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ABSTRACT 

 

 

THE ROLE OF TISSUE TRANSGLUTAMINASE ACTIVE SITE MUTANTS IN 

THE CELL CYCLE AND DRUG RESPONSE 

 

Renal cell carcinoma (RCC) accounting for 85 percent of all kidney cancer cases constitutes 

2 percent of all cancer-related death worldwide. The rapid development of the disease and 

poor survival rate entitles RCC as one of the most prevalent and carcinogenic neoplasms in 

urologic diseases. Despite recent advances in cancer treatment, recurrence of tumor, 

chemoresistance, and metastasis remain to be significant consequences of aggressive RCC. 

As a result, new treatment alternatives that necessitate the discovery of novel therapeutic 

targets are still needed. From this point of view, tissue transglutaminase TG2 draws attention 

due to its role in the progression, development, survival of various neoplasms including 

RCC. TG2 can gain these roles owing to its enzymatic activities which are GTPase and 

transamidase activities. Accumulating evidence showed that the GTPase activity of TG2 

mostly participates in anti-apoptotic functions in cells while transamidase activity of TG2 is 

generally required for its interaction with the cell adhesion receptors. Therefore, in this 

study, TG2-variants which are transamidase active type TG2-R580A, transamidase-

deficient, and low GTP-binding active form TG2-C277S and GTP-binding-active TG2-

W241A were expressed in the RCC cell line to elucidate the role of transamidase and GTP-

binding function of TG2 in the regulation of cell cycle and drug resistance of RCC. Based 

on our data, catalytically inactive transamidase domain-containing but GTPase active form 

TG2-W241A expressing RenCa showed the highest cell proliferation rate and increased cell 

cycle profile. In addition, although being subjected to a well-known mTOR inhibitor, 

everolimus, TG2-W241A RenCa cells were the only group that was not cytotoxically 

affected by this drug treatment. The fact that TG2-W241A expressing cells continued to 

proliferate whilst being exposed to everolimus suggested that the GTP-binding activity of 

TG2 may be important in circumventing cell death. Overall, these findings showed for the 

first time the indispensable role of the GTP binding function of TG2 on cell proliferation 

and everolimus resistance in RCC. This project was funded by FP-7 TRANSPATH 289964 

grants. 
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ÖZET 

 

 

DOKU TRANSGLUTAMİNAZI AKTİVE BÖLGE MUTANTLARININ İLAÇ 

DİRENCİ VE HÜCRE BÜYÜMESİNDEKİ ROLÜ 

 

Tüm böbrek kanseri hücrelerinin yüzde 85’ini oluşturan böbrek hücreli karsinoma (BHK) 

tüm dünya çapında kansere bağlı ölümlerin yüzde 2’sini oluşturmaktadır. Hastalığın hızlı 

nüksü ve kansere bağlı sağkalım oranın düşük oluşu BHK’yı ürolojik hastalıklarda en yaygın 

ve karsinojenez neoplazmlardan biri olarak nitelendirmiştir. Kanser tedavisindeki son 

gelişmelere rağmen, tümörün nüksü, ilaç direnci ve metastaz agresif BHK’nın önemli 

sonuçlarındandır. Sonuç olarak, yeni terapötik hedeflerin keşfedilmesini gerektiren yeni 

tedavi alternatiflerine hala ihtiyaç duyulmaktadır. Bu açıdan, doku transglutaminaz TG2, 

BKH de dahil olmak üzere çeşitli neoplazmların ilerlemesi, gelişimi ve hayatta kalmasındaki 

rolü nedeniyle dikkat çekmektedir. TG2, GTPase ve transamidase enzimatik aktiviteleri 

kanser gelişiminde önemli rol oynamaktadır. Şimdiye kadar TG2'nin enzimatik aktiviteleri 

hakkında yayınlanan veriler, TG2'nin GTPase aktivitesinin çoğunlukla hücrelerde 

antiapoptotik fonksiyonlara katıldığı bildirirken, TG2'nin transamidaz aktivitesinin hücre 

adezyon reseptörleri ile etkileşiminde önemli olduğunu göstermektedir. Bu nedenle, bu 

çalışmada, transamidaz aktif tip TG2-R580A, transamidaz eksikliği ve düşük GTP bağlayıcı 

aktif form TG2-C277S ve GTP bağlayıcı aktif TG2-W241A olan TG2 varyantlarının RenCa 

BHK hücre hattında ifade edilmeleri ile TG2'nin transamidaz ve GTP bağlayıcı 

fonksiyonunlarının hücre siklüsü ve ilaç direncindeki öneminin aydınlatılması 

hedeflenmiştir. Verilerimize dayanarak, TG2-W241A ifade eden RenCa hücreleri en yüksek 

hücre proliferasyon oranını ve artan hücre döngüsü profilini gösterdiği tespit edilmiştir. Ek 

olarak, iyi bilinen bir mTOR inhibitörü olan everolimus'a maruz kalmasına rağmen, TG2-

W241A RenCa hücreleri, bu ilaç tedavisinden sitotoksik olarak etkilenmeyen tek grup 

olmuştur. Everolimus'a maruz kalan TG2-W241A RenCa hücrelerinin büyümeye devam 

etmesi, TG2'deki GTP bağlanma aktivitesinin, Everolimus indüklü hücre ölümüne direnç 

gösterdiğini öne sürmüştür. Özetle bulgularımız ilk kez TG2'nin GTP bağlanma 

fonksiyonunun BHK’da hücre çoğalması ve everolimus direnci üzerindeki vazgeçilmez 

rolünü göstermiştir. Bu proje FP-7 TRANSPATH 289964 projesince finanse edilmiştir. 
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1.  INTRODUCTION 

1.1. GROSS ANATOMY AND FUNCTIONS OF KIDNEY 

The urinary system of humans is composed of kidneys, ureters, bladder, and urethra.  Among 

the members of the urinary system, bilateral kidney pairs have various roles in physiological 

processes occurring in the body [1,2]. Kidneys are bean-shaped organs that reside along the 

posterior abdominal wall and on both sides of the retroperitoneal space in vertebrates. More 

precisely, kidneys are located between the level of the 12th thoracic vertebrae and the 3rd 

lumbar rib (Figure 1.1.). Body homeostasis is sustained by these profoundly vascularized 

and complex organs. For instance, metabolic wastes such as ammonia and urea are filtered 

and removed from the blood through renal filtration and subsequently excreted as urine. Yet, 

concomitantly to provide homeostasis to the body, kidneys regulate the pH and electrolyte 

balance, and water levels in tissue fluids. Moreover, the kidney participates in the activation 

of vitamin D to provide a balance in calcium and phosphate ions in the body. Therefore, 

calcitriol which is the active form of vitamin D is produced in kidneys. Besides calcitriol, 

hormones such as erythropoietin, angiotensin, renin, and aldosterone, are secreted from 

kidneys, as well. In this way, the production of erythrocytes, and the adjustment of blood 

volume and pressure are regulated through kidneys. The last but not least, the metabolism of 

toxins is also part of the kidney’s functions [2,3].  

The functional and basic units of the kidneys are called nephrons. Owing to those basic 

subunits, the urination and filtration functions of the kidney take place in the mammalian 

urinary system. Although the number of nephrons is diverse in humans due to several genetic 

and environmental effects, approximately, two million nephrons are found in each kidney 

pair of humans. Critical reduction of nephrons in number may result in several diseases such 

as chronic kidney disease and hypertension [4]. The renal corpuscle which is also known as 

the glomerulus is located at the cortex of the nephron. The filtration of blood is initially 

started in the glomerulus whose selective permeability is provided by the filtration barrier to 

filtrate blood and to obtain an ultrafiltrate. The specialized visceral epithelium found in 

Bowman’s capsule, the glomerular basement membrane, and endothelial cells composing 
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the glomerular capillaries are the units of the filtration barrier. Concomitantly, the 

ultrafiltrate is circulated from the nephron to the collecting duct and subsequently to ureters 

to be excreted as urine [2].  

 

  

Figure 1.1. Gross anatomy of the kidney. Kidneys are found bilaterally in the 

retroperitoneal space at the 12th thoracic vertebrate and 13th lumbar rib. Due to the 

location of the liver, the right pair of the kidney is placed slightly lower level than the left 

pair. 
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1.2. KIDNEY CANCER 

Kidney cancer is a prevailing genitourinary malignancy by placing 12th rank worldwide and 

ninth in European cancer statistics [5]. The incidence rate of kidney cancer varies in different 

factors such as genetic background, environmental effects, and lifestyles of a person. 

Moreover, in the geographical point of view, it has the highest occurrence rate in first world 

countries such as Europe and America, whereas, lowest in Africa and Asia (Figure 1.2.). 

Kidney cancer is also called renal carcinoma (RCC) and it is not a homogenous but 

heterogenous renal neoplasm derived from the renal tubular epithelium. 90-95 percent of 

kidney tumors and 2-3 percent of cancer cases occur due to renal cell carcinoma [6]. 

Figure 1.2. Mortality rate of renal cell carcinoma in the patients with <70- years old [7]. 

A recent study published by GLOBOCAN claims that except basal cell carcinoma, 28.4 

million new tumor cases are estimated to show up from 2020 to 2040 and increase the 

incidence rate to 47 percent.  Moreover, this study issued that 431.288 new cases accounted 

for approximately 2 percent of all adult malignancies, occurred due to renal cell carcinoma 

in 2020. In 2020, 179.368 new mortality cases were observed because of kidney tumors [7]. 
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1.3.   CLASSIFICATION AND SUBTYPES OF RENAL CELL CARCINOMAS 

In 1968, the classification of renal tumors is asserted according to a system published by 

Thoenes et al. relying on cytological and histopathological characteristics of the renal 

neoplasms [7,8]. Renal tumors’ classifications are revised in 2016 by the World Health 

Organization (WHO) regarding recent advances, pathologies, and molecular biology of RCC 

[9].  

Renal cell cancers are categorized into different subtypes based on their morphological 

features. The most common subtypes of RCC are clear cell RCC, chromophobe RCC and 

papillary RCC which are accounting for 65-70 percent, 5-7 percent, and 15-20 percent of all 

renal tumors in respective order [9, 10]. Besides these major subtypes of RCC, a vast range 

of novel subtypes of RCC are present (Figure 1.4.). These new subtypes of RCC are 

classified according to cellular morphology and prevailing cytoplasmic stainings such as 

clear cell RCC and renal oncocytoma. Moreover, a combination of both cytoplasmic staining 

and cellular features also create another subtype, for instance, clear cell papillary RCC [11]. 

There are more categories for the designation of rare and novel subtypes of RCC. Renal 

medullary and collecting duct carcinomas are named based on the anatomical site of the 

tumor, succinate dehydrogenase deficient and microphthalmia transcription factor (MiT) 

family translocation RCC are designated regarding depicter molecular mutations. 

Furthermore, family predisposition is also utilized to classify RCC subtypes such as 

hereditary leiomyomatosis RCC syndrome-associated RCC [11,12]. 
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Figure 1.3.  Histological representative images for renal cell carcinoma’s subtypes. A-F) 

Clear cell, type 1 papillary, type 2 papillary, chromophobe, collecting ducts, and medullary 

renal cell carcinomas were demonstrated respectively [13]. 

1.3.1.  Clear Cell RCC  

One of the major subtypes of renal cell carcinoma is clear cell RCC (CCRCC) which occurs 

in epithelial cells by coating the proximal tubule. CCRCC is termed as clear due to its 

optically clear cytoplasm and cell membrane since the cancer cells lose glycogen and 

cytoplasmic lipids during tissue processing. In some high-grade CCRCC neoplasm cases or 

near areas of necrosis or internal bleeding, CCRCCs are observed to have granular 

eosinophilic cytoplasm. There is not a strict predominant patient group in CCRCC. Yet, the 

occurrence rate of the RCC is higher in the male group who is older than 40 years of age 

comparing the female group in the same age category by having a 1:5 male to female ratio. 

CCRCC possesses both hereditary and sporadic forms [3]. CCRCC is generally affiliated 

with cytogenetic malignancies comprising a mutation in a tumor suppressor gene called Von 

Hippel-Lindau (VHL) located at 3p25-26 and deprivation of genetic material due to deletion 

in chromosome 3 (3p). The VHL is also an E3 ubiquitin ligase which involves the 

ubiquitylation of the transcription factors named hypoxia-inducible factor (HIF1α) and 



6 

 

HIF2α to trigger their proteolytic degradation when the cells are exposed to normoxic 

conditions. As being a transcription factor, both HIF1α and HIF2α participate in the 

regulation of a vast range of genes responsible for chromatin remodeling, angiogenesis, and 

metabolism. In 90 percent of the sporadic form of CCRCC, biallelic loss of VHL occurs and 

due to that HIFs improperly stabilized, therefore, proangiogenic gene expression is a marker 

of CCRCC’s carcinogenesis occurs. On the hereditary side of the VHL mutation, VHL 

disease passes onto the offspring in an autosomal dominant manner. Patients with VHL 

disease deal with bilateral and multifocal CCRCC [14–17].  

Besides the functional link between VHL and HIF1α, VHL also participates in the 

downregulation of AKT protein which is a substantial player of the Phosphoinositide 3-

kinase (PI3K) pathway. This protein is an important marker in CCRCC-like aggressive-

termed tumor cells. In the upregulation of AKT gene expression, most of the hallmarks of 

cancer such as resistance to growth suppressors and cell death can arise since cell division 

and growth are induced and cell survival is enhanced while cell-death processes such as 

autophagy are diminished. Thus, elevated activation of AKT is related to aggressiveness of 

tumor cells, inactivation of cell cycle checkpoint protein p27, and cytoplasmic translocation 

[6].  

Aside from VHL, the elevation of vascular endothelial growth factor (VEGF) and platelet-

derived growth factor (PDGF)’s levels are also associated with the arising of angiogenic 

potential and aggressiveness of CCRCC [18]. 

