Upon everolimus 

treatment, the expression of Bcl-xL protein was increased up to 20 per cent in A-498 cells. 

In comparison to Bcl-2 and Bcl-xL, however, everolimus exhibited no effect on Mcl-1 

protein level. As expected increase of 67 and 47 per cent was recorded in Mcl-1 protein for 

A-498 cells exposed to ABT-737 or dual-drug combination as Mcl-1 is not the target 

protein of ABT-737. 
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Figure 4.29. Effect of everolimus-ABT-737 combination on the anti-apoptotic Bcl-2 family 

proteins of A-498 cells. Western blot was carried out with cell lysates of A-498 cells 

subjected to everolimus  (1 µM) and/or ABT-737 (5 µM) regimen for 24 hours to 

determine p-Bcl-2 (Ser70) (28 kDa), Bcl-2 (26 kDa), Bcl-xL (30 kDa), and Mcl-1 (40 kDa) 

protein levels. To ensure equal loading, β-Actin (38 kDa) was used. The average 

percentage values were calculated according to the densitometry analysis of  at least three 

independent experiments and set as 100 per cent for control cells. 

In Caki-1 cells, treatment with either everolimus or ABT-737 demonstrated an average of 

16 per cent decrease in p-Bcl-2 levels (Figure 4.30). The combination of both agents, 

however, inhibited the phosphorylation of Bcl-2 as evidenced by 90 per cent decrease in 

the protein expression. Compared to control cells, a slight increase (4 per cent) in the basal 

expression levels of Bcl-2 protein was detected in the everolimus-treated Caki-1 cells. In 

line with the results obtained for A-498 cells, ABT-737 monotherapy and dual-drug 

therapy decreased the endogenous Bcl-2 level respectively about 21 and 29 per cent, 

indicating the amount of Bcl-2 protein correlated with its phosphorylated derivative.  

In comparison to Bcl-2, the endogenous expression level Bcl-xL, another target protein of 

ABT-737, increased up to 20 and 50 per cent in response to everolimus and ABT-737 

treatment in Caki-1 cells, respectively. However, 33 per cent decrease in Bcl-xL level 

recorded upon the combination regimen indicated that both agents can synergistically 
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effect the basal Bcl-xL levels in Caki-1 cells. Similar to A-498 cells, an average of 70 per 

cent increase in the endogenous Mcl-1 level was recorded in Caki-1 cells undergone ABT-

737 single treatment or co-treatment with both drugs. No effect of everolimus therapy on 

the expression of Mcl-1 protein was detected.  

Altogether, these results suggested that the elevated level of Bcl-2 protein observed in both 

control and everolimus-treated A-498 and Caki-1 cells could be diminished in the presence 

of ABT-737.  

 

Figure 4.30. Effect of everolimus-ABT-737 combination on the anti-apoptotic Bcl-2 family 

proteins of Caki-1 cells. Cell lysates of Caki-1 cells subjected to 1 µM everolimus and/or 

10 µM ABT-737 regimen for 24 hours were used to determine p-Bcl-2 (Ser70) (28 kDa), 

Bcl-2 (26 kDa), Bcl-xL (30 kDa), and Mcl-1 (40 kDa) protein levels by Western blot. To 

ensure equal loading, 38 kDa protein β-Actin was utilized. One representative blot was 

shown. The average percentage values were calculated according to the densitometry 

analysis and set as 100 per cent for control cells. 

The interplay between BH3-only proteins and their anti- and pro-apoptotic counterparts 

enables the pore formation on the mitochondrial membrane, which is a prerequisite for the 

initiation of caspase cascade [160]. In this regard, the expression levels of BH3-only 

proteins were investigated in A-498 and Caki-1 cells treated with everolimus and/or ABT-

737 in order to understand the cytotoxic effect of the dual-drug therapy at molecular level. 

The analysis of pro-apoptotic Bax levels in A-498 cells revealed no change in response to 
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mono- or combo-drug treatment (Figure 4.31). As an activator BH3-only protein, Bim 

interacts with both the pro-apoptotic Bax and anti-apoptotic Bcl-2 [279, 280]. Upon the 

apoptotic signal, Bim disrupts the Bcl-2-Bax/Bak interaction through binding to Bcl-2 

[262]. Therefore, the upregulation of Bim protein has been associated with the induction of 

cell death. In A-498 cells, ABT-737 and combination regimen led to a respective 7 and 8 

fold increase in the endogenous BimL level. This finding indicated that the cell death 

assocaited with the use of ABT-737 either alone or in combination might be through Bim-

dependent pathway. Bad is a sensitizer BH3-only protein and is only active when serine 

residue at the position 136 is dephosphorylated [281]. In A-498 cells, treatment with 

everolimus led to 15 fold increase in p-Bad level, while a 60 per cent reduction in the basal 

Bad protein was observed. The significant increase (77 fold) detected for p-Bad protein 

level was more pronounced in ABT-737-treated cells than in cells co-treated with 

everolimus and ABT-737 (48 fold). Although ABT-737 monotherapy led to 2 fold increase 

in the endogenous Bad level, only 0.3 fold decrease in basal Bad level was observed upon 

the combination therapy.  

 

Figure 4.31. Effect of everolimus-ABT-737 combination on the Bcl-2 family members of 

A-498 cells. In order to determine levels of p-Bad (Ser136) (23 kDa), Bad kDa), Bax (20 

kDa), and BimL (15 kDa) proteins, Western blot was performed with protein extracts of A-

498 cells exposed to everolimus (1 µM) and/or ABT-737 (5 µM) for 24 hours. To ensure 

equal protein loading 38 kDa protein β-Actin was utilized. Blots show one representative 

experiment. The average percentage values were calculated according to the densitometry 

analysis and set as 100 per cent for control cells. 
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The analysis of endogenous Bax protein in Caki-1 cells revealed that monotherapies 

induced the expression of Bax protein at about 40 per cent (Figure 4.32). In cells co-treated 

with everolimus and ABT-737, the protein level of Bax was increased up to 90 per cent 

which indicates the possible accumulation of the protein in response to the dual-drug 

combination. In Caki-1 cells, ABT-737 monotherapy and its combination with everolimus 

led to 21 and 12 fold increase in the expression levels of BimL protein, respectively. No 

change in basal BimL protein level was observed in the control and everolimus-treated 

cells. The single treatment with everolimus or ABT-737 led to a respective 8 and 12 fold 

increase in p-Bad levels, while a 0.8 fold decrease was recorded in cells undergone 

treatment with the dual-drug combination. In comparison to control cells, the everolimus 

regimen did not alter the basal level of Bad protein, however, a significant 6 fold increase 

in the endogenous Bad levels was observed in the presence of ABT-737. The increase in 

Bad protein level was 11 fold in cells co-treated with everolimus and ABT-737. 

 

Figure 4.32. Effect everolimus-ABT-737 combination on the Bcl-2 family members of 

Caki-1 cells. Protein extracts of Caki-1 cells exposed to everolimus (1 µM) and/or ABT-

737 (10 µM) regimens for 24 hours were used to determine levels of p-Bad (Ser136) (23 

kDa), Bad kDa), Bax (20 kDa), and BimL (15 kDa) proteins by Western blot. To ensure 

equal protein loading 38 kDa protein β-Actin was utilized. The average percentage values 

were calculated according to the densitometric analysis of at least three independent 

experiments and set as 100 per cent for control cells.  
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4.5.3. Role of p53 in Apoptosis Triggered by Combination Therapy 

Puma and Noxa, the other BH3-only proteins, interact with pro-survival Bcl-2 proteins to 

remove their inhibition on Bax/Bak-mediated pore formation in MOM [170]. The 

transcription factor p53 contributes to the initiation of apoptotic program, where p53 

triggers transcription of Puma and Noxa [282]. Besides, p53 can activate Bax/Bak proteins 

through acting like a BH3-only protein itself [283]. To further understand the apoptotic 

process executed by ABT-737 and its combination with everolimus at a molecular level, 

the protein expressions of p53, Puma, and Noxa were analyzed in A-498 and Caki-1 cells 

by Western blot.  

