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ABSTRACT 

 
BIOCHEMICAL AND FUNCTIONAL CHARACTERIZATION OF 

CIRCULAR RNAS DIFFERENTIALLY EXPRESSED IN CISPLATIN-
TREATED HELA CELLS 

 
 Circular RNAs (CircRNAs) are a novel class of single-stranded, covalently-closed 

RNA molecules. Functional investigations of the circRNAs provide insight into the 

mechanisms underlying gene regulation and cellular responses, which could ultimately 

lead to the development of new therapies for a wide range of diseases. In this thesis, four 

cisplatin (cis-diamminedichloroplatinum II, CP)-responsive circRNAs, circGALNT2, 

circBNC2, circBIRC6, and circCLASP1, were validated. The reverse genetics 

approaches, such as knockdown and overexpression strategies, showed that circCLASP1 

is required for the proliferation of  HeLa cells. The knockdown of circCLASP1 disrupts 

proliferation in HeLa, and its overexpression restores impaired proliferation. Further 

analyses revealed that circCLASP1 knockdown sensitizes HeLa cells against 20 μM and 

40 μM cisplatin treatments. Interestingly, an IC50 dose of cisplatin causes Annexin V-

/7AAD + cell death rather than apoptosis when combined with circCLASP1 knockdown. 

In light of these findings, five circRNA/miRNA/mRNA regulatory networks were 

constructed using computational approaches. Additionally, a transcriptomics analysis 

after circCLASP1 knockdown has supported all of these findings in that muscle cell 

proliferation genes were significantly altered upon circCLASP1 knockdown in HeLa 

cells. In conclusion, the findings suggest that the knockdown of circCLASP1 represses 

proliferation and sensitizes HeLa cells against cisplatin. CircCLASP1-knockdown 

mediated differential gene expression indicates proliferation,  ROS response, iron 

metabolism, lipid peroxidation, and cell death. Further studies are needed to elucidate the 

precise mechanism of circCLASP1-mediated cell death and proliferation in muscle cells 

or liver cells and ROS-related diseases. 

Keywords: Circular RNA, Proliferation, Apoptosis, Cisplatin, Transcriptomics 
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ÖZET 

 
SİSPLATİN İLE MUAMELE EDİLMİŞ HELA HÜCRELERİNDE 

FARKLI İFADE EDİLEN HALKASAL RNA’LARIN BİYOKİMYASAL 
VE FONKSİYONEL KARAKTERİZASYONU 

 
Halkasal RNA'lar (HlkRNA'lar) tek sarmallı, kovalent olarak kapalı RNA 

moleküllerinin yeni bir sınıfıdır. HlkRNA'ların fonksiyonel araştırmaları, geniş bir 

hastalık yelpazesi için yeni tedavilerin geliştirilmesine yol açabilecek olan, gen 

regülasyonu ve hücresel tepkilerin altında yatan mekanizmalar hakkında bilgi sağlar. Bu 

tezde, sisplatine yanıt veren dört hlkRNA, hlkGALNT2, hlkBNC2, hlkBIRC6 ve 

hlkCLASP1 doğrulanmıştır. Susturma ve aşırı ifade stratejileri gibi ters genetik 

yaklaşımları hlkCLASP1'in HeLa hücrelerinin çoğalması için gerekli olduğunu gösterdi. 

hlkCLASP1'in susturulması, HeLa'daki proliferasyonu baskılar ve aşırı ifadesi, baskılama 

etkisini ortadan kaldırır. Diğer analizler, hlkCLASP1 susturulmasının, HeLa hücrelerini 

20 uM ve 40 uM sisplatin uygulamasına karşı duyarlı hale getirdiğini ortaya çıkardı. 

İlginç bir şekilde, bir IC50 dozunda sisplatin uygulaması, circCLASP1 susturulması ile 

birleştirildiğinde apoptoz yerine Annexin V-/7AAD + hücre ölümüne neden olur. Bu 

bulguların ışığında, hesaplamalı yaklaşımlar kullanılarak beş circRNA/miRNA/mRNA 

düzenleyici ağ inşa edildi. Ek olarak, hlkCLASP1 susturulmasını takiben yapılan 

transkriptomik analiz, kas hücresi proliferasyonu, apoptoz, lipid metabolizması, oksidatif 

stres tepkisi ve bağışıklık tepkisi genlerinin HeLa hücrelerinde hlkCLASP1 susturması 

sebebiyle önemli ölçüde değiştiğine dair tüm bu bulguları desteklemiştir. Sonuç olarak, 