1.3.2.  Papillary RCC 

The term papillary implicates the tumor cells constituted from tubulo-papillary or papillary 

constructs which are less than 0.5cm in diameter. Papillary renal cell carcinoma (PRCC) is 

the second most prevalent subtype of RCC with differing unique histologic and cytogenetic 

characteristics. PRCC accounts for approximately 10-15 percent of total RCC cases [19,20]. 

This renal neoplasm mostly occurs in the sporadic form however in some cases PRCC is 

also inherited to patients whose families have a familial history of PRCC. Inherited PRCC 

(HPRCC) generally arises due to mutations in MET oncogene located at chromosome 7q31. 

Without any familial record of RCC, only 13 percent of PRCC cases occur due to MET 
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mutations. Moreover, HPRCC increases the predisposition to form bilateral and multifocal 

papillary renal carcinomas rather than a sporadic form of PRCC. Apart from the genetic 

mutations, karyotypic anomalies such as trisomy of chromosomes 7 and 17 result in PRCC 

[21]. Albeit renal neoplasms do not possess papillary structure, these cytogenetic aberrations 

are utilized to diagnose PRCC. Well-circumscribed PRCC is observed to be soft and to have 

a red-brown cut surface with fibrous capsules. In addition, around PRCC, necrosis, and 

hemorrhage are monitored. Among other aggressive variants of RCC, PRCC has a better 

prognosis. Following 5 years of surgery, the tumor-specific mortality rate of PRCC is 91 

percent although other RCC subtypes such as CCRCC and chromophobe RCC have 72 and 

88 percent survival rates, respectively [3]. 

1.3.3.  Chromophobe RCC 

The chromophobe renal cell carcinoma (chRCC) which was first identified in 1985, accounts 

for around 5 percent of all RCC cases [9,22,23]. This type of RCC has particular biologic, 

ultrastructural, and morphological characteristics which differentiate chRCC from other 

subtypes of RCC. chRCC has two morphological variants classified as eosinophilic and 

classical variants according to physical features of the tumor cell cytoplasm [9]. While 

classic variants have clear cytoplasm, eosinophilic variants have eosinophilic cytoplasm as 

their name suggests. chRCC generally occurs in sporadic form, however, also familial 

predisposition leads to the occurrence of chRCC if the patients have the hereditary Brit-

Hogg-Dubé or Cowden ( a mutation of  PTEN) syndrome in the family record [11,24,25].  

1.3.3.  Renal Medullary Carcinoma  

Renal medullary carcinoma (RMC) is originated from the renal medulla and an idiocratic 

type of RCC due to its association with sickle cell hemoglobinopathies.  This highly 

aggressive and slightly rare neoplasm is enunciated in 1995 for the first time [26]. 

Unfortunately, RMC is mostly reported in young adult groups along with a slight long-term 

disease-free survival and an average of 19-week survival period. Although applied 

neoadjuvant therapies extend the survival period and attenuate the effects of the disease, the 

reoccurrence of the tumor occurs rapidly and leads to a high mortality rate. In addition, the 
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occurrence of RMC is considered to ensue after the loss of expression of SMARCB1 gene. 

Hence, the nuclear transcription regulator gene SMARCB1 (INI1) expressed on 

chromosome 22 is supported to inevitably be involved in the diagnosis of RMC [26–28]. 

1.3.4.  Collecting Duct RCC 

Collecting duct renal carcinoma develops in the medullary zone of the kidney. 

Morphologically distinct characteristics of these tumors are dysplasia in the surrounding 

collecting duct, desmoplastic response in the stroma, and a tubule papillary configuration of 

cells. In addition to these three unique features of collecting duct RCC, augmented solid 

regions, glands, and tubules are generally exhibited as well. Although collecting duct renal 

carcinoma is a rare subtype of RCC by accounting for 1 percent of all RCC cases, it 

demonstrates an aggressive behavior by posing high mortality and yet a short survival rate 

[29–31]. 

1.3.5.  Xp11 Translocation Carcinoma 

Starting from the early 1990s, Xp11 translocation carcinoma was identified Starting 

thoroughly and characteristics of the disease were described. Preliminary, both papillary and 

Xp11 translocation RCC were thought to be the same type of malignancy yet just differ in 

having particular translocations. However, today the difference of these malignancies was 

discovered, and they are classified in different subclasses of RCC. Xp11 translocation 

carcinoma is prevalently and predominantly determined in females, young adults, and even 

children account for nearly one-third of all renal cell carcinomas [32]. Although the pediatric 

age group is the most affected group of the Xp11 carcinoma, a raft of adult group cases is 

also reported to suffer from this neoplasm. The translocation in the name of the carcinoma 

define the translocation of TFE3 gene found in Xp11.2 region of chromosome with adjacent 

genes; PSF t(X;1) (p11.2; p34), ASLP t(x;1) (p11.2;p34) and PRCC genes t(x;1)(p11.2;q21). 

The histological characteristics of this malignancy are defined as vesicular structures 

together with either layer of tumor cells or conducted nests [9].  
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1.4.  GRADING OF RCC 

 The Fuhrman nuclear grading system divides RCC into four different categories based on 

nucleolar size, nuclear size, and nuclear anaplasia (seen in Table 1). According to the highest 

grade throughout the whole tumor, a nuclear grade is determined, and it is independent of 

the prevalent nuclear grade. Using a light microscope, the nuclear grade of a tumor is 

examined at 100x and 400x magnifications. Nevertheless, Fuhrman nuclear grading system 

has only been validated in CCRCC and has yet to be confirmed in other RCC subtypes. 

Therefore, in 2012 International Society of Urologic Pathologists (ISUP) build a consensus 

to develop a less complex alternative to Fuhrman grading in order to obtain results that 

correlates ideally with prognosis. The ISUP’s proposal of a novel strategy for grading RCC 

is nucleolar grading. Both the ISUP and Fuhrman grading systems are relevant in being used 

in CCRCC and PRCC gradings while not appropriate for chromophobe renal cell carcinoma 

[3,6]. 

Table 1.1. RCC grading according to Fuhrman nuclear grading system (Adapted from 

Primo N. Lara et al., 2015) [9]. 

Grade Nucleus Nucleolus 

1 

Small (10-µm diameter), round uniform 

resembling nucleus of a mature 

lymphocyte 

Inconspicuous or absent 

nucleoli (viewed at 4oX 

magnification) 

2 
Larger nuclei (15-µm diameter) with 

slight nuclear irregularity 

Small nucleoli (only visible 

at 400X magnification) 

3 
Large nuclei (20-µm diameter), with 

obvious nuclear integrity 

Large, prominent nucleoli 

(visible at 100x 

magnification) 

4 

Same as grade 3 but more bizarre with 

multilobation and large clumps of 

chromatin 

Large, prominent nucleoli 

(visible at 100x 

magnification) 
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1.5.  MOLECULAR TARGETED THERAPIES FOR RENAL CELL CARCINOMA  

Although even being undergone nephrectomy, 20 to 40 percent of patients encounter 

recurrence of the disease and developed metastasis. The 5-year survival rate for patients with 

metastatic RCC is lower than 10 percent because of poor prognosis. Thus, understanding the 

molecular mechanism behind the recurrence of metastatic RCC is required to improve 

prognosis [33].  

Indeed, most RCC cases are defined to occur spontaneously, the significance of chromosome 

3 in RCC was discovered for the hereditary type of CCRCCs linked with von Hippel-Lindau 

disease by a study. Chromosome 3 was defined to involve numerous tumor suppressor genes 

and mutation in these genes are associated with RCC such as SETD2, VHL, BAP1, and 

PBRM1 [34]. VHL is an E3 ubiquitin ligase and known as a tumor suppressor. VHL 

regulates several proteins involving HIF1-α which is a transcription factor modulating 

numerous pro-angiogenic factors such as vascular endothelial growth factor (VEGF) for 

degradation [35]. On the other hand, activation of HIF-1α occurs due to mutations which 

lead to loss or silencing of VHL. Therefore, the identification of these molecular interactions 

presents a compelling case for targeting and developing VEGFR in metastatic RCC.  

Since RCC is one the most angiogenesis-promoting solid neoplasm, angiogenesis is the 

primary goal of targeted therapies for mRCC patients. In fact, to detect and diagnose RCC, 

renal angiography was a formerly prominent method in this disease [36]. As a result of 

increased angiogenesis in mRCC, hypervascularity is monitored. This hypervascularity 

conveys the presence of overexpressed HIF-dependent angiogenic factors such as VEGF.  

Depending on the loss of pVHL, notable overexpression of VEGF is observed which results 

in increased formation of new blood vessels. Furthermore, either together or separately other 

several angiogenic factors contribute to a process of formation of new blood vessels called 

neoangiogenesis in solid tumors.  Therefore, new strategies have been developed against 

ligands of VEGF or VEGFR to hinder VEGF in mRCC [37]. In agreement with this notion, 

the FDA has authorized the number of drugs that hinder VEGF, or its receptor called kinase 

insert domain receptors (KDR) such as sunitinib, lenvatinib, pazopanib, axitinib, and 

sorafenib in mRCC (Figure 1.4.).  
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A first-generation tyrosine kinase inhibitor (TKI), sunitinib, was approved by FDA in 2006 

as regular therapy for mCCRCC patients. Sunitinib is a multi-targeted therapy as it 

effectively inhibits PDGFR(α and β), KIT, VEGFR (1,2 and 3), RET, Fms-like tyrosine 

kinase 3 (FLT3), and CSF-1R [38–41].  In a group of RCC patients who have not received 

any previous treatment, progression-free survival (PFS) was determined as 11 months after 

sunitinib treatment, while overall survival (OS) was determined as 26.4 months [38,42]. 

Adverse effects (AEs) of sunitinib were recorded as oral changes, hypertension, diarrhea, 

skin toxicity, and anorexia. Furthermore, the incidence rate of common toxicity criteria 

(CTC) grade 3 or 4 toxicities is low and sunitinib treatment is tolerated well in patients [43]. 

Pazopanib is also a TKI inhibitor targeting FGFR, cKIT, PDGFR (α and β), and VEGFR 

(1,2 and 3).  In 2009, both FDA and European Medicines Agency (EMA) approve the use 

of pazopanib in mRCC patients treated with prior chemotherapy [41]. Comparing to a 

placebo group, PFS and OS were found as 9.2 and 22.9 months for the pazopanib-treated 

group respectively while 4.2 and 20.5 months were detected in placebo-treated group. 

Hepatotoxicity and gastrointestinal side effects were reported in pazopanib treatment 

[44,45].  

Sorafenib is another multikinase inhibitor that inhibits PDGFβ, cKIT, VEGFR (1,2 and 3), 

RET, and Fms-like tyrosine kinase 3 (FLT3) [46,47].  Sorafenib was primarily discovered 

as a Raf kinase inhibitor showing an antiapoptotic effect in carcinomas [47]. Antitumor 

activity of sorafenib was identified in animal models such as murine renal adenocarcinoma, 

RenCa. In the VHL-knockout xenograft model, sorafenib treatment prevented angiogenesis 

and tumor growth [48]. In sorafenib-treated patients, some AEs such as nausea, rash, 

diarrhea, and fatigue can be observed. PFS of sorafenib-treated patient and placebo group 

was assessed as 5.5 and 2.8 months respectively [49]. 

Lenvatinib is a potent tyrosine kinase inhibitor for VEGFR (1–3), FGFR (1–4), PDGFR, c-

KIT, and RET. FDA and EMA approved it for the treatment of patients who have locally 

recurrent, metastatic, or progressive mRCC in combination with an anti-angiogenic therapy 

such as everolimus [50,51]. The median PFS was reported as 7.4 months for lenvatinib 

however PFS is increased when lenvatinib is used together with everolimus [52]. Moreover, 

OS for lenvatinib alone is 19.1 months. Hypertension, nausea, diarrhea, vomiting, and 

fatigue are the AEs of lenvatinib treatment [52]. Another specific tyrosine kinase inhibitor 
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of VEGFR (1-3) is axitinib. Axitinib is authorized by  EMA and FDA for the treatment of 

advanced RCC in 2012 [41,53]. In comparison to other TKIs, axitinib is observed to 

demonstrate an increased risk of hypertension as an AE as well as gastrointestinal symptoms. 

PFS was evaluated as 6.7 months for patients treated with axitinib [54,55].  

Figure 1.4. mTOR and tyrosine kinase inhibitors approved in metastatic renal cell 

carcinoma and their targets [6]. 

The molecular mechanism associated with the development of RCC is the mTOR pathway 

which is an important element in the regulation of PI3K-AKT signaling. Abnormal 

activation of the mTOR pathway has been projected as being involved in cell growth, 

invasion, and metastasis of tumor cells. Besides, overexpression of mTOR leads to the 

induction of angiogenesis through enhanced expression of VEGF signaling. Given the 

connection of the mTOR pathway with several tumorigenesis processes, mTOR is 

considered as one of the key targets in the treatment of RCC [56]. As a matter of fact, mTOR 

is a notable participant in tumor development. Therefore, in the clinical treatment of tumors, 
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rapamycin analogs (rapalogs) have been licensed.  mTOR inhibitors with distinct functional 

molecular mechanisms have a promising role in the targeted therapy in solid tumors. 

Rapamycin was originally discovered to be an antiproliferative, antifungal, and 

immunosuppressive element. Later studies have been shown that rapamycin binds 12 kDa 

FK506-binding protein (FKBP12) and consequently blocks mTORC1. Nevertheless, due to 

the low solubility and pharmacokinetics of rapamycin, it is not suitable to target carcinomas. 