Compared to control and everolimus-treated A-498 cells, treatment with ABT-737 or its 

combination with everolimus led to a 57 per cent and 62 per cent decrease in p53 protein 

levels, respectively (Figure 4.33). The reduction observed in the expression of Puma 

protein was recorded as 70 and 50 per cent respectively in A-498 cells treated either with 

everolimus or ABT-737. In line with the reduced p53 protein level, expression of Puma 

protein diminished about 85 per cent in cells as a response to dual-drug combination.  

Compared to control cells, everolimus monotherapy did not alter the levels of Noxa 

protein, while a 20 per cent increase in the protein level was documented in A-498 cells 

undergone ABT-737. The combination regimen further increased the Noxa protein level up 

to 40 per cent. Although the decline observed in Puma expression under the presence of 

ABT-737 correlated with decrease p53 levels, the induction of Noxa protein level under 

the same conditions was not related to p53.   

In parallel to A-498 cells, no difference in p53 protein levels was observed in everolimus-

treated Caki-1 cells compared to control (Figure 4.34). ABT-737 monotherapy, however, 

led to 33 per cent decrease in level of p53 protein which was decrease to undetectable 

levels when Caki-1 cells were exposed to everolimus-ABT-737 regimen. The similar 

expression levels of Puma and Noxa were found in control cells and cells treated with 

everolimus which was in line with the results obtained for p53 under the same treatment 

conditions. In contrast to the decline p53 levels, 2 fold and 4 fold increase in Puma and 

Noxa levels were recorded in Caki-1 cells, once treated with ABT-737, respectively. Upon 
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the combination treatment, the level Puma protein was increased by 1.3 fold, while  the 

recorded fold of increase was 2 fold for Noxa protein.  

 

Figure 4.33. Effect of everolimus-ABT-737 combination on the p53 pathway of A-498 

cells. Protein levels of p53 (53 kDa), Puma (23 kDa), and Noxa (10 kDa) was determined 

in protein extracts of A-498 cells subjected to everolimus (1 µM) and ABT-737 (5 µM) 

treatment for 24 hours. As loading control, pan-Actin (45 kDa) was used. The average 

percentage values were calculated according to the densitometry analysis and set as 100 

per cent for control cells. 

 

Figure 4.34. Effect of everolimus-ABT-737 combination on the p53 pathway of Caki-1 

cells. Protein levels of p53 (53 kDa), Puma (23 kDa), and Noxa (10 kDa) was determined 

in protein extracts of Caki-1 cells subjected to everolimus (1 µM) and ABT-737 (10 µM) 

treatment for 24 hours. As loading control, pan-Actin (45 kDa) was used. The average 

percentage values were calculated according to the densitometry analysis and set as 100 

per cent for control cells. 
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4.6. CHARACTERIZATION OF EVEROLIMUS RESISTANCE OF RENCA 

CELL LINE 

4.6.1. Effect of Everolimus and/or ABT-737 on the Cell Viability of RenCa Cells 

Following in vitro experiments showing anti-cancer effect of everolimus-ABT-737 

combination, animal studies were carried out to investigate the combination therapy’s anti-

tumor effect using mouse murine RCC cell line, RenCa cells. Before starting in vivo 

experiments, the response of RenCa cells to everolimus and ABT-737 was investigated by 

WST-1 viability assay as described in Section 3.2.1. The absorbance value of control cells 

at 24 hours was considered as 100 per cent for the viability analysis. Meanwhile, 

absorbance values obtained from cells seeded at different densities including 2.5 x 103, 5 x 

103, 7.5 x 103, and 1 x 104 cells/well were translated into cell number via a standard curve. 

The effect of everolimus regimen on RenCa cell viability and proliferation was shown in 

Figure 4.35. Starting from the 24 hours, a significant dose-dependent decrease in the cell 

viability was observed in RenCa cells subjected to everolimus treatment (Figure 4.36a). 

Each everolimus concentration caused a significant reduction in the viability of RenCa 

cells at 72 hours. Especially, 85 per cent reduction in the viability was recorded in cells 

treated with 10 µM everolimus at 72 hours. In parallel to the cell viability data, at 72 hours 

10 µM everolimus regimen led to a 84 per cent decline in cell number below the initial 

seeding density of the control cells (Figure 4.36b) suggesting that everolimus exhibits a 

cytotoxic effect on RenCa cells.  

In comparison to everolimus monotherapy, no significant change in the viability was 

evident in RenCa cells treated with either 1 or 5 µM dosed of ABT-737 (Figure 4.36). At 

24 hours, cells responded to 1 µM ABT-737 treatment by increasing their viability up to 14 

per cent. Similar results were obtained for cells treated with 5 and 10 µM concentrations of 

ABT-737 at 24 hours (Figure 4.36a). An average of 12 per cent decline in the cell viability 

was observed upon 1 and 5 µM ABT-737 doses at 48 and 72 hours. In comparison to 1 and 

5 µM ABT-737 doses, the highest ABT-737 concentration (10 µM) decreased the viability 

of RenCa cells about 34 and 58 per cent at 48 and 72 hours, respectively. In addition to cell 
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viability data, 5474 cells were counted upon 10 µM ABT-737 at 72 hours, which indicated 

the cytostatic effect of ABT-737 on RenCa cells (Figure 4.36b).  

 

Figure 4.35. Response of RenCa cells to everolimus. RenCa cells were exposed to 1, 5, and 

10 µM concentrations of everolimus for 24, 48, and 72 hours. DMSO-treated RenCa cells 

were considered as control (0 µM). (a) The viability of control cells measured by WST-1 

viability assay at 24 hours set to 100 per cent. (b) 5 x 103 cells/well were seeded at time t0. 
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Figure 4.36. Response of RenCa cells to ABT-737. RenCa cells were undergone ABT-737 

regimen (1, 5, and 10 µM doses) for 24, 48, and 72 hours.  DMSO-treated RenCa cells 

were considered as control (0 µM). (a) The viability of control cells was set to 100 per cent 

at 24 hours. (b) 5 x 103 cells/well were seeded at the start of the experiment. 

4.6.2. Generation of Everolimus-resistant RenCa Cell Line 

In order to overcome the everolimus sensitivity of RenCa cells, everolimus-resistant 

RenCa cell line was generated by culturing the cells at low everolimus concentrations 
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(Section 3.1.5). The acquired everolimus resistance was investigated by WST-1 viability 

assay, where RenCares cells were undergone increasing everolimus concentrations for 

indicated hours. The absorbance values of control cells at 24 hours were considered as 100 

per cent for viability analysis. In parallel, the cell proliferation was determined using the 

standard curve drawn with the absorbance values obtained from cells seeded at different 

densities including 2.5 x 103, 5 x 103, 7.5 x 103, and 1 x 104  cells/well.  

The graphs presented in Figure 4.37 shows the effect of everolimus on the viability and 

proliferation of everolimus-resistant RenCa cells. A 20 per cent increase in the cell 

viability in RenCares cells was observed with the highest everolimus concentration (10 µM) 

at 24 hours in comparison to parental RenCa cells (Figure 4.37a). The increase in cell 

viability observed with 10 µM everolimus was more pronounced at 48 and 72 hours. In 

consistence with the viability data, an 66 per cent increase in the RenCares cell number was 

recorded for 10 µM everolimus regimen at 72 hours (Figure 4.37b). All together, this 

finding pointed out the acquired everolimus resistance for RenCares cells.  
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Figure 4.37. Analysis of the acquired everolimus resistance in RenCares cells. RenCares 

cells were treated with 1, 5, and 10µM everolimus concentrations 24, 48, and 72 hours. 