bulgular hlkCLASP1'in susturulmasının proliferasyonu baskıladığını ve HeLa hücrelerini 

sisplatine karşı duyarlı hale getirdiğini göstermektedir. CircCLASP1 susturulması aracılı 

farklı gen ifadesi, proliferasyonu, ROS tepkisini, demir metabolizmasını, lipid 

peroksidasyonunu ve hücre ölümünü göstermiştir. Kas hücrelerinde veya karaciğer 

hücrelerinde ve ROS ile ilişkili hastalıklarda hlkCLASP1 aracılı hücre ölümü ve 

proliferasyonunun kesin mekanizmasını aydınlatmak için daha ileri çalışmalar gerekir. 

Keywords: Halkasal RNA, Proliferasyon, Apoptoz, Sisplatin, Transkriptomiks 
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CHAPTER 1 
 

INTRODUCTION 
 

1.1.  Apoptosis, Proliferation, and Cell Cycle: A Matter of Cell Fate 
 

1.1.1. Apoptosis and Switch from Pro-survival Signaling to Cell Death 

Signaling  
 

Apoptosis is an orchestrated cascade of events that are responsible for cell death 

not only in development but also in adult organisms. Apoptosis was first reported by Carl 

Vogt in the year 1842 (Vogt 1842). Then Kerr group coined the term ‘apoptosis’ to 

describe the morphological changes associated with apoptotic cells in 1972  (Kerr et al. 

1972). In the early times of research on apoptosis, efforts were primarily devoted to tissue 

cell death. Subsequently, scientists described biochemical and morphological changes in 

apoptosis (Hongmei 2012). Currently, apoptosis is characterized by membrane blebbing, 

positional organelle loss, chromatin condensation, DNA fragmentation, shrinkage of the 

cell, fragmentation into membrane-bound apoptotic bodies, and simultaneous 

engulfment by adjacent phagocytic cells physiologically. 

As a biochemical hallmark, inter-nucleosomal cleavage creates a ladder pattern 

in an electrophoretic gel. Further, a switch of membrane lipid phosphatidylserine from 

the inner to the plasma membrane's outer side occurs, which serves as a phagocytic signal 

for neighboring cells. Apoptosis is a silent, non-inflammatory cell death that occurs under 

physiological conditions and is distinguished from accidental cell death, termed necrosis. 

Hence, it became a focus of attention during the 1980s. Cytosolic calcium concentration 

is critical for cell fate, so ion channels such as calcium channels are involved in apoptotic 

pathways (Hongmei 2012). Additionally, specific receptors, such as the TNF-alpha 

receptor, TLR, FasL receptor, and the death receptor, participate in caspase-dependent 

apoptosis triggered by external stimuli such as viral toxins or irradiation (Nagata 2018). 

Because of its highly regulated nature, apoptosis became an attractive target for 
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therapeutic interventions. In the past decades, apoptosis research focused mainly on a 

protein family of caspases. However, ensuing studies have shown that apoptosis still 

occurred despite its inhibition, suggesting caspase-independent apoptosis (Hongmei 

2012). The classical programmed cell death pathway is caspase-dependent apoptosis.  

 

1.1.2. Caspase Dependent Pathways 
 

Caspases 3,7,8 and 9 participate in this type of apoptotic pathway (A. Fraser and 

Evan 1996; Nicholson and Thornberry 1997; Boldin et al. 1996). These particular 

cysteine proteases are synthesized as zymogens (Verma, Dixit, and Pandey 2016). The 

pro-domain of caspases is removed with specific cleavage at two points and generates an 

active enzyme to promote downstream apoptotic pathways (Verma, Dixit, and Pandey 

2016). Finally, macrophages engulf apoptotic cells in efferocytosis (Nagata 2018; 

Martin, Peters, and Behar 2014). Two main caspase-dependent apoptotic pathways have 

been identified: intrinsic and extrinsic (De Vries, Gietema, and De Jong 2006). The 

intrinsic pathway (mitochondrial pathway) is controlled during developmental stages and 

triggered by genotoxic agents. Bcl-2 (B-cell lymphoma 2) family proteins regulate the 

intrinsic apoptotic pathway (Nagata 2018). Pro-apoptotic BH-3 only activator proteins, 

Bim, Bid, Puma, Bax, and Bak, are the critical effectors of apoptosis. Bax and Bak are 

activated and undergo allosteric changes, allowing them to oligomerize and produce 

macro-pores to allow cytochrome-c and apoptogenic proteins (e.g., SMAC) release from 

mitochondrial intermembrane space to the cytosol by causing MOMP (mitochondrial 

membrane permeabilization (MOMP). The cyt-c release is a direct way to caspase 

activation. It binds scaffold protein APAF-1 (Apoptotic protease activating protein 1) to 

create an apoptosome complex (Fig. 1) (Fulda et al. 2010; Singh, Letai, and Sarosiek 

2020). 