Thus, water-soluble rapalogs having similar pharmacological properties to rapamycin have 

been produced. Everolimus and temsirolimus are water-soluble rapalogs proved to possess 

tumor-suppressive characteristics in vivo. Furthermore, both rapalogs have been used in the 

clinical treatment of mRCC. Besides advanced RCC, non-small cell lung cancer, 

hepatocellular carcinoma, advanced gastric cancer, mantle cell lymphoma, and endometrial 

cancers can be targeted via these rapalogs. In 2009, oral administered rapalog and mTOR 

inhibitor, everolimus (RAD001), was authorized by the FDA to use in advanced RCC 

patients taking medications for VEGFR inhibition as antiangiogenic. According to phase I 

clinical trials of everolimus, daily oral administration dose of everolimus was chosen as 10 

mg for patients with metastatic mainly CCRCC.  The phase 3 trial on everolimus published 

by Motzer et al. in 2008, proved the efficacy of sequential treatment for patients with 

mCCRCC for the first time [57]. In this trial, everolimus treatment was applied to 416 

patients with mRCC after the failures of given first or several prior treatments such as 

VEGFR-TKI therapy. After the applied double-blind treatment, the median PFS of 

everolimus was reported as 49 months while it was 1.9 months for the placebo group 

according to blind independent central review. AEs were also recorded as fatigue and 

dyspnea. As a result of RECORD-3 (Renal Cell cancer treatment with Oral RAD001 given 

daily) phase III, evaluation of everolimus on mRCC patients showed a reduction in the tumor 

progression by 67 percent compared to the placebo group.  

1.6.  TRANSGLUTAMINASES 

A large protein family known as transglutaminase (TGs) possesses functionally and 

structurally related family members which are especially well-known for their ability to 

catalyze proteins by Ca+2 dependent manner and modulate posttranslational modifications. 

Modifications of proteins by transglutaminase occur by appending covalent bonds between 
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γ-carboxamide groups and free-amine groups of peptide-bound glutamine, site-specific 

deamination, and crosslinking between proteins (Figure 1.5.) [58]. The designation, 

transglutaminase, was first defined in a study reported by Waelsch et al in the 1960s. In this 

study, from a guinea pig liver extract, Heinrich Waelsch identified a soluble liver protein 

that catalyzes the integration of low-molecular primary amines into proteins [2-4]. The term, 

transglutaminase, was later revised by the Enzyme Commission based on the R-glutamyl-

peptide and amine- γ-glutamyltransferase structure in tTG [60].  

Figure 1.5. Transglutaminase catalyzes transamidation and deamidation reactions. 

Constructing a covalent bond between primary amines and a glutamine residue of the X1 

protein (an acceptor protein) by crosslinking reaction due to transamidation activity of TGs 

requires the availability of calcium ions. The transamidation reactions mentioned above 

results in ε-(γ-glutamyl) lysine isopeptide bond (2) due to the crosslinking reaction 

occurring either between monoamines/polyamines and proteins (1) or protein-protein 

residues. As it can be seen in (3), X1 protein may undergo a deamination reaction in an 

acidic environment and in the presence of water molecules used by TGs to catalyze 

deamination reactions. Adapted from Eckert et.al.,2014 [58]. 

Nine different transglutaminase members have been discovered until now. Eight of the 

members have a catalytically active site and one known as Erythrocyte membrane protein 

band 4.2 (band 4.2) is a catalytically inactive member. Furthermore, except for band 4.2, all 

TGs proteins have a catalytical site in which they share an equivalent amino acid sequence 

[58].  A substitution between a cysteine group to alanine within the active site of band 4.2 
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protein results in the inactivated catalytic domain. Yet,  erythrocyte membrane band 4.2 has 

been observed to share over 30 percent similarity with other TG family members [60]. The 

family member proteins participate in a wide range of cellular functions to sustain membrane 

integrity, modulate signal transductions, attend as scaffolds, and regulate cell adhesion 

[58,61]. Besides, TGs participate in cancer development, cell survival, and differentiation. 

In addition to these functions of TGs, the integration of amines into proteins by TG-catalyzed 

manner, may alter immunogenicity, function, and stability of substrate proteins and lead to 

autoimmune diseases such as celiac disease [62]. Although transglutaminases attain many 

cellular functions, the unique structure and multifunctionality, and ubiquitous expression of 

transglutaminase 2 (TG2) draw attention among the other family members and make TG2 

the most-studied member of the family [63].  

1.7.  TRANSGLUTAMINASE 2 (TG2) 

The multifunctional protein TG2 is a 76 kDa protein located on chromosome 20q11-12 in 

the human genome [58]. TG2 can be translocated to different locations in the cell via 

chemical stimuli coming from cellular stressors (e.g. depletion of Ca+2 ions reservoir of 

intracellular stock or triggering extracellular Ca+2 ions influx, reactive oxygen species, 

nucleotides, membrane protein-protein, and membrane lipids interactions) [9]. Although 

TG2 is most commonly thought of as a cytosolic protein, it may be found in nearly every 

cellular compartment, including the nucleus, plasma membrane, recycling endosomes, and 

mitochondria [10].  

Modulating TG2 expression is predominantly accomplished at the transcriptional level [66]. 

The promoter of human TG2 (hTG2) possesses four Sp1 binding sites which are generally 

found in human promoters and involved in responses to a wide range of activators (Figure 

1.6.) [66–69]. Retinoids are the most well-known activators of TG2 [70]. Moreover, other 

response elements for stress-induced transcription factors are transforming growth factor β1 

(TGF-β1), nuclear factor kappa B (NF-κB), and hypoxia-inducible factor (HIF) are found 

on the TG2 promoter [68,71,72] (Figure 1.6.). In addition to these stressors, there are also 

other well-known response elements for inflammatory stress-induced transcriptional factors 

placed on the TG2 promoter named as tumor necrosis factor α (TNF-α) and inflammatory 
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cytokines, for instance, interleukin 6 (IL-6), interleukin 1 β (IL-1β) [73–76]. Apart from the 

induction of TG2 expression level, the TG2 promoter also regulates the silencing of the TG2 

expression. Several studies have been shown that in less aggressive cancer cell types such 

as breast cancer, non-small lung cancer, and glioma, the TG2 promoter is hypermethylated 

due to epigenetic modifications. Histone deacetylase (HDACs) is another epigenetic 

modification that causes to down-regulate TG2 promoter activity.  However, overall, TG2 

may be categorized as a stress response protein induced correlatedly to the received stimuli 

from the cellular protective feedback loop [67,77–79]. TG2 is abundantly expressed in 

fibroblasts, endothelial cells, vascular cells, macrophages/monocytes, and leukocytes 

[58,65,80,81]. Although the expression level of TG2 depends on external stimuli, and 

maturation or differentiation in some types of cells whereas in cell lines such as endothelium 

and smooth muscle cells, TG2 activation is kept constitutive at a high level [82].  

Figure 1.6. Representation of human TG2 (hTG2) response elements participating in the 

TG2 expression. The figure shows response elements on the hTG2 promoter. In the 

5’flanking region of hTG2 Retinoic acid response elements (RRE-1 and 2) are located at -

1731 and -1720 bp respectively. Glucocorticoid response element is at -1399 bp and after 

that inflammation and hypoxia response elements called nuclear factor-κB (NF-κB), 

interleukin-6 (IL-6), hypoxia response element (HRE) is presented. Besides, transforming 

growth factor-β1 (TGF-β1) is placed at -868bp. Finally, the GC-rich region responsible for 

the encoding of two Sp 1 transcriptional factors is located between CAAT and TATA box 

at the 3’ flanking region. Adapted from Gundemir et.al., 2012 [67]. 

TG2 protein structure is comprised of four domains which are the N-terminal β-sandwich 

domain, catalytic domain, and two C-terminal β-barrel 1 and β-barrel 2 domains respectively 

(Figure1.7).  
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Figure 1.7. Schematic representation of TG2 protein’s functional and structural domains. 

A) TG2 is composed of four different functional domains which are β-sandwich (green), 

catalytic core (blue), first and second β-barrels (pink and purple). B) 3D crystal structure of 

TG2 in which GTP-binding (left) and catalytic triad domain related to transamidation 

activity are shown. Adapted from Lai et al. [83]. 

The intracellular Ca+2 concentration is an important element that results in the change of 

TG2 conformation and consequently its cellular function. When the intracellular Ca+2 

concentration decreases to 10-20nM, intracellular TG2 acts as Ca+2-independent GTPase by 

transforming its structure to the closed conformation. As a constituent of α1-adrenergic 

receptor complexes, the GTP-binding form of TG2 contributes to the transmembrane 

signaling of phospholipase Cδ [84,85].  On the other hand, when the intracellular Ca+2 rises 

over 700-800nM and a particular stimulus is received by cells, transamidase activity of TG2 

is activated upon the alteration in TG2 structure. This structural change converts TG2 to the 

open conformation by which it gains crosslinking activity [84,86]. TG2-regulated 

crosslinking of ECM proteins occurs in specific circumstances, for example, tissue 

remodeling and regeneration. In some cases, increase in the extracellular Ca+2 concentration, 
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instead of transamidation activity, TG2 may regulate outside-in signaling by transmembrane 

receptors and cell-ECM interactions [87].  

The catalytic trio of cysteine proteases is found in the catalytic domain of TG2. The catalytic 

triad responsible for TG2's transamidation activity is made up of cysteine 277 (C277), 

histidine 335 (H335), and aspartate 358 (D358) residues [67,88]. In addition to the catalytic 

triad, at the opposite side of the catalytic domain, two conserved tryptophan residues W332 

and 241 are found. Switching W241 to an alanine W241A via a mutation causes to knocking 

out of transamidation activity of the TG2 protein without affecting its GTP/GDP binding 

activity [67,89–91]. The binding of Ca+2 or GTP/GDP affects the activation of TG2 and, also 

transamidation activity of TG2 inversely depends on GDP/GTP dissociation and Ca+2 ions 

binding.  TG2 is only catalytically active when found in the ‘’open’’ form and bound to Ca+2, 

whereas it switches into inactive ‘’closed’’ conformation when bound to GTP/GDP 

[67,86,92]. GTP works as an allosteric inhibitor for TG2 and leads to shifting of the domains 

through the binding on the surface of both domain 1 and 2 placed on the amino-terminal side 

and on the β-Barrel 1 domain where it interacts with R580A to hold TG2 protein in the closed 

structure [1,18,21–26].  The signal transduction ability of TG2 gains functions when the 

protein halts into this closed conformation and as a consequence that TG2 works as a 

member of the G-protein family [95]. 

More particularly, it is important to elucidate how transamidase active, GTP-bound, and/or 

both forms of TG2 may induce tumor progression and cancer survival in different tumor 

types (Figure 1.8). To determine roles of GTP-binding and transamidation of TG2 on cancer 

cell characteristics, cells of epidermal squamous, lung [96], colon [97], ovarian [98], and 

breast [99,100] cancers were transduced with TGase activity or GTP-binding deficient 

mutants of TG2. All these studies cumulatively showed GTP-bound conformation of TG2 

promotes the downstream signaling pathways for survival to induce tumor cell development. 

On the other hand, other studies reported that transamidation TG2 leads to inactivation of 

main tumor suppressor proteins or alteration of ECM [101]. 
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Figure 1.8.  The effect of GTP-binding and transamidating active forms of TG2 on cancer 

cell death and survival. The transamidating active form of TG2 can lead to cell death under 

the influence of increased intracellular Ca+2 or stimulus received after stress conditions. 

The GTP-binding active type of TG2 promotes tumor cell survival by inactivation of tumor 

suppressors or alteration of ECM [101]. 

TG2 is an isoenzyme that attends both enzymatic and non-enzymatic cellular activities. 

Among the transglutaminase family members, ubiquitously expressed TG2, is the most 

studied member of the family because of its multifunctionality. Several studies have been 

shown that besides intracellular expression of TG2, it is also defined to be expressed on the 

cell surface and extracellular matrix (ECM) to modulate outside-in signaling cascades by 

transmembrane receptors such as platelet-derived growth factor receptors (PDGF-R) and 

vascular endothelial growth factor (VEGF). Moreover, TG2 provides cell-extracellular 

matrix (ECM) communication by acting as an adhesion molecule through its interactions 

with integrin beta 1 (ITGβ1), fibronectin (FN), and syndecan-4 (SDC-4) [102–105]. In 

addition to non-enzymatic functions, TG2 also participates in the regulation of 

transamidation reactions of proteins where either a cross-linkage via the formation of an 
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isopeptide bond between lysine and glutamine moieties or post-translational modifications 

of these proteins occur. TG2 activity is also implicated in several pathological conditions 

such as celiac disease, cancer, infectious diseases, and neurodegenerative diseases such as 

Huntington's disease and Alzheimer and all these conditions are gathered on the common 

ground based on their inflammatory characteristics.  

1.7.1. The interplay between Cancer and TG2 

Hanahan and Weinberg defined ten hallmarks of cancer in their review, ‘’The Hallmarks of 

Cancer: The Next Generation’’ in 2011. According to the review published by Hanahan 

et.al., cancer is described as a disease that can evade growth suppressors, resisting cell death, 

activate invasion and metastasis, increase tumor-promoting inflammation, and sustain 

proliferative signaling [106]. In addition to the aforementioned capabilities of cancer, 

elevated expression TG2 has been consistently demonstrated as being a hallmark of many 

cancer cell types such as breast carcinoma [107], malignant melanomas [108], ovarian 

carcinoma [109,110], pancreatic carcinoma [111], glioblastoma [112], and lung carcinoma  

[78] by many studies [60]. Since increased chronic inflammation is one of the factors playing 

important role in tumor initiation and progression, the interplay between increased TGs 

activation, especially TG2 expression, in response to secreted inflammatory cytokines can 

clarify the vital role of TG2 in many cancer cells. The evidential studies have been shown 

that TG2 expression is not just being induced by inflammatory cytokines such as IL-6, IL-

1, TGF-β, and TNF-α, but also inflammatory signaling circuit may be reprogrammed in 

epithelial tumor cells due to increased TG2 activation. Furthermore, the reprogrammed 

inflammatory signaling cascade may result in gaining the ability to develop drug resistance 

and to metastasize in epithelial cancer cells. However, the molecular mechanism that 

identifies TGs’ role in cancer progression remains controversial. For instance, while TG2 

expression levels are inclined in metastatic and drug-resistant tumor cells, the expression 

level is declined in primary tumors [78,110,111,113,114].  