DMSO-treated RenCares cells were considered as control (0 µM). (a) The viability of 

control cells measured by WST-1 viability assay at 24 hours was set to 100 per cent. (b) 5 

x 103 cells/well were seeded at the time t0. 
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4.6.3. Effect of ABT-737 on The Cell Viability of RenCares Cells 

RenCares cells were further used to analyze the effect of ABT-737 on the cell viability by 

WST-1 viability assay. In this regard, RenCares cells were undergone ABT-737 regimen 

with increasing doses together with 1 µM everolimus for 24, 48, and 72 hours. For the 

viability analysis, the graph was drawn according to the absorbance value of control cells 

at 24 hours which was considered as 100 per cent. Meanwhile, the proliferation rate was 

calculated by the standard curve that was drawn with absorbance values obtained from 

cells seeded at different densities including 2.5 x 103, 5 x 103, 7.5 x 103, and 1 x 104 

cells/well.  

At 1, 5 µM, and 10 µM ABT-737 treatments, RenCares cells did not change their survival 

rate (Figure 4.38a), in that a sequential increase in the viability of RenCares cells was 

recorded at increasing treatment hours. For instance, a 45 per cent increase in the cell 

viability was observed at 72 hours upon 10 µM ABT-737 regimen. However, at 15 µM 

ABT-737 17 caused a  23 per cent reduction in the viability of RenCares after 72 hours. The 

significant decrease (81 per cent) in the RenCares cell viability was recorded only with 20 

µM of ABT-737 at 72 hours. The observed decline was related to the cytotoxic effect of 

the drug at 20 µM concentration, as the calculated cell number was 2460 after 72 hours of 

the treatment (Figure 4.38b).  

In order to understand whether the decrease observed in the cell number was a 

consequence of induced apoptosis, RenCares cells treated with 20 µM ABT-737 were 

analyzed with Annexin V staining as described in Section 3.2.2. Figure 4.39 shows that 20 

µM ABT-737 led to the initiation of apoptotic response in RenCares cells upon 72 hours 

treatment as evidenced by 51 per cent increase in the cells entering early apoptosis.  
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Figure 4.38. Effect of ABT-737 on the cell viability of RenCares cells. RenCares cells were 

subjected to treatment with increasing ABT-737 concentrations concomitant with 1µM 

everolimus for 24, 48, and 72 hours. Everolimus-treated (1 µM) cells were considered as 

control. (a) The viability of control cells was set to 100 per cent at 24 hours. (b) 5 x 103 

cells/well were seeded at the start of the experiment. 
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Figure 4.39. Effect of  ABT-737 treatment on parental RenCa and RenCares cell death. 

Annexin-V/PI staining was utilized to analyze cell death of RenCa and RenCares cells 

treated with 20 µM ABT-737. The graphical representation of percentages for Annexin V-

positive cells (early and late apoptosis) were shown (n = 3) and the numbers of cells 

entered in early apoptosis (bottom right) and late apoptosis (top right) cells were shown as 

percentages in histogram images. 

4.6.4. Effect of The Acquired Everolimus Resistance on mTOR Pathway  

Everolimus together with is intracellular receptor FKBP12 inhibits the kinase activity of 

mTOR [216]. In order to investigate the effect of the acquired everolimus resistance on 

mTOR pathway, cell lysates of parental RenCa and  RenCares cells were used to determine 

the differences in the protein expression of mTOR pathway components by Western blot 

technique.  

According to data presented in Figure 4.40, a slight decrease was observed in the 

phosphorylated mTOR at Ser2448 in RenCares cells compared to the parental RenCa cells, 

while no difference was detected in the basal mTOR levels in both cell lines. In RenCares 

cells, a complete suppression of S6K1 phosphorylation was observed. The acquired drug 

resistance, however, did not affect the basal S6K1 protein level in RenCares cells compared 
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to the control parental RenCa cells. The loss of phosphorylated S6K1 further resulted in 

almost 100 per cent reduction in the phosphorylation of S6 protein at Ser235/236 and 

Ser240/244 in RenCares cells, while an increase in the endogenous S6 protein was observed 

in these cells. Additionally, the phosphorylation of 4E-P1 protein at Ser65 decreased about 

39 per cent in RenCares cells compared to the control RenCa cells, which was concomitant 

with a reduction in the endogenous 4E-BP1 levels. Taken together, these results indicated 

the suppression of mTORC1 pathway in RenCares cells, albeit a continuous cell 

proliferation was recorded in the presence of everolimus (Figure 4.37).  

Secondly, the effect of the acquired everolimus resistance on mTORC2 complex was 

investigated in the parental RenCa and RenCares cells by Western blot analysis. Compared 

to RenCa cells, the phosphorylation of Rictor was decreased about 92 per cent in RenCares 

cells indicating the effect of mTORC1 inhibition (Figure 4.41). The expression of basal 

Rictor protein, however, was not affected in RenCares cells. Albeit 45 per cent increase in 

the basal AKT level was recorded for RenCares cells, the phosphorylation of AKT was 

decreased about 30 per cent in indicating the inactivation of mTORC2 complex. 

Altogether, these findings suggest that RenCares cells found alternative pathways to 

mTORC1 and mTORC2 that facilitate their proliferation and survival.  
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Figure 4.40. Effect  of the acquired everolimus resistance on the mTORC1 complex of 

RenCa and RenCares cells. Cell lysates of RenCa and RenCares cells were used to determine 

levels of p-mTOR (S2448) (289 kDa), mTOR (289 kDa),  p-S6K1 (Thr389) (70-85 kDa), 

S6K1 (70-85 kDa), p-S6 (Ser235/236) (32 kDa), p-S6 (Ser240/244) (32 kDa), S6 (32 kDa), 

p-4E-BP1 (Ser65) (15-20 kDa), and 4E-BP1 (15-20 kDa) proteins by Western blot 

analysis. To ensure equal protein loading 38 kDa-protein β-Actin was utilized. The average 

percentage values were calculated according to the densitometry analysis and set as 100 

per cent for parental RenCa cells. 
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Figure 4.41. Effect of everolimus-ABT-737 combination on the mTORC2 complex of 

RenCa and RenCares cells. Protein extracts of RenCa and RenCares cells treated were used 

to determine p-Rictor (Thr1135) (200 kDa), Rictor (200 kDa), p-AKT (Ser473) (60 kDa), 

and AKT (60 kDa) protein levels. As loading control, β-Actin (38 kDa) was used. The 

average percentage values were calculated according to the densitometry analysis and set 

as 100 per cent for parental RenCa cells. 

4.6.5. Effect of The Acquired Everolimus Resistance on Pro-survival Bcl-2 Family 

Proteins  

As the over-expression of pro-survival Bcl-2 protein provides a survival advantage to 

cancer cells under the presence of cytotoxic agents, the expression levels of Bcl-2 and 

other pro-survival Bcl-2 proteins were investigated in RenCares cells by Western blot 

analysis.   

Supporting this hypothesis, 19 per cent and 35 per cent increase in Bcl-2 and Bcl-xL 

protein levels were observed in RenCares cells, respectively, while RenCares cells exhibited 

a 28 per cent reduction in the basal Mcl-1 protein level compared to the parental RenCa 

cells (Figure 4.42). These results suggest that RenCares might overcome the inhibitory 

effect of everolimus on cell survival by overexpressing Bcl-2 and Bcl-xL proteins.  
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Figure 4.42. Effect of the acquired everolimus resistance on the anti-apoptotic Bcl-2 family 

proteins of RenCa and RenCares cells. Cell lysates of RenCa and RenCares cells were used 

to determine levels of Bcl-2 (26 kDa), Bcl-xL(30 kDa), and Mcl-1 (40 kDa) proteins. As 

loading control, β-Actin (38 kDa) was used. The average percentage values were 

calculated according to the densitometry analysis and set as 100 per cent for parental 

RenCa cells. 