Indirectly, caspase inhibitory protein XIAP is neutralized by SMAC and OMI, 

and apoptosis sensitivity can be regulated by regulating additional signaling cascades 

such as NF-κB, JNK, TNFR, and the ubiquitin-proteasome pathway (Fulda et al. 2010; 

Singh, Letai, and Sarosiek 2020). Those events caused the caspase-9 activation, and 

executioner caspases  
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(caspase3,7) were eventually activated (McIlwain, Berger, and Mak 2013). It should be 

noted that MOMP is the critical and irreversible step of apoptosis and indicates a cellular 

‘point of no return’ (Bhola and Letai 2016). It is essential that incomplete MOMP, which 

means a small subset of the mitochondrial membrane is exposed to Bax and Bak 

oligomerization, can be potentially tumorigenic because of the DNA damage caused by 

post-MOMP-activated DNases (Ichim et al. 2015). Countering this pro-apoptotic chain 

of events are anti-apoptotic Bcl-2 family proteins: Bcl-2, Bcl-xl, Bcl-w, Bfl-1, and Mcl. 

These proteins have BH domains, which bind Bax and Bak and sequester their 

oligomerization to inhibit apoptosis (Hockenbery et al. 1991; Oltvai, Milliman, and 

Korsmeyer 1993; Westphal, Kluck, and Dewson 2014). Pro-survival Bcl-2 family 

proteins should be overwhelmed, and Bax and Bak proteins are activated to trigger 

apoptosis (Singh, Letai, and Sarosiek 2020). In the extrinsic pathway, apoptosis is 

Figure 1.1. Schematic representation of the intrinsic and extrinsic pathways of apoptosis 
(De Vries, Gietema, and De Jong 2006). 
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triggered by TNF family proteins, TNF-alpha, TRAIL, and FasL(Danial and Korsmeyer 

2004; Ashkenazi and Dixit 1998).  

These proteins, also known as death factors synthesized as membrane proteins, 

contain a homotrimeric structure converted to a soluble form after cleavage. The specific 

receptors for TNF-alpha are DR4/5 (McGrath 2011). The cytoplasmic region of  DR4/5 

and that of the Fas receptor include a nearly 80-aa part defined as the death domain 

needed for death signaling. In FasL-triggered apoptosis, FADD is recruited by the Fas 

death domain, pro-caspase-8, and c-FLIP to form the DISC complex (Schleich et al. 

2012). Execution of the extrinsic pathway is proposed to branch into two ways 

downstream of DISC. In the first pathway, caspase 8 is strongly activated at DISC and 

activates pro-caspase 3 directly (Dickens et al. 2012). 

The bid is cleaved by caspase 8 to form a truncated Bid (t-Bid)  and promotes 

cytochrome c release from mitochondria in the second pathway (H. Li et al. 1998). As 

mentioned above, the downstream actions of cytochrome c are the same as the intrinsic 

pathway. The main difference between cells that undergoes Type I and Type II extrinsic 

pathway is the presence of XIAP (Jost and Vucic 2020). It should be noted that the Fas 

receptor-ligand-mediated system activated extrinsic apoptosis and played a role in 

proliferation or cytokine production (Nagata 2018).   

 

1.1.3. Interconnection between Apoptosis, Cell cycle, and Proliferation  
 

Many physiological processes, such as homeostasis, require a perfect balance 

between proliferation and apoptosis. The proliferation of somatic cells occurs via mitotic 

division regulated by the cell cycle progression. Apoptotic stimuli affect apoptosis, and 

apoptosis appears as if they are two contradicting processes. The existing evidence 

suggests that they are linked to each other. For example, apoptosis is induced by various 

dominant oncogenes (e.g., c-myc, a mitogen-triggered oncogene), which indicates that 

apoptosis and cell proliferation are closely linked pathways (Evan et al. 1992). However, 

while the apoptosis rate changes, the proliferation rate may remain constant. Therefore, 

there is a link but not a strict relationship between them. Several studies show both 

positive and negative correlations between apoptosis and proliferation. 7As an example 

of a positive relationship, Reid et al. have reported that macrophage colony-stimulating 
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factors appear to induce Fas expression on myeloid progenitor cells (Alenzi 2004; Reid 

et al. 1998). Thus, it can be said that uncontrolled proliferation can be related to a high 

level of apoptosis. Various studies have indicated cell cycle regulatory proteins are 

closely linked with apoptosis through a standard set of factors (Wiman and Zhivotovsky 