Several studies also show that increased cancer cell survival, invasion, and tumor 

progression are predominantly associated with the extracellular TG2 [58,115]. Upon the 

release of inflammatory cytokines, TG2 expression is increased. Ultimately, synthesis and 
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deposition of collagen and fibronectin are accelerated whereas extracellular TG2 contributes 

stabilization of ECM by crosslinking both fibronectin and collagen. That TG2-modulated 

ECM crosslinking may result in a desmoplastic reaction similar to desmoplastic response 

and fibrosis of tumors which consists of an interaction between altered ECM and the 

invading tumors [116]. Therefore, TG2-regulated crosslinking is attributed to have an impact 

on the behavior of tumor cells as this process results in alterations of stiffness of the ECM 

and consequently induces a malignant tumor characteristic.  For instance,  ECM stiffening 

enhanced focal adhesion genesis, and collagen crosslinking are required by breast cancer 

cells [117]. 

1.7.2. The Interplay of TG2 in Metastasis, Drug Resistance, and Epithelial to 

Mesenchymal Transition (EMT)  

Advanced cancers are considered to be compelling because of their ability to develop 

resistance against the applied therapy and to metastasize which are also hallmarks of 

advanced cancer. These hallmarks of advanced cancer also serve as biomarkers in order to 

define new therapeutic approaches to cancer therapy.  For instance, one of the paramount 

pathways in close relation with advanced cancers is an epithelial-to-mesenchymal transition 

(EMT). EMT is a pathway that starts in embryogenesis and can be reactivated upon 

epigenetic alteration signals in adult tissues [58,118]. Moreover, processes such as wound 

healing, regeneration of the damaged tissue, and fibrosis in organs occur due to EMT. Tumor 

cells benefit from this dynamic switch to gain stem-cell characteristics [58,119–121]. During 

this transition, epithelial carcinomas acquire mesenchymal markers’ expressions such as 

vimentin, desmin, and fibronectin while losing epithelial genes expressions e.g., E-cadherin 

which is an epithelial tight junction protein. The tumor cells have undergone EMT lead to 

the constitution of micrometastases, intravasation, and extravasation. Inducing of EMT in 

tumor cells can occur due to several molecular signaling pathways such as NFΚB, FAK, and 

AKT (Figure 1.10.). Indeed, TG2 is known to be responsible for the activation of these 

signaling pathways which elicit EMT. Furthermore, normal epithelial and fibroblast cells 

demonstrate EMT characteristics, for instance, increased survival rate and anchorage-

independent cell growth due to microvesicles released by TG2-overexpressing cells. 

Moreover, a vast range of studies demonstrates that when TG2-expression is inhibited, 
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resistance to tumor treatments and the drug, and invasiveness of cancer are suppressed or 

vice versa [58,78,109,112,122,123]. 

1.7.3. The Role of TG2 in the Regulation of Cell Growth Pathways 

Evading the cell suppressors and sustaining proliferative signaling which are the major 

hallmarks of cancer provide tumor cells gain limitless proliferation and switched from a 

quiescent state to dynamic proliferation in the existence of mitogenic growth signals [124]. 

The extracellular matrix (ECM) molecules, growth factors, and cell-to-cell interactions are 

regulators of mitogenic signaling [125].  

Several studies demonstrate that cell proliferation and cell survival can be induced due to 

functional interaction of TG2 with transforming growth factor-beta (TGF-β) which is a 

multifunctional cytokine that participated in a variety of activities subsuming immune 

function, proliferation, and differentiation. It has been shown that TGF-β modulates TG2 

expression through tumor suppressor gene, SMADs, and TGF-β-activated kinase 1 resulting 

in the activation of NF-ΚB, increased cell proliferation which leads to metastasis and 

spheroid formation [126]. Besides the TGF-β pathway, there are other signaling pathways 

interacting with TG2 to enhance tumor proliferation. For instance, the study published by 

Fu et al. implicated that knock-down of TG2 diminish the growth of glioma stem cells by 

reducing a protein expression called DNA binding 1 (ID1) [127]. In contrast, overexpression 

of ID1 results in the rebuilding of proliferation by pointing ID1 as a downstream mediator 

of TG2 through PI3K/AKT pathway’s activation. Furthermore, aggregation of β-catenin 

which is normally promoted by activation of the Wnt pathway has also been correlated with 

TG2. The activation of the Wnt pathway resulting in the accumulation of β-catenin leads to 

translocation of β-catenin to nucleus and stimulation of c-Myc and cyclinD-1 expressions 

by which proliferation of ovarian tumor cells are retained [125]. In addition, through the 

extracellular signal-regulated protein kinases 1 and 2 (ERK1/2) pathway, TG2 has been 

defined to induce gastric cancer cell growth [128].  
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Figure 1.9. The transition of primary tumors to invasive carcinoma occurs in the TG2-

overexpressed tumor microenvironment. Expression of TG2 activates oncogenic signaling 

such as NF-ΚB, FAK, Akt, and PTEN and promotes the Epithelial-to-Mesenchymal 

Transition (EMT). Extracellular TG2-induced crosslinking and synthesis of ECM proteins 

lead to stiffness of ECM which results in enhanced PI3K activation, invasion of epithelial 

cells, and focal adhesion [129]. 

1.7.4. The Role of TG2 in Resisting to Cell Death  

Resisting from cell death is one of the abilities that tumor cells gain to evade any cell death 

mechanism forced to go through due to applied chemotherapies [130,131]. A caspase-

dependent and programmed cell death mechanism, apoptosis, occur in tumor cells in order 

to get rid of mutated and damaged cells [131]. However, cancer cells can evade this fate, and 

neoplasia of cancer cells arises. From this point of view, these characteristics of cancer cells 

lead to challenging treatments, recurrence of the disease, and resistance to therapies [131]. 

To overcome therapeutic challenges for cancer treatment, several studies have shown that 

TG2 has a role in the apoptotic process and determines the fate of cancer cells based on the 

structural conformation and cellular context. Based on these studies, overexpression of TG2 

has a connection with apoptotic processes and can involve in the process as pro- or anti-
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apoptotic protein. For instance, utilizing A23187 which is a calcium ionophore as a TG2-

inducer leads to a dramatic increase in apoptosis of cancer cells [132,133]. Crosslinking of 

transcription factor Sp1 by TG2 triggers apoptosis in cancer cells [134].  In contrast to the 

pro-apoptotic function of TG2, several studies have highlighted that TG2 can involve in the 

inhibition of apoptosis as being an anti-apoptotic protein through modifications of Bax and 

caspase-3 expressions [72,135–137]. The function of TG2 in the removal of apoptotic cells 

via phagocytosis and in cross-linking while necrosis implies that TG2 limits possible 

damaging inflammation and tissue injury occurred in response to cell death [138–140].  

The extrinsic pathway of apoptosis is triggered when tumor necrosis factor-related 

apoptosis-inducing ligand (TRAIL) binds to death receptors such as death receptor 4 

(DR4)/TRAIL-R1 and DR5/TRAIL-R2 which results in the eradication of cancer cells [141]. 

Furthermore, Li et al. demonstrated that TG2 is one of the most significantly elevated genes 

after the generation of procured TRAIL resistance in lung carcinoma. However, sensitization 

and induction of apoptosis reoccur when TRAIL resistance is inhibited [141]. Epidermal 

growth factor receptor (EGFR) which participates in the induction of c-JUN N-terminal 

kinase (JNK) and extracellular signal-regulated (ERK) results in elevated levels of TG2 

expression, TRAIL resistance, and diminishing of matrix metalloproteinase 9 (MMP-9) 

associated with migration and invasion of cancer cells. Thus, in TRAIL-resistant cancer 

cells, EGF is represented as a critical upstream signaling route of TG2 [142].  

1.7.5. The Role of TG2 in Chemoresistance 

The most challenging part of cancer therapies is the drug resistance that tumor cells develop. 

Therefore, understanding the underlying causes of drug resistance is an indispensable action 

to take during anti-cancer treatments [142]. Indeed, through several mechanisms, aberrant 

expression of TG2 has been indicated to be related to induced chemoresistance. A vast range 

of neoplasms has been notified to acquire TG2-regulated chemoresistance by many studies, 

for instance, Mehta et al. demonstrated that doxorubicin-resistant breast cancer cells 

overexpress TG2 [143]. Moreover, sustained TG2 expression conduces the activation of 

numerous signaling pathways which lead cancer cells to gain drug resistance ability. Drug 

resistance in cancer cells can occur by either blocking extrinsic or intrinsic pathways of 
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apoptosis. While TRAIL resistance provides extrinsic resistance to apoptosis, cisplatin, and 

doxorubicin-resistant cancers have been reported to result in the activation of signaling 

pathways leading to intrinsic resistance to apoptosis [144]. Recently, the latest studies 

implicate that TG2-mediated chemoresistance is also defined in newer treatment methods 

such as mTORC1 [145,146] and histone deacetylase [147] targeted inhibitors indicating that 

TG2 participates in a wide range of drug-resistance mechanisms [142]. 

1.8. TG2 IN RENAL CELL CARCINOMA  

Increased activation of TG2 is observed in many tumor cells as well as RCC [148,149].  

Decreased cancer-free survival rate and increased metastasis rate are attributed to RCC 

tumors upon TG2 overexpression. According to data published by Hidaka et al., miR-1285 

controls TG2 in RCC, and the expression of miR-1285 is inversely proportional to that of 

TG2. In addition,  the same study also showed that miR-1285 expression diminishes TG2 

expression and resulting in decreased cell proliferation [148].  In RCC types such as Caki-

1, A-498, ACHN, and 768-O , knockdown of TG2 causes enhanced p53 expression levels 

and induced apoptosis [149,150]. The process that leads to p53 degradation and enhanced 

cell survival depends on the TG2 crosslinking of p53. This implies that through decreasing 

p53 levels, TG2 aids RCC development. Furthermore, in xenograft models, TG2 inhibitor 

GK921 inhibits the development of ACHN and CAKI-1 RCC tumors [149–151].  

In RCC cells, glycolysis is increased and high TG2 levels boost glucose intake and lactate 

generation while lowering mitochondrial aconitase levels[101,149]. TG2 knockdown 

reverses these effects [152]. The ubiquitination pathway also affects TG2 function, as CHIP 

(carboxyl-terminus of hsp70-interacting protein) an E3 ubiquitin ligase reduces TG2 levels, 

and CHIP knockdown is linked to increased TG2 levels and aggressive neoplasms of RCC  

[153]. Eckert et al. implied that this might be a sole response in RCC cells [101].  

TG2 is also involved in cell adherence and stemness in RCC cells. Actin stress fiber 

production and adherence to fibronectin, collagen type I, and laminin are decreased in RCC 

cells when TG2 is silenced, resulting in not only decreased migration and invasion but also 

reduced cancer stem cell marker expression [154]. According to these findings, TG2 might 

be a potential cancer treatment target in RCC [155]. 
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1.9. AIM 

Tissue transglutaminase 2 (TG2) is a member of the transglutaminase enzyme family that is 

widely expressed. TG2's importance stems from its multifunctionality, which allows it to 

participate in a variety of biological processes including crosslinking, cell adhesion, 

differentiation, cell proliferation, scaffolding, and apoptosis. Furthermore, abnormal TG2 

expression has been linked to poor cancer-specific survival, increased metastatic capacity 

and progression, cancer stemness, EMT, poor prognosis, and increased treatment resistance 

in RCC, which is the most common kind of kidney cancer. Our previous findings published 

by Ulukan et al. showed that GTP-binding active but transamidase inactive mutant TG2-

W241A acts as a proto-oncogene in RCC by promoting NF-ΚB mediated EMT activation. 

While GTP-binding deficient and transamidase active TG2-R580A and low-GTP-binding 

affinity mutants TG2-C277S did not participate in EMT promotion. As NF-ΚB signaling 

might be important in cell proliferation and regulation of the cell cycle, this thesis firstly 

aims to further elucidate the role of TG2-variants in these processes. TG2-variants which are 

transamidase active type TG2-R580A, transamidase-deficient, and low GTP-binding active 

form TG2-C277S and GTP-binding-active TG2-W241A were expressed in RenCa cells for 

this purpose. As initial evidence by Ulukan et al. also suggested that TG2-W241A could be 

important for the response of RenCa cells to 1, 5 and 10 µM of Everolimus treatment, the 

second aim of this thesis was to investigate the importance of TG2 variants on the viability 

of RenCa cells in the presence of 0.25, 0.5, 0.75 and 1 µM of everolimus, lower doses that 

cause everolimus resistance in long term [155]. Annexin V cell death assay was employed 

to analyze cell death response to 1 µM of Everolimus treatment in RenCa cells transduced 

with the TG2 variants.  
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2. MATERIALS 

2.1. INSTRUMENTS 

Centrifuge (Sigma, 3-18K, UK), -80°C freezer (Thermo Forma - 86 C ULT Freezer, USA), 

pH meter (Hanna instruments PH211, Germany), SprectraMax Paradigm Spectrometry 

Multi-Mode Plate Reader, CO2 incubator (In-Vitro Cell ES NU-5800, NuAire, USA), 

Laminar flow cabinet (ESCO Labculture Class II Biohazard Safety Cabinet 2A, Singapore), 

Centrifuge (Sigma, 3-18K, UK), ThermoShaker (Inovia Tech, Turkey), Gyrorocker 

(Stuart,SSL3, UK), Vortex (Velp Scientfica, Italy), Waterbath (Stuart, SBS40, UK), Ultra 

low temperature Freezer (Witeg, Germany), pH meter (Milwaukee, Mi151, Germany), 

Guava easyCyte Flow Cytometer, Carl Zeiss PrimoVert Microscopy Axiocam 105 color 

(GmbH37081, Germany), Centrifuge (Hettich Micro 22R, UK), Centrifuge (Sigme 3-16K, 

England), Centrifuge (Gyrozen 416, Korea), Hot plate with magnetic Strirrer (Heidolp MR 

3003 control, Germany), Weighing Scale (Shimaozu, Tw423L,Japan), Min, Trans-blot cell 

blotting system (Bio-rad 170-3935, USA), Mini-Protean tetra cell electrophoresis system 

(Bio-Rad 165-8001, USA), StepOnePlus Real-Time PCR System (Applied Biosystems, 

4376600, the USA), Mp Minipure DestUp Distilled Water (SentezLab, Turkey), 96-well 

Thermal Cycler (ThermoFischer, the USA), Microcentrifuge (Beckman Coulter, 

A46473,Germany), Rotator (BioSan, RS-24, Latvia) 

2.2. EQUIPMENT 

Easypet Electronic pipette (Eppendorf, Germany), Conical centrifuge tubes (15 ml and 50 

ml, Thermo Fischer,  the USA), Safe-lock Eppendorf tubes (2ml and 1.5 ml, Germany),  

Micropipettes (10μL, 20μL, 100μL, 200μL, 1000μL, Thermo Scientific, USA), Serological 

pipettes (2 ml, 5 ml, 10ml and 25ml, SPL Life Sciences, USA), Cell culture flasks ( T-25 

and T-75) (TPP, Switzerland), 0.45 μm Minisart Syringe Filter, 0.22 μm Minisart Syringe 

Filter, TC-treated multiple-well plate for cell culture (6,12, 24 and 96-well plates) (Corning 

Costar, the USA), Cryovials (Isolab, Germany), Graduated cylinder (50, 250 and 100 ml, 

Isolab, Germany), Amersham Full-Range Rainbow Protein Marker (RPN800E, Merck, 
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Germany), PVDF and Nitrocellulose membrane 0.22 and 0.45µm (Thermo Fischer, the 

USA). 