4.7. THERAPEUTIC IMPACT OF EVEROLIMUS AND ABT-737 

COMBINATION ON RENCARES TUMOR MODEL 

To characterize the anti-tumor effect of everolimus and ABT-737, an RCC xenograft 

mouse model was established using RenCares cells generated. Briefly, Balb/c mice (6-8 

weeks old) were undergone subcutaneous injections with RenCares cells and randomized in 

four different groups, where each group consisted of eight animals. Following the fourth 

day of the cell inoculation, mice were subjected to the monotherapies or combination 

therapy every other day.  

Figure 4.43 shows a representative picture of mice in each group, where the tumor 

formation was observed in control, everolimus and ABT-737 cohorts. In the control cohort, 

which received DMSO as vehicle control, all animals (n=8) developed tumors (Figure 

4.43a). The incidence of tumor formation was four out of eight animals in the group of 

mice subjected to the treatment with 2 mg/kg everolimus (Figure 4.43b), while three out of 

eight animals in the ABT-737 (75 mg/kg) treatment cohort developed tumors (Figure 
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4.43c). No tumor growth was documented in the combination cohort indicating the 

synergistic anti-tumor effect of everolimus-ABT-737 combination (Figure 4.43d).  

 

Figure 4.43. Effect of everolimus-ABT-737 combination on the tumor growth. Balb/c mice 

were divided randomly into four groups (n = 8) and exposed to the vehicle control 

(DMSO), 2mg/kg everolimus, 75mg/kg ABT-737 or the co-treatment of single drug doses 

every other day. Representative pictures of Balb/c mice exhibiting tumor development 

were shown for (a) control cohort, (b) everolimus cohort, (c) ABT-737 cohort, and (d) 

everolimus-ABT-737 cohort. Tumors were indicated with an arrow.  

Following 21 days of the drug treatment, sacrification of animals were carried out and their 

organs as well as the tumor tissues, if any observed, were isolated. Figure 4.34 

demonstrates the isolated tumors from animals in control, everolimus and ABT-737 

cohorts. In comparison to control cohort and ABT-737 treatment cohort, the size of the 

tumors isolated from mice that undergone everolimus treatment was  smaller (Figure 

4.44a). The weight of the isolated tumor tissues was proportional to their size (Figure 

4.44b). In fact, the calculated tumor weight was 0.1 g in average for the everolimus group, 

whereas the average weight of tumor tissues was recorded as 2.0 g and 1.8 g for the control 

and ABT-737 cohorts, respectively. 
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Figure 4.44. Anti-tumor effect of everolimus-ABT-737 combination on RenCares xenograft 

mice model. (a) Pictures represent the tumors isolated from Balb/c mice in three different 

groups subjected to treatments with vehicle control (DMSO) or everolimus, or ABT-737. 

(b) Graph shows the distribution of the isolated tumor weights. 

Further, the tumors isolated from the corresponding treatment groups underwent  

Hematoxylin and Eosin staining for their histopathological examination (Figure 4.45). For 

all isolated tumor tissues, high nuclear pleomorphism, a feature of malignant neoplasms as 
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well as the histological architecture of RCC, was prevalent indicating the successful 

generation of RCC xenograft mouse model [284] (Table 4.1).  

Table 4.1. Characterization of isolated tumor tissues of Balb/c mice used in the study. 

C
on

tr
ol

  
Animal Tumor Type Grade/Necrosis 

1 RCC 4/+ 
2 RCC 5/+ 
3 RCC 4/+ 
4 RCC 5/+ 
5 RCC 4/+ 
6 RCC 4/+ 
7 RCC 4/+ 
8 RCC 4/+ 

E
ve

ro
lim

us
 Animal Tumor Type Grade/Necrosis 

1 RCC 5/+ 
5 RCC 4/- 
6 RCC 2/- 
8 RCC 5/+ 

A
B

T
-7

37
 Animal Tumor Type Grade/Necrosis 

1 RCC 5/- 
2 RCC 5/- 
8 RCC 5/ 

     * - = no necrosis; + = necrosis. 

Six of the tumors developed in mice of the control group had a tumor grade of 4, whereas 

mice in the ABT-737 treatment cohort showed development of tumors with grade 5. In the 

everolimus cohort, two out of four mice demonstrated that tumors had a grade of 4, 

whereas the other tumors were identified as grade 2 and 4. Additionally, pathological 

analysis of the isolated organs (brain, thymus, heart, lung, stomach, spleen, liver, kidney, 

intestine, and testis) implicated no signs of toxicity or metastatic lesions for the animals of 

any treatment cohorts.  
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Figure 4.45. Histopathological analysis of the tumors samples. Hematoxylin and eosin 

staining was utilized to stain tumors isolated from Balb/c mice in three different groups 

subjected to treatments with either vehicle control (DMSO) or everolimus, or ABT-737. (a) 

Tumor with extensive necrosis in soft tissue, (b) Tumor containing pleomorphism and 

extensive mitosis, (c) Solid tumor in soft tissue, (d) Pleomorphic tumor cells with 

eosinophilic and clearly visible nucleoli, (e) Tumor showing extreme nuclear 

pleomorphism, giant cells with necrosis (f) sarcomatoid dedifferentiation.  

Importantly, no change was monitored in the body weight of mice subjected to the 

monotherapies as well to the combination therapy indicating that the injected doses of 

everolimus and ABT-737 were tolerable (Figure 4.46). 

Collectively, the data suggest that ABT-737 could synergistically potentiate the anti-tumor 

effect of everolimus. 
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Figure 4.46. Effect of everolimus-ABT-737 combination on the mouse body weight. 

4.8. CHARACTERIZATION OF FKBP38 INTERACTION WITH MTOR AND 

BCL-2 IN A-498 CELLS 

The ability of FKBP38 protein to interact both with mTOR and Bcl-2 raises the possibility 

for its function as a scaffold protein between two distinct pathways regulated by mTOR or 

Bcl-2, respectively [135, 139]. In light of this data, the role of FKBP38 protein in the 

crosstalk of mTOR or Bcl-2 pathway was investigated only in  A-498 cells as the CI 

calculated for A-498 indicated higher synergistic effect for the everolimus and ABT-737 

combination for A-498 cells than Caki-1 cells. In this regard, the protein extracts of A-498 

cells were used in co-immunoprecipitation (Co-IP) assay. The interaction of FKBP38 

protein with either mTOR or Bcl-2 was further analyzed by Western blot. As it was shown 

in Figure 4.47a, FKBP38 protein was co-precipitated with endogenously expressed mTOR 

protein in A-498 cells under the physiological conditions. Interestingly, when the order of 

pull-down was switched, co-purification of mTOR protein was not observed when 

FKBP38 protein was precipitated. In comparison to FKBP38-mTOR interaction, the 

interaction of FKBP38 with Bcl-2 protein was more pronounced in A-498 cells that 

possess high level of Bcl-2 protein under physiological conditions (Figure 4.47b).  
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Figure 4.47. Analysis of FKBP38 interaction with mTOR or FKBP38 in A-498 cells. 

Protein extracts of A-498 cells were used to immuno-precipitate endogenous proteins by  

(a) mTOR, (b and d) FKBP38, and (c) Bcl-2 antibodies. (a and c) FKBP38, (b) mTOR; (d) 

Bcl-2 antibodies were used to detect co-immunoprecipitated proteins. Lane 1 indicates 

input, while Lane 2 indicates IP/Co-IP. 