2017). This linkage has been identified with tumor suppressor genes such as RB and p53 

(Engeland 2022). Oncogene c-myc and several cyclin-dependent kinases (CDKs) and 

their regulators also link the cell cycle and apoptosis(Bhattacharya, Ray, and Johnson 

2014; Thompson 1998). Apoptosis and cell proliferation are linked by cell-cycle 

regulators and apoptotic stimuli that affect both processes (Alenzi 2004; Furuya et al. 

1994). The cell cycle is a series of events responsible for cell duplication. The cell cycle 

consists of 4 stages G1, S, G2, and M. Go or quiescent stage may occur between G1 and 

S phases during cell differentiation (Z. Wang 2021). 

Proper transmission of genetic content into the daughter cell is a key event to 

producing genetically stable generations. This transmission requires a correct genome 

duplication during the S-phase and errorless segregation of the duplicated genome in the 

M-phase, which does not occur until the S-phase is completed (Ovejero, Bueno, and 

Sacristán 2020). A series of control systems monitor the timing of cell cycle events called 

checkpoints, which are G1/S, S, G2/M, and M.  These checkpoints are activated by DNA 

damage to hold the cell on a defined stage and allow to repair DNA damage before the 

cell cycle is complete (Samuel, Weber, and Funk 2002). If the DNA damage is restored, 

the cell cycle continues. Otherwise, the cell is eliminated by apoptosis (Alenzi 2004). As 

mentioned above, c-myc is one of the critical key regulators of apoptosis and 

proliferation (Desbarats et al. 1996; C. Wang et al. 2021). In the normal cellular state, 

ectopic expression of myc is promoted to enter cells into the cell cycle. However, 

inhibition of myc leads to cell cycle arrest (Askew et al. 1991; Bretones, Delgado, and 

León 2015). On the other hand, overexpression of myc induces apoptosis during serum 

deprivation and hypoxia. In summary, myc acts as a dual switch, activating signals on 

both apoptosis and proliferation pathways. However, mitogens promote the proliferative 

pathway through bcl-2, which shuts down the myc-mediated apoptotic pathway 

(Vermeulen, Berneman, and Van Bockstaele 2003).   
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1.1.4. p53: Gatekeeper of Life and Death  
 

 p53, which has lost its function in nearly half of all cancer types, is involved in 

different aspects of apoptosis, DNA repair, cell cycle arrest, and genome integrity control 

(Figure 1.2) (Vousden 2006). p53 activates many genes by transactivation engaged in 

these processes (e.g., cyclin D1 and G, Bcl-xL, Bax, Fas1, DR5) and inactivation of genes 

as topoisomerase IIa (Pucci, Kasten, and Giordano 2000). Proliferation is affected by p53 

predominately in the G1 phase. DNA damage activates p53 and results in G1 arrest by 

activating cyclin D/CDKs inhibitor p21 and consequent inhibition of phosphorylation of 

pRb. Therefore, cells do not progress through G1 to the S phase (J. Chen 2016). 

  

p53 regulates the DNA repair and promotes apoptosis when the damage is 

overwhelming repair (E. Schneider, Montenarh, and Wagner 1998). It has also been 

demonstrated that the p53 protein can spread across the mitochondria (Marchenko and 

Moll 2014). It activates the expression of pro-apoptotic Bax, Apaf-1, Puma, and Noxa 

and inhibits the expression of the Bcl-2 family. Besides, p53 increases MOMP to 

facilitate cytochrome c release and consequent induction of apoptosis. (Vermeulen, 

Berneman, and Van Bockstaele 2003; Wawryk-Gawda et al. 2014). p53 can regulate the 

CAK complex independently from CDKs to promote growth arrest. It has been shown 

that p53 upregulation causes G2-M transition arrest in a cell-specific manner (E. 

Schneider, Montenarh, and Wagner 1998). It also involves a spindle checkpoint and 

Figure 1.2. Different outcomes of p53 activation (Vousden 2006). 
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controls centrosome duplication to prevent mitotic failure (Vermeulen, Berneman, and 

Van Bockstaele, 2003). However, p53 is always a tumor suppressor, while oncogenic 

cancer-related mutant p53 may be oncogenic (Oren 2019). It is known that mutation is 

widespread in cancer cells, but this is not the only reason for the oncogenic features. 