2.3. KITS 

Ultrapure Midi Plasmid Isolation Kit (Invitrogen), ZymoPure Plasmid Mini-Prep (Zymo 

Research), WestenBright Sirius Detection Kit (Advansta, K-12043D10, the USA), 

Sensiscript RT Kit (Qiagen, 205213, the USA), PowerUp SYBR Green Master Mix (Thermo 

Fischer, the USA), RIPA Lysis Buffer (Santa Cruz, sc-24948, the USA) 

2.4. CHEMICALS 

RPMI-1640 Medium (Gibco, BE12-702F, UK), Dulbecco’s Modified Eagle’s Medium 

(DMEM) high glucose (Gibco 41966, UK), Heat-inactivated Fetal Bovine Serum (FBS) 

tested (Gibco, A3840401, UK), Antibiotic-Antimycotic (Gibco, the USA), Aphidicolin 

(Merck, 178273, Germany), 2-Propanol (AppliChem A3928, Germany), Absolute Ethanol 

(AppliChem A3928, Germany), Dulbecco’s Phosphate Buffered Saline (DPBS) (LONZA, 

Z17-512F, USA), LB Agar, LB Broth (Sigma, USA), Polybrene (Merck, TR-1003G, 

Germany), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Multicell 600-

032-EG, Canada), Albumin Fraction V (Bioshop, ALB001, Canada).  

2.5. PRIMER ASSAYS  

Hs_TGM2_3_SG QuantiTect Primer Assay (202689401, the USA), Mm_Rn18s_3_SG 

QuantiTect Primer Assay (QT02448075, the USA) 

2.6. CELL LINES 

Human embryonic kidney cell line (HEK293FT, ThermoFisher R70007), Mouse renal 

adenocarcinoma cell line (RenCa, ATCC CRL-2947). 
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3. METHODS 

3.1. METHODS IN CELL CULTURE 

3.1.1. Cell Lines and Conditions for Culturing 

Renal cell carcinoma cell line, RenCa, and human embryonic kidney cell line HEK-293 ft 

were obtained from American Type Cell Culture Collection (ATCC) and Thermo Fischer 

Scientific (Invitrogen) respectively. HEK-293 ft cell line and RenCa cell line were cultured 

in Dulbecco’s modified medium (DMEM) and RPMI-1640 medium containing 10 percent 

(v/v) Fetal Bovine Serum (FBS) and one percent (v/v) Antibiotic-Antimycotic solution 

(PSA) composed of 10,000 units/ml of penicillin, 10,000 µg/ml of streptomycin and 25 

µg/ml of Gibco Amphotericin B in respective order. The cell lines were incubated in the 

incubator with 37oC temperature, 5 percent CO2, and 80-95 percent humidified air 

conditions. 

3.1.2. Cell Subculturing 

Subculturing of the cells was applied when cells reached 70-80 percent confluency. For 

subculturing of the cells, the cell monolayer was washed using 1X Dulbecco's Phosphate-

Buffered Saline (DPBS) with a pH of 7.4. After that, the cells were subjected to 0.05 percent 

(w/v) trypsin followed by incubation at 37oC for 5 minutes. In order to eliminate trypsin 

activity, growth media containing 10 percent (v/v) FBS was added, and dislodged cells were 

collected. The cell suspension was centrifuged at 300xg for 5 minutes. The pellet was 

resuspended in growth media and placed into an appropriate cell culture flask. 

3.1.3. Calculation of Cell Number 

10 μl of the cell suspension remained after the subculturing process described above (Section 

3.1.2.) was loaded into the middle square of the hemocytometer where a coverslip is placed. 

The number of cells was counted under the inverted light microscope at 10x objective. Cell 
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concentration (total cell number per milliliter) of the suspension was calculated based on the 

equation below. 

Counted cell number x dilution factor x depth of hemocytometer = Cell number /ml 

3.1.4. Cryopreservation of Cell Lines 

Following the cell counting process described above (Section 3.1.3.), the excessive cell 

suspension was centrifuged once again, and the pellet was resuspended with a freezing mix 

containing 10 percent (v/v) of Dimethyl sulfoxide (DMSO) and 90 percent (v/v) FBS as to 

have cell suspension with a density of 1x106 cells/ml per one cryovial. For long-term storage, 

cells were placed into cryovial and transferred to a -80°C refrigerator immediately. The 

cryovials can be transferred to a liquid nitrogen container in the following day to preserve 

cells for years. 

3.1.5. Cell Thawing 

From the liquid nitrogen container, formerly freezed stock cells were taken and rapidly 

heated to 37°C in the palm. The cell suspension was then gathered into a new sterile falcon 

tube and 5 ml of prewarmed culture media was added dropwise onto the cell with a steady 

mixing in order not to disrupt the cells due to an abrupt inclination in the osmatic pressure. 

Afterward, the cell suspension was centrifuged at 300xg for 5 minutes to discard DMSO that 

was present in the freezing mix solution. Pellet was resuspended in growth media and plated 

into a T-25 tissue culture flask. The very next day, the medium was changed to remove any 

residual of DMSO, which is known to be a toxic substance for the cells. Cells were passaged 

at least once before the experiment begins. 
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3.2. ISOLATION OF MUTANT TG2 CONSTRUCTS CONTAINING PLASMID 

DNA 

Sub-cloning of the wt-TG2 gene was applied by using Plenti CMV BLAST DEST (706-1) 

vector and other TG2 variants which TG2-R580A, TG2-C277S, and TG2-W241A were 

produced after side directed mutagenesis as mentioned in Ulukan et al. 2020 [156]. 

3.2.1. Plasmid DNA Isolation 

Previously sub-cloned TG-2 constructs, C-pLenti, wt-TG2 (V-pLenti), W-pLenti, and R-

pLenti were inoculated in 100 ml of LB broth containing 0.1ug/ml ampicillin and left for 

overnight incubation in a 37oC incubator which is continuously shaken at 180 rpm. 16-18 h 

later, OD values of the inoculated samples were measured. After OD values were measured 

within 2.0-4.0, the isolation of plasmids was performed as described previously in the study 

published by  Ulukan et al.,2020 [156]. Inoculums were transferred to the 50 ml centrifuge 

tubes and centrifuged at 4000xg for 10 minutes to harvest the cells and the obtained bacterial 

pellet was used for plasmid isolation. 4 ml of resuspension buffer containing RNase A was 

added, and gently mixed with the obtained pellet until the solution became homogenous. 4 

ml of lysis buffer was added onto the mixture and immediately inverted bottom to cap 5 

times. After that 4 ml of precipitation buffer was mixed into the suspension and centrifuged 

at 12000xg for 15 minutes at room temperature. Meanwhile, equilibration columns were 

washed with 10 ml of equilibration buffer. After the centrifugation step, obtained supernatant 

was loaded into the equilibrated column, and drained by gravity flow. 10 ml of wash buffer 

was then added to the columns. A new collection tube was placed under the columns and 5 

ml of elution buffer was added into columns. The obtained solution was suspended with 3.5 

ml of isopropanol and followed by a centrifugation process at 12000xg for 30 minutes at 

4°C. Afterward, the supernatant was discarded and 3ml of 70 percent ethanol was used to 

wash pellets. The previously mentioned centrifugation step was repeated for 5 minutes. 

Pellet was then left to dry and suspended in 50 µ of TE buffer. As a final step of the plasmid 

isolation, the concentration of the isolated plasmid DNA was quantified via nanodrop, and 

plasmid DNA was stored at -20°C for later use. 
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3.3. CONSTRUCTION OF TG2 MUTANTS EXPRESSING RENCA CELL LINE 

3.3.1. Transfection of HEK293-FT Cells with Isolated DNA of Interest 

In order to produce lentiviral particles carrying the genes of interest, HEK293FT cells were 

cultured into 100mm cell culture petri-dish at a density of 1x106 cells/dish and left for 

overnight incubation. The following day, the media was renewed with the fresh preheated 

media replaced approximately two h before the transfection. 22.4 µg of the gene of interest, 

and 7.46 µg of both packaging plasmid (pPAX2) and enveloped plasmid (PMD2G) were 

mixed in a 50 ml falcon tube. After that, other reagents were included in the following order: 

0.1X TE, 2.5 mM CaCl2 were gently mixed into the same 50 ml falcon tube, and then, 2X 

HBS solution with pH of 7.12 was placed into the solution drop by drop while air-agitating 

the mixture via 2 mL serological pipette. The mixture was then incubated for 12 minutes at 

room temperature and then placed dropwise on mixed by gently rotating the plate. 13 h later, 

previous media was removed, cells were washed with 1X PBS and 10 ml of fresh pre-heated 

media was placed. Following 24h later, media was collected into the falcon tube and kept at 

4°C. Then, 10 ml of fresh pre-heated media was added to the petri dish. 48 h later, the media 

was recollected and mixed with the previously collected media. After 48 h later, collected 

supernatants were filtered and aliquoted, and stored at -80°C.  

3.3.2. Transduction of RenCa Cells with Produced Lentiviral Particles 

RenCa cells were cultured at a density of 20.000 cells/well of a 12-well plate. Following 

overnight incubation, the cells were incubated with 8 µg/ml polybrene in 2 percent (v/v) FBS 

containing complete RPMI medium for 12 h. Following polybrene incubation, the cells were 

gently washed with 1xDPBS twice and incubated with previously produced lentiviral 

particles. Following 24 h of transduction, a fresh culture medium including 10 percent (v/v) 

FBS, 100 units/ml penicillin, and 100 µg/ml streptomycin was provided to the transduced 

cells until they reached certain confluency. Afterward, 6 µg/ml blasticidin containing fresh 

medium was given to cells for the selection process. 
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3.4. IDENTIFICATION OF HUMAN TG2 GENE LEVEL IN TRANSDUCED 

RENCA CELL LINES 

3.4.1. Total RNA Isolation 

RenCa cell lines containing mutant TG2 constructs (TG2-R580A and TG2-C277S) were 

cultured as 300.000 cells are in each well of a 6-well plate and grown overnight in a 

humidified incubator at 37oC with 5 percent (v/v) CO2. The next day, cells were washed 

twice with 1xPBS. The cells were dislodged with 250 µl of Trizol Reagent and collected into 

1.5 ml Eppendorf tubes. Samples were then left for incubation at room temperature for 5 

minutes. 50 µl of chloroform was mixed with the suspension by pipetting vigorously several 

times until the mixture colour turns into soft pink color. The previous step was followed by 

15 minutes of incubation at room temperature. After incubation, samples were centrifuged 

at 12.000xg for 15 minutes at 4oC. The colorless upper phase was transformed into new 

sterile 1.5 ml Eppendorf tubes and supplied with an equal volume of isopropanol. 

Subsequently, the samples were incubated on ice for 10 minutes and centrifuged at 12.000xg 

at 4oC for 10 minutes. After that 500 µl of 75 percent (v/v), ethanol was added into sample 

tubes and centrifuged at 7.500xg on ice for 10 minutes. Supernatants were then removed, 

and the pellet was air-dried. The remained pellet was resuspended in 20 µl RNase-free water. 

Finally, concentrations of total RNA in the previously mentioned cell lines were measured. 

3.4.2. cDNA Synthesis 

Master mix for cDNA synthesis was performed based on Table 3.2. and 1 µg of RNA 

template was prepared in 10 µl. That each 10 µl of RNA templates was mixed with 10 µl of 

2X reverse transcription master mix in order to convert the reaction mix to 1X. 
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Table 3.1. Reagents and their volumes for 2X RT master mix preparation. 

 

The obtained overall reaction mix of each sample was run in Thermal Cycler according to 

recommended thermal cycling conditions by manufacturers (Table 3.2.). 

Table 3.2. The thermal cycling conditions for cDNA reverse transcription. 

 

Finally, after the thermal cycling, the concentrations of synthesized cDNA were measured 

via Nanodrop. 