In order to understand whether the combination therapy regulates the FKBP38-mTOR 

interaction, Co-IP experiments were performed with the cell lysates of A-498 cells 

subjected to either monotherapies or combination therapy for 24 hours. Western blot 

analysis was carried to out to detect immuno-precipitated proteins of interest.  

 mTOR-FKBP38 interaction was observed in cells upon everolimus and ABT-737 

monotherapies as evidenced by the presence of protein band for FKBP38 (52 and 76 kDa) 

as shown in Figure 4.48.  In comparison to monotherapies, the interaction of FKBP38 with 

mTOR was reduced upon the combinatorial treatment indicating that the combination of 

everolimus with ABT-737 disrupts the mTOR-FKBP38 interaction. In contrast to the 

results shown in Figure 4.48, there was no change in mTOR and FKBP38 protein 

interaction in A-498 cells treated with either monotherapies of combination therapy 

(Figure 4.49).  
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Figure 4.48. Effect of everolimus-ABT-737 combination on FKBP38-mTOR interaction in 

A-498 cells. 24 hours everolimus (1 µM) and/or ABT-737 (5 µM) regimen was carried out 

in A-498 cells in order to use its protein extracts to precipitate mTOR protein with mTOR 

antibody, which then analyzed by Western blot using FKBP38 antibody. 

 

Figure 4.49. Effect of everolimus-ABT-737 combination on FKBP38-mTOR interaction in 

A-498 cells. Protein extracts of A-498 cells that were subjected to 24 hours regimen of 

everolimus (1 µM) and/or ABT-737 (5 µM) were used to precipitate FKBP38 protein with 

FKBP38 antibody and then mTOR protein was analyzed using mTOR antibody.  
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The protein extracts of A-498 cells undergone regimen with everolimus and/or ABT-737 

were further used in Co-IP experiments to determine the impact of drug regimens on the 

interaction of FKBP38-Bcl-2. As shown in Figure 4.50, none of the drug treatments 

abolished the interaction of FKBP38 with Bcl-2 in A-498 cells. In contrast to this result, 

the reduced interaction of FKBP38 protein with Bcl-2 was observed when A-498 cells 

were subjected to ABT-737 treatment or its combination with everolimus (Figure 4.51).  

 

Figure 4.50. Effect of everolimus-ABT-737 combination on FKBP38-Bcl-2 interaction in 

A-498 cells. Protein extracts of A-498 cells undergone 24 hours regimen of everolimus (1 

µM) and/or ABT-737 (5 µM) were used to precipitate FKBP38 protein with FKBP38 

antibody. Co-immunoprecipitation of Bcl-2 was detected using Bcl-2 antibody. 
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Figure 4.51 Effect of everolimus-ABT-737 combination on FKBP38-Bcl-2 interaction in 

A-498 cells. Protein extracts of A-498 cells that undergone 24 hours regimen of everolimus 

(1 µM) and/or ABT-737 (5 µM) were used to precipitate Bcl-2 protein with Bcl-2 antibody 

and then analyzed by Western blot using FKBP38 antibody. 
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5. DISCUSSION 
 

During the last decades, comprehensive research has been performed in order to 

understand the molecular nature of RCC tumorigenesis. Accordingly, the reports revealed 

that the interplay between two main signal transduction pathways, HIF and 

PI3K/AKT/mTOR, mediates the control of initiation, progression, and especially 

metastasis observed in RCC tumors [44]. The discovery of these molecular mechanisms 

enabled the development of molecular therapeutics that have been used in clinic for 

patients suffering from advanced or metastatic RCC [44]. Owing to FDA approval, 

sorafenib/sunitinib-refractory mRCC patients are exposed to everolimus during their 

therapy [229, 271]. The low rate of progression free survival and the acquired resistance to 

everolimus are the clinical limitations of everolimus therapy leading to consideration of 

novel therapy strategies [285, 286]. Therefore, the identification of the several feedback 

loops contributing to everolimus resistance raised the idea of combination therapy [115].  

As the elevated level of Bcl-2 protein has been implicated in a number of solid tumors 

impairing the sensitivity of cancer cells towards anti-cancer drugs, a BH3 inhibitor called 

ABT-737 has been developed in order to overcome the Bcl-2-mediated inhibition of 

apoptotic process. According to the literature, ABT-737 mono- or combo-therapy with 

different agents showed promising results for the treatment of several cancer types, where 

SCLC or thyroid cancer can be given as examples [263, 287]. As the anti-cancer effect of 

ABT-737 combination with everolimus has never been investigated in everolimus-resistant 

RCC where Bcl-2 protein might also have a role for RCC tumorigenesis, this thesis aimed 

to investigate for the first time in literature the chemotherapeutic potential of everolimus-

ABT-737 combination for the advanced RCC.  

Relying to the fact that ABT-737 mimics the BH3 domain of Bcl-2 and Bcl-xL proteins, 

the first attempt of this thesis was to characterize the endogenous levels of these proteins in 

different RCC cell lines. The results revealed that primary site A-498 and metastatic site 

Caki-1 cells exhibited high levels of Bcl-2 protein compared to other RCC cell lines Caki-2 

and ACHN. In comparison to Bcl-2, the endogenous level of Mcl-1 protein was similar in 

all RCC cell lines tested. These results led to the selection of Bcl-2 overexpressing A-498 
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and Caki-1 cells as model cell lines to evidence the hypothesis proposing whether Bcl-2 

protein plays a crucial role for RCC tumorigenesis.  

Supporting to the report of Hassan et al. [288] showing the intrinsic resistance of A-498 

cells to rapamycin, we showed that everolimus regimen exhibited no reduction in A-498 

and Caki-1 cells viability. In comparison to everolimus, ABT-737 led to a dose- and time-

dependent cytotoxicity in A-498 cells by inducing apoptotic process. This result was 

consistent with the literature showing a dose-dependent decrease in A-498 cell viability 

due to ABT-737 treatment [289]. In this study, the decrease in the viability of A-498 cells 

and the caspase activation was detected upon regimen with ABT-737-chloroquine, a 

lysosomal inhibitor. Although the influence of ABT-737 on Caki-1 cell viability seemed to 

be cytostatic, an intensive assessment of the apoptotic process in this cell line revealed that 

ABT-737 caused an elevated protein expression of cleaved PARP, caspase 9 and 3. In 

support of our finding, Zhu et al. reported the ABT-737-induced PI-staining as well as 

PARP-cleavage in Caki-1 cells. In the same report, the authors also demonstrated the anti-

cancer effect of ABT-737 combination with a PI3K inhibitor, LY 244002 on Caki-1 cells, 

which resulted in the activation of caspase cascade [290]. There are also several research 

groups reporting the efficiency of everolimus combination with chemotherapeutic drugs 

for the therapy of mRCC. For example, the study conducted by Juengel et al. demonstrated 

the anti-cancer effect of everolimus combination with AEE788, a receptor tyrosine kinase 

inhibitor, with a decrease in the proliferation rate of A-498 and Caki-1 cells [291]. 

Additionally, another group addressed the effect of everolimus combination with an MEK1 

inhibitor, Selumetinib on Caki-1 cells and showed that the dual-drug combination could 

attenuate the cell proliferation and cell cycle [292]. Supporting to literature, the results 

presented in this thesis that investigated the chemotherapeutic effect of everolimus 

combination with ABT-737 on RCC cell lines, showed that the everolimus and ABT-737 

synergistically diminished the viability of A-498 and Caki-1 cells. The decrease we 

observed was associated with the increase in the number of apoptotic cells concomitant 

with the detection of cleaved apoptosis activators, caspase 9 and caspase 3.  