Currently, p53 is known to be a state-switching protein. Under different physiological 

conditions, wild-type p53 converts into a ‘pseudo-mutant’ state to block its canonical 

tumor-suppressive feature when accelerated cell proliferation is essential or 

advantageous (Trinidad et al. 2013). In some cancer cells, p53 shows oncogenic GOF 

mutations in its coding region, and it may stack p53 chronically in its pro-proliferative 

state (Oren 2019). p53 status is cell-type specific in cancer. For example, the caco-2 

(colon adenocarcinoma) cell line does not have a functional p53, while the HeLa cell line 

(cervical carcinoma) has a WT copy (Smardová et al. 2005; Gartel et al. 2001). 

 

1.1.5. Cervical Cancer and Dysregulation of Apoptosis and Cell-Cycle in 

HeLa Cells 
 

Cervical cancer (CC) is one of the most commonly diagnosed cancer types in 

females behind lung, colorectal, and breast worldwide (Pimple and Mishra 2022). In 

2008, nearly two-thirds of the new cervical cancer cases were fatal, according to the 

world health organization. However, the frequency of cervical cancer has decreased due 

to the high rate of HPV (human papillomavirus) vaccination and increased screening in 

women in developed countries. It is still the leading cause of women's cancer-related 

death in underdeveloped countries, with unmeasurable pain and suffering. Although 

HPV infection seems to be the most crucial cause of CC, smoking, immune suppression, 

high parity, and oral contraceptive usage are also widely associated with CC (Roura et 

al. 2016; Dugué et al. 2013). Half of the CC patients were lost in the five years after 

diagnosis. Thus, it is no exaggeration to state that investigating the molecular mechanism 

of CC is vital to creating better treatment strategies for CC patients (Lin et al. 2019). E6 

and E7 are two fundamental HPV-infected cervical cancer-related oncoproteins (Pal and 

Kundu 2019). In HPV-infected cells such as HeLa, p53 function is abolished by E6-

mediated degradation and transactivation inhibition (H. Zimmermann et al. 1999). 

Although p53 is expressed ectopically, it cannot perform tumor suppressor functions 
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(Ajay, Meena, and Bhat 2012; H. Zimmermann et al. 1999). In addition to dysregulation 

of p53, HPV-related oncogenes inactivate the tumor suppressor gene Rb and suppress 

the regular cell-cycle checkpoints, leading to abrogating cell division in cervical cancer 

cells such as HeLa (Goodwin and DiMaio 2000). 

Moreover, estradiol activates the essential anti-apoptotic protein Bcl-2 (Q. Wang 

et al. 2004). Thus, Bcl-2 mediated inhibition of apoptosis cooperates with dysregulated 

p53 and Rb-mediated uncontrolled cell cycle leading to cancerous phenotype in cervical 

tissue (D. Chen, Carter, and Auborn 2004). Chemotherapeutic drugs can be used to treat 

abrogated cell-cycle regulation (Alimbetov et al. 2018). One of the most powerful and 

commonly used drugs is CP in cervical cancer treatment (Basu and Krishnamurthy 2010) 

 

1.1.6. CP-Induced DNA Damage and the P53-Mediated Downstream 

Signaling   
 

DNA double-strand breaks (DSB) or single-strand breaks (SSB) caused by 

chemotherapeutic agents are considered to switch lesions that initiate cell DNA damage 

response (Woods and Turchi 2013; Jekimovs et al. 2014). It is known that the anti-cancer 

activity of CP originated from its interaction with chromosomal DNA. However, 

chemotherapeutic agents like CP induce DNA damage and block cells' DNA damage 

response mechanism (Florea and Büsselberg 2011; Kiss, Xia, and Acklin 2021). If the 

cell cannot repair DNA damage and process it through the cell cycle, it is committed to 

dying eventually. Thus, the signaling pathways regulating apoptosis significantly affect 

deciding cellular responsiveness to CP. Multiple transporters carry out CP influx, 

including Na+, K+-ATPase, and SLC transporters (Basu and Krishnamurthy 2010). The 

primary target of CP is DNA. It is proposed that the intra-strand crosslink between two 

guanine residues is the critical lesion for CP toxicity. That DNA:: CP complexes block 

DNA replication and transcription because of the disturbed structure of DNA. The CP-

induced DNA damage triggers several essential pathways in the cell (Sedletska, Giraud-

Panis, and Malinge 2005). 