3.4.3. Real Time-PCR (RT-PCR) 

The level of expressions of hTGM2 and m18S RNA was quantified via RT-PCR by using 

Qiagen QuantiTect Primer Assay. The amount of cDNA that will be added into the reaction 

mix was chosen as 1000 ng. The RT-master mix was prepared by adding 5 µl of SYBR 

REAGENTS VOLUMES (µl) 

10X RT Buffer 2 

25X dNTP Mix (100mM) 0.8 

10X RT Random Primers 2 

MultiScribe Reverse Transcriptase 1 

Nuclease Free Water 4.2 

RNA Template (1µg) 10 

Total Reaction Volume 20 

Settings Step 1 Step 2 Step 3 Step 4 

Temperature (oC) 25 37 85 4 

Time (min.) 10 120 5 Infinite 
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Green, 1 µl of 10 µM primers, and 2 µl of nuclease-free water. The expression of the gene 

of interest which is hTG2 was normalized by using a housekeeping gene, mouse 18S rRNA. 

The results are expressed based on the relative expression level of the hTGM2 gene 

normalized by mouse 18S rRNA values (see Figure 4.2.).  Real-time PCR stages and cycle 

conditions were performed as indicated in Table 3.3. 

Table 3.3. Real-Time PCR cycling modes applied based on Applied Biosystem’s Power-

Up SyberGreen master mix. 

  

 

 

 

 

 

 

  

Step Temperature Duration Cycles 

Uracil-DNA 

glycosylase 

(UDG) 

activation 

50oC 2 minutes Hold 

Dual-Lock DNA 

Polymerase 
95oC 2 minutes Hold 

Denature 95oC 15 seconds 

40 Anneal 50-60oC 15 seconds 

Extend 72oC 1 minute 
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3.5. DETECTION OF CELL GROWTH RATE AND DRUG RESISTANCE 

PROFILES OF TG2-MUTANTS EXPRESSING RENCA CELL LINES 

3.5.1. Determination of Proliferation Rates of RenCa Cells 

The cell viability assay was performed on non-transduced parental, wt-TG2, TG2-R580A, 

TG2-C277S, TG2-W241A expressing RenCa cell lines. Prior to experiments, cells were 

synchronized in serum-free medium at least for 4 h. To detect which enzyme activities of 

TG2 have a role in increased cell proliferation rates on TG2 active site mutants 

quantitatively, firstly standard curve plate was prepared by culturing 1, 2.5, 5, 10, 15, and 

20x103 cells per well. After overnight incubation of the standard curve plate, the plate was 

incubated with 1:10 WST-1 reagent diluted in culture medium for 1h. After the completion 

of the incubation, the absorbance values of the plate were measured at 450/630 nm. For the 

experiment, cells were seeded at a density of 5x103 cells/well in a 96-well plate. 

Subsequently, cells were incubated overnight in a humidified atmosphere containing 

5percent CO2 at 37oC. After the overnight incubation, the cells were incubated for 24, 48, 

and 72 h in the incubator.  After the completion of each incubation time point, 5 μl of WST-

1 reagent (Roche Diagnostic, Germany) was mixed with 45 μl of culture medium in order to 

dilute WST-1 reagent in 1:10 dilution and 50 μl of the prepared WST-1 reagent was placed 

into each well of the 96-well culture dish and incubated at 37°C for 1h. Following the 

incubation, the absorbance values were measured at 450/630 nm via SpectraMax Paradigm 

Multi-Mode Microplate Reader. The number of viable cells was then calculated according 

to the obtained absorbance values by using the standard curve plate. 

3.5.2. Identification of the Effect of TG2 Variants on the Drug Resistance in RenCa 

Cells 

In order to determine the chemoresistance that may be gained through TG2-mutants, wt-

TG2, TG2-R580A, TG2-C277S, TG2-W241A expressing RenCa cells along within non-

transduced parental were seeded at a density of 5x103 cells/well in a 96-well plate. After 

that, the cells were incubated overnight in a humidified atmosphere containing 5percent CO2 

at 37oC. Following overnight incubation, the cells were treated with 0.25, 0.5, 0.75, and 1μM 
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of mTOR inhibitor, everolimus, and incubated for 24, 48, and 72h in the incubator.  After 

the completion of each incubation time point, cell viability was measured as indicated in 

Section 3.6.1. 

3.5.3. Cell Death Assay  

Parental non-transduced, wt-TG2 and mutant TG2 expressing RenCa cell lines were cultured 

into a 6-well plate at a density of 3x105 cells per well and left for overnight incubation in a 

humidified incubator at 37oC and 5 percent CO2. After 16-18h of incubation, the cells were 

treated 1µM of everolimus for 48 and 72h. Subsequently, after completion of each drug 

incubation, first, the old medium of the cells which may contain the dead cells was collecting 

into 15 ml falcon tubes and centrifuged at 350xg for 5 min. Meanwhile, the cell monolayers 

were washed with 1x DPBS and detached from the plate surface by incubating them with 

1X Trypsin for 5 min in the incubator. After the trypsinization, the cells were collected into 

new 15 ml falcon tubes, and then the surface of the 6-well plate was once again washed with 

1xDPBS to gather remaining cells in the wells and transferred into the same falcon tubes. 

The tubes were centrifuged at 300xg for 5 min and the cells suspensions were collected in 

the same 15-falcon with the cell suspension containing the dead cells to count 10x104 cells 

for further use in Annexin-V Fluos Staining assay. Counted 10x104 cells were placed into 

new 1.5ml Eppendorf tubes. Regarding the manufacturer’s protocol, the tubes were 

centrifuged at 200xg for 5 min and the pellets were resuspended in 100 µl of incubation 

buffer. The control group which was the non-treated parental RenCa cells were divided into 

four groups named control unstained, annexin only, PI only, and annexin& PI. The annexin-

only group of the resuspended cells was incubated with 1 µl of Annexin-V labeling reagent 

for 15 min in a dark environment. After the annexin incubation, the resuspended cells were 

mixed with 100 µl of incubation buffer to complete the total volume to 200 µl. Finally, 

10x104 events were evaluated via flow cytometer by using unstained control parental cells 

for gating after being stained with PI.  
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3.5.4. Cell Cycle 

In order to detect the effect of transamidase and GTP-binding activity of TG2 on RenCa cell 

proliferation rate, cell cycle profiles were analyzed via flow cytometry. Non-transduced 

parental, wt-TG2 expressing and mutant type of TG2 expressing (TG2-R580A, TG2-C277S, 

and TG2-W241A) RenCa cell lines were seed at 300.000 cells/well density on 6-well plate 

surface. Based on the doubling times of the cells, all cell lines were incubated with 10 percent 

and 2 percent FBS containing medium for either 12 or 24h. As a positive control of 5µM, 

aphidicolin treatment was applied to the cells for 12h. Following the incubation, the old 

medium of the cells was collected into new 15ml tubes then the cell monolayer was 

trypsinized by incubating the cells in the incubator at 37oC for 5 min. After the trypsinization, 

detached cells containing medium were collected in the previous 15 ml tubes and centrifuged 

at 350 xg for 5 min in order to precipitate both viable and dead cells. Cells were fixated with 

70 percent ethanol for 2h. Subsequently, 500 µl of 0.1 percent Triton-X was added into each 

cell suspension, and the cells were incubated at room temperature for 20 min. Later, tubes 

were centrifuged at 300xg for 5 min at 4oC and 200 µl of 0.05mg/ml RNase A was added. 

The RNase added cell suspensions were incubated at 37oC for 30 min. Afterward, the tubes 

were centrifuged once more at 300xg for 5 min at 4oC. The cell pellets were dissolved and 

stained with 200 µl of 5µg/ml PI. Finally, cell cycle analysis was carried out via flow 

cytometry. 

3.6. STATISTICAL ANALYSIS 

All data mentioned in the Result Section of the study (in Section 4) were analyzed after 

obtained three independent experiments. According to the mean values of these data, figures 

are represented in Section 4, results part. Standard deviations were calculated by using the 

three independent replicates (means± SD). The required comparisons between groups were 

evaluated via parametric statistics using the Student’s t-test, one-way or two-way ANOVA 

by using GraphPad Prism 9.0 (GraphPad Software, San Diego California, USA). p-values 

<0.05 and <0.0001 considered as statistically significant. 
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4. RESULTS 

4.1. MONITORING OF TRANSFECTION EFFICIENCY IN HEK293-FT CELLS 

Transfection of HEK293-FT cells with the gene of interest was carried out with the CaCl2 

method. To control the transfection efficiency in the HEK293-FT cell line, pUC19-eGFP 

transfected HEK293-FT cells were examined under fluorescence microscopy after 24 and 

48h of incubations. At each incubation time point, successfully transfected GFP-positive 

HEK293-FT cells were captured, and green fluorescence emission was observed.  

Figure 4.1. pUC19-eGFP transfected HEK293-FT cells. Transfected cells were captured 

via fluorescence microscopy taken at 20x and 40x objectives after A&C) 24 and B&D) 48h 

of incubations. The images above are the representative figures of three independent 

replicates of the calcium chloride transfection method. Scale bars 50 µm for Figure A, B, 

and D while 100 µm for Figure C. 
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4.2. DETECTION OF HUMAN TG2 EXPRESSION LEVEL IN TG2 VARIANTS 

EXPRESSING RENCA CELLS 

The effect of GTP-binding or transamidase activity of TG2 variants in the cell proliferation 

and drug resistance which are related to both increased tumor aggression and aberrant growth 

in cancer cell lines were set to be identified in mouse kidney adenocarcinoma RCC cell line, 

RenCa. As is earlier mentioned in Section 3.3.2. RenCa cell lines were transduced with 

different TG2-variants separately. Consequently, to confirm transduction efficiency, mRNA 

level of hTGM2 was detected in parental RenCa and wild-type (wt-TG2), TG2-R580A, 

TG2-C277S, and TG2-W241A RenCa cells generated from parental RenCa cells by 

transduction with lentiviral vectors encoding the genes of interest. hTGM2 gene expression 

was determined via real-time PCR as described previously in Section 3.4.3. Before RT-PCR, 

RNA isolation and cDNA synthesis were done in respective order as mentioned in Section 

3.4.1. and Section 3.4.2.   

 

Figure 4.2.  The relative hTGM2 gene expression at the mRNA level was analyzed via RT-

PCR. Each hTGM2 expression obtained from wt-TG2 and TG2-mutants which are TG2-

R580A, TG2-C277S, and TG2-W241A normalized to house-keeping gene 18S RNA. Error 

bars stand for standard deviation (means ±SD) obtained from three independent biological 

replicates. According to Wilcoxon non-parametric test, the deviations between the mutant 

cells are determined as nonsignificant (ns, p>0.05). 
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Fold change of hTGM2 gene expression in the mutant-TG2 expressing cells were analyzed 

after considering hTGM2 expression in wt-TG2 expressing cells as 1. According to a relative 

comparison of hTGM2 expression in wt-TG2 to other TG2 active site mutants, the fold 

change was 0.92, 0.85, and 1.1 for TG2-R580A, TG2-C277S, and TG2-W241A cells, 

respectively. Figure 4.2. clearly presents that the hTGM2 expression level in wt-TG2, TG2-

R580A, and TG2-W241A expressing RenCa cell lines have gene expressions alike to each 

other. However, TG2-C277S expressing RenCa cells showed a relatively lower (p>0.05) 

hTGM2 expression pattern. Moreover, as a negative control hTGM2 expression in parental 

non-transduced RenCa cell line was analyzed and no hTGM2 expression was not detected.  

4.3. IDENTIFICATION OF TG2 ACTIVE SITE MUTANTS’ ROLE IN RENCA 

CELL PROLIFERATION 

Although TG2 has opposing roles in different and even within the same cancer cell line 

based on the cellular stimuli, conformation, and subcellular location, this multifunctional 

protein has been demonstrated by several studies to participate in aberrant tumor growth 

[87]. Therefore, to answer the questions of which enzyme activity of TG2 has a role in cell 

proliferation, RenCa cell lines transduced with wt-TG2, TG2-R580A, TG2-C277S, and 

TG2-W241A along with non-transduced parental RenCa were subjected to WST-1 assay as 

described in Section 3.6. Cell proliferation percentages are evaluated according to parental 

RenCa cells’ absorbance values which were considered as 100 percent at 24h. 
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Figure 4.3.  Identification of TG2 variants’ role in the proliferation of RenCa. Cell 

proliferation rates were determined in non-transduced parental, wt-TG2, and TG2 active 

site mutant constructs containing RenCa cells after 24, 48, and 72h of incubations. A) The 

cell viabilities and B) the number of parental, wt-TG2, TG2-R580A, TG2-C277S, and 

TG2-W241A RenCa cell lines were evaluated based on the mean values obtained after 

three independent WST-1 assay repeats. Error bars stand for standard deviation (means 

±SD). (Statistical significance was determined via two-way ANOVA, p<0.0001(***) were 

considered as significant). 

As can be seen in Figure 4.3., cell viabilities of parental, wt-TG2, TG2-R580A, TG2-C277S, 

and TG2-W241A cells were evaluated as 100, 55, 63, 29 ve 83 percent for 24h of incubations 

in respective order. Furthermore, cell viabilities of the cells were increased to 183, 174, 160, 

91, and 197 percent for 48h and 231, 209, 198, 135, and 248 percent for 72h of incubations 

again in the same respective order of the cells. Based on these data, an increase in cell 

proliferation was observed at the highest level in GTP-binding active TG2-W241A cells 

among the other cells. While parental, wt-TG2 and TG2-R580A expressing RenCa cells 
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were observed to have relatively similar proliferation percentages at the end of 48 and 72h 

of incubations, the proliferation rate of TG2-C277S was observed to be slowest. At the 24 h 

of incubation of the cells, there are 0.5, 0.6, 0.3 and 0.8-fold observed increase in wt-TG2, 

TG2-R580A, TG2-C277S, and TG2-W241A cell number in respective order, in comparison 

to the parental RenCa cell. Fold changes for cell proliferation were calculated as 1.7, 1.6, 

0.9, and 2 for 48h and 2.1, 2, 1.4, and 2.5 for 72h of incubations respectively for wt-TG2, 

TG2-R580A, TG2-C277S, and TG2-W241A. Overall data supports that TG2-W241A 

possessed the highest proliferation rate compared to parental RenCa cells and the other TG2 

mutant-expressing RenCa cells. The results showed that GTP-binding activity in RenCa cells 

results in enhanced cell proliferation which can be associated with induced tumor 

progression.  