The regulation and the progression of cell cycle requires the coordinated interplay between 

cyclin and CDK proteins [293]. Cyclin type D and type E are the major regulatory units of 

the G1 phase. During G1 phase, the complex formation between Cyclin D with CDK4 
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catalyzes the expression of Cyclin E1 that further regulates the G1/S transition in a 

complex with CDK2 [293]. Since everolimus is designed to block the kinase activity of 

mTOR, which maintains the regulation of  cellular mechanisms, the anti-proliferate effect 

of everolimus has been extensively investigated in several tumor cell lines, including RCC 

cells. The analysis of cell cycle revealed that everolimus treatment of A-498 and Caki-1 

cells led to a reduction in the levels of Cyclin D1, CDK2, and Cyclin E1 proteins as well as 

elevated levels of CDK4 protein, which indicates everolimus-mediated G0/G1 arrest in both 

RCC cell lines [291]. In consistence with the literature, similar changes in the levels of cell 

cycle proteins in A-498 and Caki-1 cells undergone everolimus treatment were recorded in 

our experiments. We showed that, in addition to low Cyclin D1 levels, the everolimus 

regimen led to downregulation in protein expression of Cyclin D3 and upregulation of  

p27Kip1 levels in both A-498 and Caki-1 cells. The elevated p27Kip1 protein levels in A-498 

and Caki-1 cells have been also reported in another study published from the same group 

several years later [294]. As expected, everolimus-mediated G0/G1 arrest was in parallel 

with decreased levels of CDK2 protein detected for both A-498 and Caki-1 cells. We 

obtained similar alterations in cell cycle regulatory proteins including CDK4, Cyclin D3, 

CDK2, Cyclin E1, and p27Kip1 proteins in both ABT-737-treated RCC cell lines, although 

ABT-737 targets a different mechanism than everolimus. To our knowledge, there is one 

research article in the literature demonstrating the inhibitory effect of ABT-737 

monotherapy on the CDK2 activity in prostate carcinoma cells [295]. Further, we also 

documented that everolimus-ABT-737 combination led to the cell cycle attenuation as 

evidenced by the decrease recorded Cyclin D1, Cyclin D3, CDK2, Cyclin E1 and p27 in 

A-498 cells. For Caki-1 cells, there was a significant reduction CDK4, Cyclin D3 and 

CDK2 levels in response to the combination treatment. In contrast to our results, Jane et al. 

stated that the use of ABT-737 either alone or in co-treatment with dinaciclib, a cyclin-

dependent kinase inhibitor, did not change the protein expression of CDK4, Cyclin D1, 

Cyclin D3, and CDK2 in malignant glioma cell lines [296]. These contradictory outcomes 

might indicate that cell type specific effect of ABT-737 on cell cycle or it might vary based 

on the chemotherapeutics used in the combinatorial setting with ABT-737.  

The attenuation of the cell cycle recorded in A-498 and Caki-1 cells upon the combination 

therapy might be associated with the suppression of mTORC1 complex which mediates the 

translation of Cyclin D1 [297]. In fact, the  reduced levels of proteins (CDK4, Cyclin D1, 
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Cyclin E1, and CDK2) in NSCLC and esophageal squamous cell carcinoma cells was 

associated with the loss of S6 phosphorylation [298, 299]. Additionally, a more recent 

study also reported that p-S6 depletion observed in Caki-1 cells as a result of the 

combinatorial treatment with RAD001 with selumetinib, MEK1 inhibitor, caused cell cycle 

arrest at G1 phase [292]. In support of the literature, treatment of A-498 and Caki-1 cells 

with everolimus resulted in the complete suppression of mTORC1 complex as evidenced 

by the decreased levels of phosphorylated mTOR downstream effector proteins, S6K1 and 

4E-BP1 (Section 4.4.2). As expected, the presence of ABT-737 neither affected mTORC1 

activity, nor interfered with the activity of everolimus in A-498 and Caki-1 cells. In fact, 

the combination therapy abrogated the mTORC1 activity in both RCC cell lines, where 

almost complete reduction of p-S6K1, and p-4E-BP1 was recorded. Similar results were 

also obtained by Juengel et al. for the A-498 and Caki-1 cells co-treated with RAD001 

with the receptor tyrosine kinase inhibitor AEE788 [291].  

mTORC2 activity is one of the feedback loops whose activation is related to everolimus-

resistance observed in RCC tumors [115]. The activity of mTORC2, which is regulated by 

p-S6K1 protein, indicator of the active mTORC1 complex, is characterized through the 

ability of the complex by phosphorylating AKT at Ser473 [102]. Although mTORC2 is  

insensitive to rapamycin, the long-term treatment with drug may disrupt the mTORC2 

complex formation, resulting in the decreased levels of p-AKT (Ser473) [218]. Sarbassov 

et al. reported that the rapamycin leads to a differential response in p-AKT -Ser473 levels 

in cancer cell lines depending on their rapamycin-sensitivity or -insensitivity [218]. In fact, 

the mTORC2 complex might be still active in rapamycin-insensitive cell lines. In response 

to everolimus treatment A-498 and Caki-1 cells showed reduced p-S6K1 levels resulting in 

a decrease in p-Rictor levels since p-S6K1 was responsible for the phosphorylation of 

Rictor. This reduction in p-Rictor levels was correlated with the slight decrease observed in 

the p-AKT (Ser473) levels suggesting that everolimus alone can partially block the 

mTORC2 activity (Section 4.4.2). Interestingly, similar to everolimus treatment a more 

prominent decrease in p-AKT (Ser473) level was observed in ABT-737-treated A-498 

cells, in parallel with a decline in the basal AKT levels. According to the study performed 

by Hurvitz et al. a panel of 49 breast cancer cell lines, which have  sensitive, intermediate 

or resistant profile to everolimus, exhibited  variable expressions of AKT protein [300]. 

However, in Caki-1 cells  an increase in p-AKT (Ser473) was observed due to ABT-737 
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treatment despite the reduced basal AKT levels. A similar increase in p-AKT (Ser473) 

levels was evident in Caki-1 cells co-treated with everolimus and ABT-737, although the 

combination therapy led to the inactivation of mTORC1 complex. In a recent study, the 

phosphorylation of SIN1, mTORC2 complex component, at Thr88 by AKT was reported 

[301]. Two years later, Yang et al. reported that p-AKT (Thr308)-mediated catalysis of 

SIN1 phosphorylation might provide a activating loop for mTORC2 activation [302].  In 

this report, p-SIN1-mediated mTORC2 activity catalyzed AKT phosphorylation at Ser473 

[302]. These findings led to suggest that the upregulation of p-AKT (Ser473), we observed 

in Caki-1 cells subjected to everolimus-ABT-737 combination, might depend on the 

elevated p-AKT (Thr308). This result might also indicate the role of possible feedback 

mechanisms that are activated by Caki-1 cells to overcome the anti-cancer effect of the 

combination treatment.  

The intrinsic apoptosis is mediated by cross-talk between the proteins of Bcl-2 family, 

where BH3-only proteins play pivotal roles. During the apoptotic switch, these proteins act 

either as activators or sensitizers to block the function of anti-apoptotic proteins [157]. Bim 

is an activator BH3-only protein and has the ability to interact both with pro-apoptotic Bax 

and anti-apoptotic proteins including Bcl-2, Bcl-xL, and Bcl-w [279, 280]. The binding of 

Bim to the hydrophobic groove of Bcl-2 protein initiates the apoptotic process, as it 

abrogates Bcl-2 interaction with pro-apoptotic Bax or Bak [262]. Depending on its 

prominent participation in the apoptotic cascade, the reduction of Bim protein expression 

which was detected in different solid tumors, is accepted as a hallmark for tumorigenesis 

[303]. In this regard, Weber et al. showed in ovarian cancer cells, that the elevated Bim 

expression was associated with cell death mediated by ABT-737-regimen [304]. In 

consistence with this finding, the ABT-737 monotherapy led to the induction of Bim 

protein expression in A-498 and Caki-1 cells (Section 4.5.2). Besides the effect of the 

single use of ABT-737 on Bim protein, the combination of ABT-737 with other agents 

revealed similar results [290, 305]. For example, the combination of ABT-737 with 

PI3K/mTOR inhibitors, including NVP-BEZ235 and BEZ23 triggered apoptotic response 

in ovarian carcinoma cells and human myeloid leukemia cells due to upregulation of Bim 

[306, 307]. In addition to PI3K/mTOR inhibitors, the combination of ABT-737 with 

gefitinib or erlotinib, the EGFR tyrosine kinase inhibitors, also led to the initiation of Bim- 

dependent cell death mediated in lymphoma cell lines [305]. The upregulation of Bim has 
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also been further implicated in the cell death triggers by ABT-737 combination with 

another PI3K inhibitor, LY294002 in RCC cell lines, 786-O, Caki-1, and 769-P cells [146]. 