Cell cycle checkpoints are activated to stop the cell cycle to prevent to inherit 

damaged DNA into daughter cells and to provide time to restore damaged DNA by DNA 

damage repair mechanisms or to eliminate genetically unstable cells that have severe 
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DNA damage by initiating cell death (Basu and Krishnamurthy 2010). The guardian of 

the genome ‘p53’ has a vital role in CP-induced DNA damage response. In healthy cells, 

p53 has a short half-life. It regulates the transcription of Mdm2 (E3 ubiquitin ligase), the 

regulator protein of p53 expression, via a negative feedback loop (Haimei Huang et al. 

2004). When DNA damage occurs, ATM/ATR proteins are activated, increasing the 

stable p53 level in the cell by phosphorylating them. Eventually, the genes involved in 

DNA repair (e.g., GADD45), cell cycle progression (p21), and apoptosis are trans-

activated by p53 (Efeyan and Serrano 2007). Therefore, depending on the DNA damage's 

severity, the cell decides to live or die. It is shown that overexpressed WT p53 in ovarian 

cancer cells results in CP sensitivity (Blagosklonny and El-Deiry 1998). Additionally, 

p21, ATR, and checkpoint kinase 2 (CHK2) have been related to p53-mediated apoptosis 

(Pabla et al. 2008). Cancer cells have no functional p53 and are more resistant to CP-

mediated apoptosis (Basu and Krishnamurthy 2010). 

Moreover, p53-mediated CP-triggered cell death is proposed to branch into 

several pathways. Downregulation of XIAP is the crucial event for p53-mediated 

apoptosis in response to CP (M. Fraser et al. 2003). On the other hand, PTEN is involved 

in p53-mediated CP-induced cell death independent from PI3K/AKT pathway (Basu and 

Krishnamurthy 2010). In particular, p53 exhibits the wild-type phenotype in HPV-

infected cervical cancer cell line HeLa. It was reported that CP induces a dramatic 

increase in the nucleolar level of p53 in HeLa cells due to the escape from E6-mediated 

degradation. The highest level of p53 was observed 15h after CP treatment, and caspase-

3 was activated in almost all of these cells (Wsierska-Gdek et al. 2002). Nonetheless, it 

has been suggested that several survival signals, including MAPK and AKT signaling, 

are activated caused by CP treatment and may thus be responsible for the high rate of CP 

resistance of HeLa cells (L. Zhang et al. 2015). Therefore, it can be suggested that CP 

treatment may induce the transcription of both apoptotic and survival regulatory pathway 

genes in HeLa cells.  

 

1.2.  Circular RNAs: Beyond Borders of Gene Regulation 
 

Crick's central dogma of biology proposed that RNAs are intermediate messenger 

molecules that transmit genetic information from DNA to protein (Crick 1958). 
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Surprisingly, completing the human genome project has revealed that only %2 of the 

human genome encodes proteins (Comfort 2015). Therefore, the remaining part of the 

genome was considered ‘junk’ accumulating across the evolutionary process (Ferreira 

and Esteller 2018). In the past two decades, a strong correlation was highlighted between 

the size of these non-coding regions and the biological complexity of the organisms (Taft 

and Mattick 2003). Intriguingly, it was shown that genes containing large introns have 

lower transcriptional activity in cancer cells but higher transcriptional activity in neural 

cells (Ferreira and Esteller 2018; Taft, Pheasant, and Mattick 2007). This information 

demonstrated the regulatory potential of the non-coding genome coupled with tissue-

specific gene expression patterns. The major part of the human genome is in 

transcriptionally active regions (Djebali et al. 2012). Thus, the particular DNA sequence 

can be converted into a protein-coded RNA transcript or a non-coding regulatory 

transcript with different molecular functions (Dhanasekaran, Kumari, and Kanduri 2013; 

Alexander et al. 2010).  

Recent studies have demonstrated that along with DNA methylation and histone 

modification, non-coding RNAs (ncRNAs) are a type of epigenetic mechanism (Wei et 

al. 2017). Micro RNA (miRNA), small interfering RNA (siRNA), PIWI-interacting RNA 

(piRNA), long non-coding RNA (lncRNA), and circular RNA (circRNA) are branches 

of ncRNAs (Cavalcante et al. 2020). miRNAs, which are single-stranded ncRNA 

transcripts, originated from hairpin structures. They are involved in post-transcriptional 

gene silencing by targeting 3’UTR of mRNAs (Ying, Chang, and Lin 2008). 