4.4. DETERMINATION OF TG2 ACTIVE SITE MUTANTS’ ROLE IN RENCA 

CELL CYCLE 

Several studies have shown that TG2 is a key player in various molecular and survival 

mechanisms of tumor cells which may affect tumor progression through cell proliferation 

and consequently cell cycle [157,158]. Therefore, to identify changes in the cell cycle profile 

of RenCa cell lines after transduced with TG2-variants, cell cycle analysis was carried out, 

for 12 and 24h of incubations. 

 

A 
B 

Parental 
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Figure 4.4. Cell cycle profiles of A-E) parental, wt-TG2 and mutant TG2 expressing (TG2-

R580A, TG2-C277S and TG2-W241A) RenCa cell lines at the end of 12 h of incubations. 

Cell cycle analysis was done through PI-staining via flow-cytometry analysis and 

evaluated via Guave easyCyte Systems. 

C 

TG2-R580A 
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Figure 4.4. (Continue) Cell cycle profiles of A-E) parental, wt-TG2 and mutant TG2 

expressing (TG2-R580A, TG2-C277S and TG2-W241A) RenCa cell lines at the end of 12 

h of incubations. Cell cycle analysis was done through PI-staining via flow-cytometry 

analysis and evaluated via Guave easyCyte Systems. 

D 

E 

TG2-C277S 

TG2-W241A 
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Figure 4.4. (Continue) Cell cycle profiles of A-E) parental, wt-TG2 and mutant TG2 

expressing (TG2-R580A, TG2-C277S and TG2-W241A) RenCa cell lines at the end of 12 

h of incubations. Cell cycle analysis was done through PI-staining via flow-cytometry 

analysis and evaluated via Guave easyCyte Systems. 

 

 

Figure 4.5. Non-transduced parental RenCa, wt-TG2, and mutant-TG2 expressing TG2-

R580A, TG2-C277S, and TG2-W241A populations (percent) in each cell cycle phase 

(G0/G1, S, and G2/M) were evaluated after 12h of incubation via flow-cytometry analysis 

by using Guave easyCyte Systems. 
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Table 4.1. Cell cycle distribution of parental, wt-TG2, TG2-R580A, TG2-C277S, and 

TG2-W241A cell lines after 12 h of incubation. 

                                                       

 

 

 

            

 

 

Upon the 12 of incubation of non-transduced parental RenCa, and wt-TG2 and TG2-active 

site mutants expressing RenCa cells, our results showed that except for parental RenCa cells, 

other cell lines were observed to be arrested in G1 and S phase by having a total 95.6, 98.7, 

90.8 and 94.6 percent of cell population in these cell cycle phases respectively for wt-TG2, 

TG2-R580A, TG2-C277S and TG2-W241A expressing RenCa cells. The parental RenCa 

cell population in G1 and S phases was evaluated as 36.2 percent in total. The cell population 

in G2/M phases was 63.8, 4.4, 1.3, 9.2, and 5.5 percent for wt-TG2, TG2-R580A, TG2-

C277S, and TG2-W241A expressing RenCa cells in respective order.  

 G0/G1 S G2/M 

Parental 38.2±10.3 17.0±7.0 45.2±16.1 

wt-TG2 31.9±14.5 13.8±0.9 46.3±2.1 

TG2-R580A 47.0±1.8 14.8±0.5 26.3±21.8 

TG2-C277S 48.6±5.9 26.6±16.0 25.2±14.2 

TG2-W241A 48.0±14.2 30.4±15.8 30.4±17.1 
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Figure 4.6. Non-transduced parental RenCa, wt-TG2, and mutant-TG2 expressing TG2-

R580A, TG2-C277S, and TG2-W241A populations (percent) in each cell cycle phase 

(G0/G1, S, and G2/M) were evaluated after 24h of incubation via flow-cytometry analysis 

by using Guave easyCyte Systems. 

                        

 

 

 

 

 

 

Figure 4.7. Non-transduced parental RenCa, wt-TG2, and mutant-TG2 expressing TG2-

R580A, TG2-C277S, and TG2-W241A populations in each cell cycle phase (G0/G1, S, 

and G2/M) were evaluated after 24h of incubation via flow-cytometry analysis by using 

Guave easyCyte Systems. 

TG2-W241A 
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Table 4.2.  Cell cycle distribution of parental, wt-TG2, TG2-R580A, TG2-C277S, and 

TG2-W241A cell lines after 24 h of incubation. 

 

 

 

 

 

 

 

Figure 4.6.-4.7. and Table 4.2. demonstrated that after 24h of incubation, total cell 

population in both G1 and S phases were observed respectively as being 83.1, 39.3, 87.1, 

42.3, and 28.9 percent for parental, wt-TG2, TG2-R580A, TG2-C277S, and TG2-W241A 

expressing RenCa cells. On the other hand, the cell population for each cell line arrested in 

the G2 phase of the cell cycle was evaluated as 16.9, 60.7, 12.9, 57.7, and 71.1. for parental, 

wt-TG2, TG2-R580A, TG2-C277S, and TG2-W241A expressing RenCa cells. Taken 

together with data obtained after 12h of incubation for cell cycle analysis, mutant TG2-

construct expressing RenCa cells (TG2-R580A, TG2-C277S, and TG2-W241A) were 

observed to doubled DNA content at the end of 24h of incubation. Moreover, the TG2-

W241A cells population was observed to be arrested in the G2/M phase more than other 

mutant types by having 71 percent of its population in the G2/M phase. 

4.5. DETECTION OF EFFECTS OF TG2 ACTIVE SITE MUTANTS IN DRUG 

RESISTANCE AND CELL DEATH OF RENCA CELLS  

A study published by Nayman et al. elucidated that RenCa cells are actually sensitive to 

everolimus treatment in a dose and treatment-duration-dependent manner[159]. In order to 

understand, whether TG2 variants possessing GTP-binding or transamidation active has an 

indispensable role in cell viability upon everolimus treatment, non-transduced parental, wt-

TG2, TG2-R580A, TG2-C277S, and TG2-W241A were subjected to low doses of 

 G0/G1 S G2/M 

Parental 44.8±12.1 34.3±15.8 21.2±4.0 

wt-TG2 36.3±7.5 16.6±6.7 47.4±12.8 

TG2-R580A 26.9±6.5 57.4±2.5 15.7±4.0 

TG2-C277S 38.9±7.0 21.4±11.0 40.1±15.3 

TG2-W241A 23.7±2.3 6.7±0.2 69.6±2.1 



52 

 

everolimus (0.25, 0.5, 0.75, and 1 µM) which was previously shown to induce everolimus 

resistance in RenCa cells [160].  

 

 

 

 

 

 

Figure 4.8. Everolimus response profile of non-transduced parental, wt-TG2, TG2-R580A, 

TG2-C277S, and TG2-W241A RenCa cell lines for 24h at 0.25, 0.5, 0.75, and 1 μM 

everolimus. The number of viable cells was determined using WST-1 assay. Error bars 

stand for the standard deviation of three independent biological replicates (mean± SD). 

Statistical significance was determined via two-way ANOVA, p<0.0001(****) were 

considered as significant. 

Figure 4.8. represents that upon 0.25, 0.5, 0.75, and 1 μM of everolimus treatment on non-

transduced parental, wt-TG2, TG2-R580A, TG2-C277S, and TG2-W241A RenCa cell lines 

for 24 h, the number of viable TG2-W241A cells were remarkably higher among the other 

RenCa cell lines (p<0.0001). The mean number of the viable cells was assessed as 3430, 

3649, 3550, 3378, and 3192 for parental RenCa, 3349, 3191, 3291 and 2888 for wt-TG2, 

3062, 3216, 2880, 2712 for TG2-R580A, 3173, 3113, 3327 and 3348 for TG2-C277S and 

finally 13.248, 11.887, 12.7611, and 12.148 for TG2-W241A cells respectively for 0.25, 0.5, 

0.75, and 1 μM everolimus treatment.  Each dose of everolimus showed the nearly same 

effect on the average cell viability within the same RenCa cell group. 
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Figure 4.9. Everolimus response profile of non-transduced parental, wt-TG2, TG2-R580A, 

TG2-C277S, and TG2-W241A RenCa cell lines for 48h at 0.25, 0.5, 0.75, and 1 μM 

everolimus. The number of viable cells was determined using WST-1 assay. Error bars 

stand for the standard deviation of three independent biological replicates (mean± SD). 

Statistical significance was determined via two-way ANOVA, p<0.0001(****) were 

considered as significant. 

As seen in Figure 4.9., upon the applied 0.25, 0.5, 0.75, and 1 μM everolimus treatment on 

non-transduced parental, wt-TG2, TG2-R580A, TG2-C277S, and TG2-W241A RenCa cell 

lines for 48 h, the number of viable TG2-W241A cells were again observed to have highest 

cell population among the other cell lines in all applied doses of everolimus. The number of 

viable cells were assessed as 1444, 1208, 1272, 1057, and 1187 for parental RenCa, 2631, 

2796, 1669, 1574 for wt-TG2, 2270, 2268, 2455, 2457 for TG2-R580A, 2473, 2794, 2861, 

and 1158 for TG2-C277S and finally 7227, 7776, 7323, and 8257 for TG2-W241A cells 

respectively for 0.25, 0.5, 0.75, and 1 μM everolimus treatment.  Each dose of everolimus 

again resulted in nearly the same average cell viability within the same RenCa cell group.  
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Figure 4.10. Everolimus response profile of non-transduced parental, wt-TG2, TG2-

R580A, TG2-C277S, and TG2-W241A RenCa cell lines for 72h at 0.25, 0.5, 0.75, and 1 

μM everolimus. The number of viable cells was determined using WST-1 assay. Error bars 

stand for the standard deviation of three independent biological replicates (mean± SD). 

Statistical significance was determined via two-way ANOVA, p<0.0001(****) were 

considered as significant. 

Based on Figure 4.10. the cell viability in number was determined as 1082, 1296,1123, and 

822 for parental RenCa, 2083,2340,3150, and 2677 for wt-TG2, 1982, 2318, 2017, and 1795 

for TG2-R580A, 2408, 2317, 2260 and 2254 for TG2-C277S and finally 6269, 6287, 6650, 

and 6093 for TG2-W241A cells respectively for 0.25, 0.5, 0.75, and 1 μM everolimus 

treatment comparing to non-treated parental RenCa cell for 72h of everolimus treatment. 

Similar to 24 and 48h of treatment with everolimus, each dose of everolimus once again 

affected the cell viability in approximately the same profile within the same RenCa cell 

group. Together with obtained results represented above in Figure 4.8-4.10., wt-TG2, TG2-

R580A, and TG2-C277S RenCa cells were observed to have approximately similar cell 

viability profiles in each treatment group and drug administration time compared to non-

transduced parental RenCa cells. However, the cell viability was observed to be remarkably 
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higher in the GTP-binding active form of TG2 expressing RenCa cell line, TG2-W241A 

among all cell lines treated with 0.25-1 μM everolimus. Except for TG2-W241A cells, all 

cell lines were cytotoxically affected by everolimus treatment. However, as it was mentioned 

in Section 3.5., the initial cell number cultured for drug-resistance analysis via WST-1 assay 

was 5x103 cells/well, and only transamidase inactive and GTP-binding active TG2-W241A 

cells surpassed the initial number of viable cells in spite of being subjected to one most 

potent remedy for RCC, everolimus. Overall, in the light of these results, it can be said that 

the GTP-binding activity of TG2 is inevitably important in gained drug resistance of 

advanced RCC type, RenCa. 

4.6. EFFECT OF EVEROLIMUS ON APOPTOSIS OF TG2 ACTIVE SITE 

MUTANT RENCA CELLS  

The role of TG2 in both pathological and physiological processes is multifaceted due to its 

conformational alterations, genetic variants, and multifunctionality [161]. Moreover, the 

understanding of TG2 via its differentially gained functions such as promoting cell death 

and induced cell survival owing to its GTP-binding and transamidating-active forms are 

worthwhile to avoid this obscureness. For this reason, the effect of GTP-binding and/or 

transamidating activity of TG2 on cell death was investigated by annexin-V Fluos PI double 

staining in parental, wt-TG2, TG2-R580A, TG2-C277S, and TG2-W241A undergone 1 µM 

everolimus treatment. 
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Figure 4.11. Apoptotic cell death of the parental non-transduced, wt-TG2 and mutant TG2 

expressing RenCa cells were detected after 1 µM of everolimus treatment for 48h. A-F) 

The percentages of necrosis (upper left), late apoptosis (upper right), viable cells (lower 

left), and early apoptosis (lower right) in parental non-transduced, and everolimus treated 

parental, wt-TG2 and mutant TG2 expressing RenCa cells were represented in respective 

order. Representative images were selected from three independent Annexin-V 

experiments. 
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Table 4.3. Parental, parental-ev., TG2-R580A, TG2-C277S, and TG2-W241A RenCa 

cells’ populations in necrosis, late and early apoptosis, and viable stages were evaluated 

after being treated with 1 µM of everolimus for 48h. Standard deviation was calculated 

according to three independent biological repeats (mean± SD). Statistical significance was 

determined by comparing each data to control parental cells via two-way ANOVA, p<0.01 

(*) and p<0.0001(****) were considered significant. 