In line with these literature, the induction of apoptosis in A-498 and Caki-1 co-treated with 

everolimus and ABT-737 might be Bim-dependent. The reason for the elevated Bim levels 

we observed in A-498 and Caki-1 cells might depend on the (i) the disruption of Bcl-2-

Bim interaction by ABT-737 or (ii) ABT-737-mediated reduction of Bcl-2 levels observed 

in A-498 and Caki-1 cells. In support to our results, Alharbi et al. also showed the reduced 

mRNA levels of Bcl-2 protein in primary CLL cells upon ABT-737 regimen [308]. 

Although reduction in the pro-survival Bcl-2 protein was obvious in A-498 and Caki-1 

cells, interestingly no alteration in the Bax protein level was detected for A-498 cells, 

suggesting that A-498 cells might induce apoptosis by the upregulation of Bak rather than 

Bax protein. However, ABT-737 monotherapy and the combination therapy induced the 

expression of Bax protein in Caki-1 cells, which was consistent with the previous report 

showing the elevated Bax levels upon the knockdown of Bcl-2 protein in HeLa cells [145]. 

In comparison to Bim, sensitizer BH3-only protein Bad indirectly activates Bax by 

neutralizing Bcl-2, Bcl-xL, and Bcl-w [160, 309]. Bad undergoes PTM such as 

phosphorylation at several serine residues. The phosphorylation of serine at position 136 is 

mediated by AKT protein whose activity depends on its phosphorylation at Ser473 through 

mTORC2 complex [67]. Regarding to this fact, Bad provides a link between mTOR 

pathway and intrinsic apoptosis [281]. The phosphorylation of Bad is a prerequisite for the 

recognition by 14-3-3 proteins that mediate the proteosomal degradation of Bad [310]. 

Only non-phosphorylated Bad can interact with Bcl-2, Bcl-xL, and Bcl-w [311]. According 

to the study performed by Liu et al., rapamycin induces Bad phosphorylation specifically 

at Ser136 through activated ERK1/2 and AKT, which results in a decrease in the half-life 

of basal Bad levels in human lung cancer cells [312]. In the same report, the author 

claimed that the rapamycin-resistance might be associated with the increased p-Bad levels. 

In parallel to literature, our results demonstrated that everolimus treatment increased the 

phosphorylation of Bad (Ser136) in A-498 and Caki-1 cells, which was concomitant with a 

decrease observed in the basal Bad levels. As shown by Liu et al, Bad phosphorylation that 

we observed can be partially mediated by ERK1/2 since a slight downregulation of AKT-

phosphorylation (Ser473) in A-498 and Caki-1 cell lines was detected upon everolimus 

treatment. Bad plays an indirect role during the initiation of apoptosis induced by ABT-737 
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treatment [313]. Findings in the literature stated that ABT-737 regimen led to the increased 

expression of basal Bad protein in different human cancer cell lines [314, 315]. In support 

of this, we also detected an increase in basal Bad levels in A-498 and Caki-1 cells 

subjected to ABT-737 monotherapy. Albeit to the reduced p-AKT-Ser473 levels, a 

significant induction in p-Bad levels was observed in A-498 cells in the presence of ABT-

737 again suggesting that ERK1/2 might be the responsible kinase for Bad phosphorylation 

[312]. In Caki-1 cells, however, the elevated p-Bad levels detected upon ABT-737 regimen 

was most probably the result of the upregulated AKT phosphorylation at Ser473. The 

difference in the phosphorylation mechanisms of Bad between A-498 and Caki-1 cells 

suggests that two different signal transduction pathways were in play for the everolimus 

resistance observed in these cell lines. In spite of the elevated level of p-AKT, everolimus-

ABT-737 combination completely suppressed the phosphorylation of Bad in Caki-1 cells.  

Puma and Noxa are the other BH3-only proteins acting as sensitizers. Both proteins are 

regulated transcriptionally by p53 protein that is upregulated as a response to DNA damage 

[316]. Rapamycin treatment had no impact on the protein expression of p53 in human 

colon carcinoma [317] and MCF-7 cell lines [318], consistent with these findings our 

results demonstrated that everolimus monotherapy did not alter the expression of p53 

protein in A-498 and Caki-1 cells. In comparison to everolimus regimen, the presence of 

ABT-737 drastically diminished p53 levels in both RCC cell lines. To our knowledge, 

there is only one study showing reduced p53 levels in the lungs from mice exposed to 

ionizing irradiation followed by ABT-737 treatment [319].  

According to the study published by Kao et al., the treatment of human colon carcinoma 

cells with rapamycin caused an increase in Puma protein levels [317]. In another study, 

however, the authors did not document any upregulation of Puma in JEKO-1 cells (mantle 

cell lymphoma cell line) undergone rapamycin treatment [320]. In parallel to this study, we 

observed no change in the expression of Puma protein in A-498 and Caki-1 cells subjected 

to everolimus regimen, suggesting that the effect of everolimus on Puma might be cell-type 

specific. In comparison to everolimus monotherapy, we documented contradictory results 

for A-498 and Caki-1 cells, when they were treated with ABT-737 or everolimus-ABT-737 

combination. In A-498 cells, the presence of ABT-737 decreased the Puma levels which 

was in correlation with the reduced p53 protein levels, indicating that Puma may not play a 
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pivotal role for this cell line during ABT-737-induced apoptosis. However, elevated Puma 

levels were recorded in Caki-1 cells in response to ABT-737 monotherapy or combination 

therapy, albeit to the low expression of p53 protein, which suggest a p53-independent 

participation of Puma in ABT-737-induced apoptosis. To our knowledge, there is no 

reports in the literature showing the effect of ABT-737 on the protein expression of Puma 

protein. Nevertheless, the study of Garrison et al. demonstrated that Puma is required for 

apoptosis in primary connective tissue mast cell (CTMC) treated with ABT-737 [321]. The 

authors also claimed that Puma together with Bim can induce Bax/Bak activation in p53-

dependent or -independent manner.  

In parallel to Puma, we recorded no change in Noxa levels for everolimus-treated A-498 

and Caki-1 cells. In support of our results, Müller et al. reported that rapamycin had no 

impact on Noxa protein levels in JEKO-1 cells [320]. In contrast to everolimus 

monotherapy, we demonstrated that the presence of ABT-737 significantly induced the 

expression of Noxa protein in A-498 and Caki-1 cells, albeit to the reduced p53 levels, 

indicating that the regulation of Noxa expression might be p53-independet. In consistence 

to our findings, Soderquits et al. claimed that UPR (unfolded protein response)-mediated 

Noxa transcription does not require p53 protein  [322]. In addition, increased Noxa levels 

might play a role in ABT-737 response since Noxa is known to neutralize the Mcl-1 

protein [323], which would evoke apoptotic resistance against ABT-737 treatment unless 

inactivated. In support of our hypothesis, a recent study showed that co-treatment of acute 

lymphoblastic leukemia (ALL) cells with ABT-737 and mTOR inhibitor CCI-779 

developed resistance due to Mcl-1 overexpression [324]. In addition,  Zall et al. reported 

that ABT-737 combination with chemotherapeutic drugs, including vinblastine, etoposide, 

or paclitaxel might sensitize several RCC cells including RCC-21, RCC-30, RCC-26A, and 

Caki-2 to apoptosis induction by inactivation of Mcl-1 through Noxa [323]. It was also 

reported that Noxa overexpression increased the sensitive response of SCLC cells to ABT-

737 treatment [325, 326].  