Accordingly, siRNAs show the same mode of action and biogenesis pathway as miRNA, 

but the final siRNA is excised from stem-loop structures (Tomari and Zamore 2005). 

However, piRNAs are guardians of genome integrity to protect DNA by preventing 

transposon-induced insertional mutagenesis (Moyano and Stefani 2015). lncRNAs are 

ncRNA transcripts of 200 nucleotides in length that control transcription, mRNA 

stability, and translation (Statello et al. 2021). Firstly, piRNAs, siRNAs, miRNAs, 

lncRNAs, and circRNAs were thought to function independently. It is recently 

demonstrated that some of these regulatory pathways have interacted, and living 

organisms perfectly adapted to these multiple regulatory mechanisms (Ferreira and 

Esteller 2018). The complex regulatory networks built up by ncRNAs are still far from 

complete. Scientists keep learning as we move forward (Wei et al. 2017).  
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miRNAs have been a hot topic for the past 20 years. Approximately, about five 

thousand miRNAs have been identified so far in vertebrates, invertebrates, and plants 

(M. Li et al. 2009). Thousands of circRNA transcripts have recently been discovered 

across species from archaea to humans (Qu et al. 2015; Y. Zhang et al. 2013). The first 

circRNA was reported in the 1980s with an electronic microscope (Wu and Zhou 2019; 

Hsu et al. 1979). Then, scientists discovered that the DDC gene produces an RNA 

transcript by spicing exons in a non-canonical order. The abundance of this scrambled 

transcript is less than one-thousandth of canonical DCC. This phenomenon, called ‘exon 

scrambling (Nigro et al. 1991), suggested the reporting of circRNAs as early as the 1990s. 

Subsequently, the mouse circular transcript SRY was shown not to be translated (Capel 

et al. 1993). Then, a human RNA transcript derived from the scrambled exon of MLL  

was reported (Caldas et al. 1998). However, the science community discredited these 

transcripts for a while, regarding them as background artifacts. 

A genome-wide analysis of circRNAs was reported in 2012 (Salzman et al. 2012). 

CircRNAs with covalently linked 3’ and 5’ ends represent a novel class of ncRNAs, 

which are widespread and abundant (Salzman et al. 2012). Therefore, this study provided 

the foundation for a burgeoning new field. Recently, circRNA-specific RNA-seq 

approaches, advances in library preparation strategies, and circRNA-specific algorithms 

have identified thousands of circRNAs in eukaryotes (X. Zeng et al. 2017; Jiao et al. 

2021). Some of these circRNAs were found to have a tissue-specific expression pattern 

(Yu and Kuo 2019). Protein-coding genes serve as a template for most circRNAs that 

consist of single or multiple exons (J. U. Guo et al. 2014). CircRNAs contain all the basic 

types of alternative splicing of linear RNAs. In terms of localization, circRNAs are 

mainly found in the cytoplasm due to the absence of poly-A tail and 5’cap (J. Zhang et 

al. 2019). However, exonic-intronic circRNAs (eicircRNAs) contain intron and exons 

that may originate from internal intron retention (A. T. He et al. 2021). Besides, failure 

in the debranching of intron lariats may lead to intronic circRNAs (ciRNAs) (Talhouarne 

and Gall 2018). ciRNAs and eicircRNAs can promote the transcription of their origin 

genes by regulating RNA Pol II (e.g., ci-ankrd52)  or interacting with U1 snRNP (e.g., 

circEIF3J) (Z. Li et al. 2015).  

Although back-splicing is less efficient than canonical splicing, circRNAs can 

accumulate in a cell-specific and temporarily regulated manner due to their high stability 

(Enuka et al. 2016; Bachmayr-Heyda et al. 2015). This stability results from the 
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covalently closed circular structure protecting circRNAs from exonuclease-mediated 

degradation. Due to their high abundance, stability, and unique expression pattern, 

circRNAs are potentially helpful for clinical diagnosis and prognosis. Majorly, linear 

transcripts are expressed more efficiently than circular transcripts (L. L. Chen and Yang 

2015).  

Bachmayr-Heyda reported that 78% of the circRNAs are higher expressed in 

normal compared to the tumor samples in CRC. Regardless of the abundance of the linear 

or circRNA alone in the tumor tissues compared to the normal tissues, qPCR analyses 

have revealed a reduced circRNA/mRNA ratio in all tumor tissues examined. Thus, there 

is reliable evidence that circRNAs are globally decreased in tumor tissues from CRC 

patients compared to matched normal tissues and are even more reduced in the CRC cell 

lines (Bachmayr-Heyda et al. 2015). The following four mechanisms could explain this 

trend; (1). the back splicing machinery is compromised in malignant tissues; (2). 

increased miRNA-mediated degradation due to deregulated miRNAs in tumor tissues; 

(3). circRNAs get passively diluted by cell proliferation or accumulate in non-

proliferating cells (it explains neural cell accumulation and distinct roles of circRNAs), 

and (4). The elusive mechanisms could be the reason. (Bachmayr-Heyda et al. 2015).  