 

 According to Figure 4.11., after 48h treatment with everolimus, parental, wt-TG2, TG2-

R580A, TG2-C277S, and TG2-W241A cells were observed to be undergone early apoptosis 

by 66.9, 38.16, 43.45, 54.38, and 31.1 percent. While parental, wt-TG2, and TG2-R580A 

cells were detected to undergo necrosis by 0.10, 4.5, 5.12 percent respectively, TG2-W241A 

and TG2-C277S cells did not show necrosis. Moreover, the cells were detected to undergo 

 Viable 
Early 

Apoptosis 

Late 

Apoptosis 
Necrosis p-value 

Parental 100 ± 1 0.01 ±0.0 - - - 

Parental-ev. 36.2 ±10.2 

 

49.9 ±14.7 

 

 

6.0 ±3.0 

 

 

0.2 ±0.1 

 

**** 

P<0.0001 

wt-TG2 

 

44.9 ±5.3 

 

42.7 ±11.6 

 

14.1 ±1.8 

 

3.2 ±1.8 

 

**** 

P<0.0001 

TG2-R580A 

 

35.1 ±7.8 

 

56.5 ±18.4 

 

14.7 ±0.3 

 

2.7 ±3.5 

 

**** 

P<0.0001 

TG2-C277S 

 

42.9 ±4.4 

 

56.1 ±2.5 

 

2.1 ±2.9 

 

1.5 ±2.5 

 

**** 

P<0.0001 

TG2-W241A 

 

63.6 ±5.5 

 

27.8 ±6.7 

 

1.3 ±1.8 

 

0.7 ±1.0 

 

* 

P<0.01 
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late apoptosis stage by 3.87, 15.37, 14.93, 0.09, and 0.01 percent respectively, in the above 

order. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



61 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                  

                

                            



62 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                         

                                                              

Figure 4.12. Apoptotic cell death of the parental non-transduced, wt-TG2 and mutant TG2 

expressing RenCa cells were detected after 1 µM of everolimus treatment for 72h. A-F) 

The percentages of necrosis (upper left), late apoptosis (upper right), viable cells (lower 

left), and early apoptosis (lower right) in parental non-transduced, and everolimus treated 

parental, wt-TG2 and mutant TG2 expressing RenCa cells were represented in respective 

order. Representative images were selected from three independent Annexin-V 

experiments.   
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Table 4.4. Parental, parental-ev., TG2-R580A, TG2-C277S, and TG2-W241A cell 

populations in necrosis, late and early apoptosis, and viable stages were evaluated after 

being treated with 1 µM of everolimus for 72h. Standard deviation was calculated 

according to three independent biological repeats (mean± SD). Statistical significance was 

determined by comparing each data to control parental cells via two-way ANOVA, 

p<0.0001(****) were considered significant. 

     

 

As seen in Figure 4.12., after 72h treatment with everolimus, parental, wt-TG2, TG2-R580A, 

TG2-C277S, and TG2-W241A cells underwent early apoptosis by 72.5, 66.5, 61.6, 61.2, and 

44 percent. Necrosis-induced cell population of wt-TG2, TG2-R580A, TG2-C277S, and 

 Viable 
Early 

Apoptosis 

Late 

Apoptosis 
Necrosis p-value 

Parental 97.58 ± 2.93 0.58 ±0.8 0.043±0.0045 0.13±0.2 - 

Parental Ev. 

 

18.1±10.5 

 

 

77.3±11.8 

 

 

4.5±2.3 

 

 

0.04±0.1 

 

**** 

P<0.0001 

wt-TG2 

 

32.9±8.8 

 

 

74.1±10.7 

 

 

4.1±2.4 

 

 

0.12±0.1 

 

**** 

P<0.0001 

TG2-R580A 

 

20.7±6.3 

 

 

76.0±10.2 

 

 

3.0±0.3 

 

 

1.18±1.4 

 

**** 

P<0.0001 

TG2-C277S 

 

32.2±14.5 

 

 

61.1±12.4 

 

 

6.6±2.1 

 

 

0.13±0.2 

 

**** 

P<0.0001 

TG2-W241A 55.6±3.0 

 

40.2±6.5 

 

 

3.2±2.0 

 

 

0.06±0.0 

 

**** 

P<0.0001 
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TG2-W241A cells were detected to be 0.20, 8, 0.32, and 0.09 percent respectively. Parental 

RenCa did not go into the necrosis process. Moreover, parental, wt-TG2, TG2-R580A, TG2-

C277S, and TG2-W241A cells were detected in the late apoptosis stage with 3.25, 6.47, 8, 

6.74, and 2.1 percent in respective order.  

Table 4.5. The summary data for cell population of Annexin-V Positive cells were 

evaluated for the parental non-transduced, wt-TG2 and mutant TG2 expressing RenCa cell 

lines after being treated with 1 µM of everolimus for 48 and 72h. Standard deviation was 

calculated according to three independent biological repeats (mean± SD). Statistical 

significance was determined by comparing each data to control parental cells via one-way 

ANOVA, p<0.05(*), p<0.005 (**), and p<0.001(***) were considered significant. 

 

 48h 72h 

 

Annexin-V 

Assay percent 

of positive 

cells 

p-value 

Annexin-V 

Assay percent 

of positive 

cells 

p-value 

Parental 0.01±0 - 0.62±0 - 

Parental-ev. 62.7±11.8 
*** 

p<0.001 

 

79.7± 12.9 

 

** 

p<0.005 

wt-TG2 52.8±5.6 
** 

p<0.005 
67±22.2 

* 

p<0.05 

TG2-R580A 58.2±14.9 
*** 

p<0.001 
79±15.7 

** 

p<0.005 

TG2-C277S 55.6±5.9 
** 

p<0.005 
67.7±14.5 

* 

p<0.05 

TG2-W241A 32±2.4 
* 

p<0.05 
48.8±12.2 

ns 

p>0.05 
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Overall, Figure 4.11-4.12 and Table 4.5. demonstrate that Annexin-V positive cell 

population which involves early, and late apoptosis stages were observed to be least in TG2-

W241A cells by having 32 and 48 percent of all its population in 48 and 72h of 1 µM of 

everolimus-administration. On the other hand, Annexin-V positive parental, wt-TG2, TG2-

R580A, and TG2-C277S cells were assessed as 62, 53, 58, and 55 percent for 48h of the 

drug administration while 80, 67, 79, 68, percent of early and late apoptotic cells were 

present after 72h of everolimus treatment.  
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5. DISCUSSION 

RCC is about to account for 90 percent of all kidney-related malignancies and the most 

relevant type of renal neoplasms in adults [162]. The most prominent type of RCC is CCRCC 

which has the lowest prognosis than the other histologic subtypes.  Due to the low survival 

rate and recurrence of RCC, it is one of the top 10 causes of cancer-related deaths [163]. 

Although early discovery may allow for surgical resection, at the time of diagnosis, 25-30 

percent of patients have already established metastasis [164]. Transglutaminase family 

member, TG2, exhibits crosslinking activity on proteins and calcium-independent GTPase 

activity. Up-regulation of TG2 has been in several pathological conditions such as tissue 

fibrosis and cancer. Moreover, in numerous cancer types such as pancreatic, ovarian, 

melanoma, and lung cancers, over-expression of TG2 was traced and shown to participate 

in metastasis and cancer progression by mediating tumor survival, alterations in ECM, EMT, 

and tumor cell growth.  In addition to the aforementioned tumor cells, the presence of TG2 

overexpression is also detected in RCC by a study published by Hidaki et al. [148]. The 

prognostic significance of TG2 in RCC was also reported by Park et al. [165]. Together with 

all previous findings, as defining new therapeutic approaches in RCC is important to prevent 

recurrence and invasion of RCC, TG2 may interplay a significant role in RCC metastasis, 

chemoresistance, and progression due to its different enzymatic functions. In this study, we 

aimed to that how active site mutants of TG2 can contribute to RCC malignancy by 

modulating cell cycle and everolimus response regarding GTPase and transamidase 

functions. 

The multifunctional enzyme, TG2, affiliates both tumor cell survival and death based on its 

functional variants, intracellular localization, cell type, and the received stimuli. Based on 

these variations, TG2 can demonstrate both pro-apoptotic or anti-apoptotic roles [166]. 

Moreover, while the GTP-binding active form of TG2 is known to be mostly associated with 

the promotion of cell survival, catalytically active transamidase forms of TG2 have been 

demonstrated in both cell survival and apoptosis-inducing mechanisms depending on the cell 

type and received stimuli [161,166]. In addition, recent evidence suggests that transamidase 

activity of TG2 is associated with cellular death-inducing mechanisms by increasing 

apoptosis [87].  
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In the light of all these previous findings, we firstly focused on how TG2-active site mutant 

can affect cell proliferation which is an important element for tumor progression. According 

to our findings, TG2-W241A cells showed a statistically significant and progressive increase 

in cell viability through the 24-72h of incubations. Moreover, when compared to parental 

RenCa cells, at the end of 72h of incubation, TG2-W241A cells had the highest increase in 

cell proliferation among the other cells. On the other hand, wt-TG2, TG2-R580A, and TG2-

C277S expressing cells shared an almost similar and more sustained cell proliferation 

profile. Moreover, to support our cell proliferation data, an analysis of the cell cycle among 

TG2-active site mutants was done. Our findings suggested that GTP-binding activity 

enhanced cell cycle progression by the end of 24 h of incubation, as TG2-W241A cells were 

arrested in G2/M phases by 71 percent suggesting an observed increase in cell proliferation 

rate was due to induction in cell cycle progression from G1/S to G2/M. From this point of 

view, it can be said that TG2 may have a notable role in molecular mechanisms regulating 

the cell cycle. Similar to our finding Nadalutti et al., showed that intracellular TG2 had a 

central role in living cells and was essential for cell cycle progression from G1 to S phase. 

Moreover, when they downregulated the endogenous TG2, endothelial cells were observed 

to be in the G0/G1 stages of the cell cycle and not progress into G2/M [157]. In addition, 

Mian et al. reported that hamster fibrosarcoma cell lines (Met B) were previously transduced 

with wt-TG2 and transamidase inactive and low-GTP binding affinity TG2-C277S genes 

demonstrated that increased expression of TG2 clearly attenuates the cell cycle progression 

from S phases to G2/M phases.  To sum up previous and our findings suggest that GTP-

binding activity of TG2 alone can provide a noteworthy effect on the regulation of cell cycle 

and proliferation and consequently result in tumor progression in several tumor cells 

involving RCC.  

Furthermore, tumor cells can evade cell death by circumventing growth suppressors or vice 

versa. To investigate, how increased cell proliferation and alterations in cell cycle 

progression can affect the RCC survival, we examined drug response of all cell lines 

depending on administration times and dose-dependent manner by using an mTOR inhibitor 

everolimus.  Indeed, previous studies reported that the murine CCRCC model, RenCa, is 

sensitive to applied everolimus treatment [159,167]. In consistence with our results, non-

transduced parental RenCa cells were observed to be immensely cytotoxically affected by 
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0.25-1 µM everolimus treatment by losing 80 percent of cell viability at the end of 72h. 

However, TG2-W241A cells’ viability was not cytotoxically affected by everolimus 

treatment and although a cytostatic effect was evident. Other cell lines approximately 

exhibited a similar drug response upon the applied everolimus treatment, and their cell 

viabilities were significantly reduced in the dose and time-dependent manner. From this 

point of view, it can be stated that the GTP-binding activity of TG2 may have a role in drug 

tolerance in RCC. In order to further investigate our results, Annexin-V PI dual staining was 

employed. Our results demonstrated that GTP-binding active and transamidase-deficient 

variant TG2-W241A significantly protect RCC from cellular death induced by everolimus.  

In accordance with our results, Rossin et.al. showed that MEF cells transduced with C277S 

mutant form of TG2, which is transamidation inactive but still processing GTP-binding 

activity, resulted in protecting cells from cellular death upon induction of apoptosis while 

wt-TG2 expressing MEF cells more easily respond to death stimuli. Similarly, Kumar et. al. 

reported that GTP-binding-deficient TG2 mutant form, R580A, showed decreased ability to 

protect healthy mammary epithelial cells MCF10A against doxorubicin treatment and to 

trigger EMT [168]. Finally, a recent paper from our group demonstrated that EMT was 

induced in TG2-W241A RenCa cell [156]. These results suggested that the GTP binding 

activity of TG2 played a crucial role in the induction of EMT which is also associated with 

increased drug resistance.  

In summary of all the data represented GTP-binding activity was proven to have an 

indispensable role in gained drug tolerance and cell growth in RCC. From this point of view, 

targeting the GTP-binding domain of TG2 in the RCC can be a potential therapeutic 

approach for patients with mRCC and may provide better survival and prognosis in RCC 

patients. 
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6. CONCLUSION AND FUTURE PERSPECTIVES 

Tissue transglutaminase 2 is already known as a protein participating in tumor metastasis, 

progression, cell proliferation, and drug resistance. However, there is still a contradiction in 

the identification of two well-known activities of TG2 which is transamidating and GTP-

binding in renal cell carcinoma. For the first time, the relative contribution of the enzyme 

activities of TG2 in cell proliferation, cell cycle regulation, and everolimus response have 

been demonstrated in RCC. According to previous studies done in our lab showing that GTP-

binding active and catalytically transamidase inactive TG2-W241A cells had a role in the 

induction of NF-ΚB modulated EMT which may result in drug resistance, invasiveness, and 

cancer stemness. Now, with our recent study, that GTP-binding activity is indispensable for 

acquired drug resistance, and increased cell proliferation was shown. As a future goal, 

molecular mechanisms underlying increased G2/M progression could be shown with an 

analysis of important factors in cell cycle regulation. Changes in protein levels of CDK 4/6, 

CDK2, Cyclin D1/D3, Cyclin E1, p16, and p27 can be investigated in RenCa cells 

expressing TG2 variants using Western Blot analysis. In order to dissect the evasion of 

apoptosis observed in TG2-W241A RenCa cells in response to everolimus, cleavage of 

Caspase 9, -3 and PARP can also be investigated by a series of experiments.  
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