The animal studies were performed with RenCares cells generated from parental RenCa 

cells in addition to our in vitro findings. Our results demonstrated that the acquired 

everolimus resistance provided RenCares cells the survival advantage under the presence of 

everolimus, which have been already observed in everolimus-resistant A-498 and Caki-1 
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cells. The complete inhibition of mTOR pathway was evidenced through the reduced 

levels of phosphorylated S6K1 and 4E-BP1 proteins in RenCares cells (Section 4.6.4), 

which was in consistent with the data obtained for both human RCC cell lines undergone 

everolimus treatment (Section 4.4.2). Besides, our results indicated that the overexpression 

of Bcl-2 protein might be the key factor, which enables the survival of RenCares cells, when  

mTOR pathway was suppressed. All together, these results indicated a similar response 

between RenCares cells and A-498 and Caki-1 cell lines in terms of everolimus resistance.  

In parallel to the anti-cancer effect of everolimus-ABT-737 combination in vitro, we 

further showed its anti-tumor effect in RCC xenograft mouse model. Tumor growth was 

detected with everolimus cohort with a medium incidence. Albeit low incidence, the tumor 

formation was also documented in mice treated with ABT-737. In parallel to our findings, 

a previous study demonstrated tumor formation in xenografts generated with different 

SCLC cell lines that exhibits variable sensitivities to ABT-737 [263]. In the same study, 

the authors also mentioned no tumor regression in primary SCLC xenografts due to ABT-

737 treatment. In comparison to the injections with individual drugs (everolimus or ABT-

737), we achieved a complete suppression of RenCares xenograft tumor development in 

mice co-treated with everolimus and ABT-737. In confirmation of our findings, a more 

recent study published by Zou et al. demonstrated that RAD001 combination with 

AZD6244, a MEK inhibitor, drastically diminished the tumor volumes observed in Caki-1 

xenografts [292]. In addition, previous studies presented the antitumor efficiency and the 

therapeutic potential of rapamycin-ABT-737 combination in NSCLC xenograft model 

[327] and in SCLC PDX (patient-derived xenograft) models [328]. To note, we did not 

notice any toxicity in the animals in any treatment groups as well as no pathological 

changes in excised organs were detected. 

In summary, the results presented in this thesis showed for the first time that the use of 

Bcl-2 inhibitor ABT-737 in a therapeutic combination with everolimus enhanced the anti-

tumor effect of everolimus. Everolimus-ABT-737 combination induced attenuation of cell 

cycle as well as cell death in RCC cell lines, A-498 and Caki-1, and led to the regression of 

in vivo RenCares tumor growth. Therefore, our data open a new avenue for the clinical use 

of everolimus-ABT-737 combination and can provide a therapeutic benefit for the patients 

suffering from the advanced RCC.  
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6. FUTURE PROSPECTS: A PROPOSED MECHANISM FOR THE 
ANTI-CANCER EFFECT OF EVEROLIMUS-ABT-737 
COMBINATION  

 

The therapeutic potential of everolimus and ABT-737 combination indicated by the work 

presented in this thesis raised the question, whether there is a particular link between two 

main cellular mechanisms which were targeted by these agents. Recent studies 

demonstrated that FKBP38 acts as a scaffold protein between mTOR pathway and Bcl-2 

family-mediated apoptosis, as FKBP38 can interact with both mTOR and Bcl-2 proteins 

[139, 142].  

FKBP38 is a member of the FK506 protein family and mediates the inactivation of 

mTORC1 complex by binding to mTOR [139]. It was shown that Rheb disrupts FKBP38-

mTOR interaction by binding to FKBP38 under the nutrient-rich conditions resulting in 

mTOR activation (Figure 6.1) [139]. In that, FKBP38 negatively regulates the mTORC1 

activity by sensing the nutrient and amino acid availability. FKBP38 protein is also 

involved in the activation of anti-apoptotic Bcl-2 proteins by interacting with Bcl-2 and 

Bcl-xL proteins under the control of Rheb [142]. FKBP38 translocates Bcl-2 and Bcl-xL 

proteins to mitochondria. Once recruited, Rheb dissociates FKBP38 from Bcl-2/Bcl-xL 

and, thereby, enables Bcl-2/Bcl-xL mediated inhibition of Bax and/or Bak [84]. In 

addition, the regulation of FKBP38-Bcl-2 interaction by Rheb was not affected by 

rapamycin. Furthermore, a recent report claimed that the overexpression of Bcl-xL caused 

elevated activity of mTORC1, but not mTORC2, suggesting a competition between Bcl-2 

and mTOR for binding to FKBP38 [146].  

In light of these data, we proposed that FKBP38 regulates cell survival by interacting with 

the overexpressed Bcl-2 protein in everolimus-resistant A-498 and Caki-1 cells when its 

interaction with mTORC1 was blocked by everolimus. In other words, the cells might 

develop everolimus resistance by (i) overexpressing or (ii) activating Bcl-2 protein through 

FKBP38. The complicated interplay between FKBP38, mTOR, Bcl-2, and Rheb might 

clarify the observation of elevated Bcl-2 levels in rapalog-resistant mRCC. 
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Figure 6.1. Interplay between FKBP38 and Rheb/mTOR/Bcl-2 proteins 

Therefore, we hypothesize that the use of ABT-737 will disrupt FKBP38-Bcl-2 interaction, 

and thereby, induce apoptosis. To test our hypothesis, we characterized the effect of the 

mono- and combination therapies on FKBP38-mTOR and FKBP38-Bcl-2 interaction in A-

498 cells. Results from mTOR-IP showed that ABT-737 did not effect the interaction 

between FKBP38 and mTOR in A-498 cells (Section 4.8). However, FKBP38-mTOR 

interaction was lost when A-498 cells were co-treated with everolimus and ABT-737, as 

expected. Interestingly, mTOR protein was detectable in response to each treatment type, 

when FKBP38 was precipitated. On the other hand, as expected, the interaction between 

FKBP38 and Bcl-2 was lost in A-498 undergone ABT-737 regimen or treatment with 

everolimus-ABT-737 combination, when Bcl-2 protein was precipitated. Interestingly, the 

presence of ABT-737 did not affect FKBP38-Bcl-2 interaction in cells, as Bcl-2 protein 

was detected, when FKBP38 protein was precipitated. There are several explanations for 

these contradictory results. On explanation is the possible overlapping of the antibodies 

with the region where the interaction of FKBP38 and  mTOR/Bcl-2 occurs. The antibody 

of FKBP38 is produced with the epitope that targets the N-terminal region between 1-33 

amino acids of FKBP38 protein. As this region is located downstream of FKBP and TPR 

domains of FKBP38 protein, where mTOR and Bcl-2 bind to, respectively, mTOR and 

Bcl-2 could be successfully co-immunoprecipitated. The epitope of Bcl-2 antibody 
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however was designed to target the amino acids located at the flexible loop of Bcl-2 

protein, where FKBP38 interacts. Although mTOR antibody does not interferes with the 

FRB domain, the binding region of FKBP38 on mTOR protein, it targets the serine 

residues, which undergo phosphorylation events during the activation of mTOR kinase. 

Therefore, any PTM occurred at these regions of both Bcl-2 and mTOR proteins could 

interfere with the binding of antibody or FKBP38 protein. Therefore, the selection of 

appropriate antibodies in order to repeat the Co-IP experiments might provide reliable 

results in the future. Besides, these contradictory Co-IP results might also indicate an 

indirect interaction between FKBP38 and mTOR/Bcl-2, which is mediated by different 

protein(s). As another future plan, a mass spectrometry analysis can be performed in order 

to identify the putative linker protein(s) as well as the protein complexes, where FKBP38 

participates in. Briefly, A-498 cells will be treated with everolimus and/or ABT-737 or left 

untreated and their cell lysates will be used in SDS-PAGE. The protein bands obtained for 

each treatment type will be compared and the candidate bands will be excised and analyzed 

by mas spectrometry.  
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