Three important assumptions must be fulfilled to understand the proliferation 

scenario completely. Firstly, linear and circRNAs are processed in a specific gene (and 

condition and cell type) ratio. It is plausible; however, only the competition between 

canonical splicing and back-splicing has been shown until now (L. L. Chen and Yang, 

2015). Secondly, linear transcripts are accurately regulated by transcription and 

degradation in cells (T. I. Lee and Young 2013). Although linear transcripts also – just 

circular isoforms- are passively distributed into daughter cells, the required level of linear 

RNA is adjusted very quickly to the level before cell division, resulting in circRNA 

synthesis in a gene. This leads to daughter cells within the same linear/ circRNA ratio as 

their mother cells.  
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Thirdly, circRNAs are more stable to exonuclease-mediated degradation than 

linear RNAs and are not regulated by a degradation mechanism as tight as linear RNAs. 

Bachmayr-Heyda et al. reported a 73.4% reduction of circRNAs in CRC samples 

compared to the normal colon mucosa. (12.9%) (Bachmayr-Heyda et al. 2015).   

 

1.2.1. Biogenesis of Circular RNAs 
 

CircRNAs are produced by back-splicing. Unlike canonical splicing, the 

downstream 5’ splice donor site reversely attacks the upstream 3’ splice acceptor site in 

a back-splicing reaction, leading to a covalently closed circRNA (Fig 1.4) (Jeck and 

Sharpless 2014; L. L. Chen and Yang 2015). The circRNAs back-splicing machinery 

depends on canonical splicing machinery but is accepted as an unusual type of alternative 

splicing (X.O. Zhang et al. 2014; Ashwal-Fluss et al. 2014). It is indicated that splicing 

inhibitor ‘isoginkgetin’ abrogates circRNA production in HeLa cells (Starke et al. 2015). 

Figure 1.3. Schematic representation of circ- and linear RNAs in non-proliferating and 
proliferating cells (Bachmayr-Heyda et al. 2015). 
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Additionally, mutagenesis analyses revealed that 99% of annotated circRNA-forming 

exons needed canonical 5’ and 3’ splice sites to carry out back-splicing using canonical 

spliceosomal machinery (Vo et al. 2019). No specific motifs are required for 

circularization rather than splice sites (L. L. Chen 2020).  

Abundant circular RNAs generally originate from genes with more active 

promoter regions, and they tend to have long flanking introns related to back-splicing 

(Enuka et al. 2016). Additionally, alternative splicing is affected by DNA methylation 

on the gene body and epigenetic changes within histones (Shayevitch et al. 2018). 

Therefore, they may also have a direct impact on circRNA biogenesis. It is demonstrated 

that silencing DNA methyltransferase-encoded gene DNMT3B generates changes in 

circRNA expression independent of changes in the expression of parental linear genes 

(Sharma et al. 2021). However, these circRNAs may be differentially expressed, 

suggesting that the role of parental gene methylation in the biogenesis of circRNAs 

depends on the genetic composition. Moreover, the epigenetic state of the parental gene 

promoter can be affected by circRNAs, as shown for the oncogene FLI1 in breast cancer. 

The exonic circRNA FLI1 can induce the demethylation of CpG island in cis by 

recruiting TET1, which promotes DNA demethylations (N. Chen et al. 2018).  Although 

the absence of poly(A)-tail and a 5’ cap is a fundamental feature of circRNA, back-

splicing is coupled with canonical pre-mRNA splicing and RNA polymerase II 

transcription (X.O. Zhang et al. 2014). Moreover, alternative back-splicing can generate 

different circRNAs from the same sequence (Gao et al. 2016). Two modes of action were 

proposed for back-splicing reaction coupled with transcription, the lariat-driven 

circularization model and the intron-pairing-driven circularization model (Kristensen et 

al. 2019; X.O. Zhang et al. 2014). 
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1.2.2. CircRNA Biogenesis is Coupled with the Transcription of 

Linear RNAs 
 

Back-splicing is carried out both co- and post-transcriptionally. Nascent 

circRNAs associated with fly heads' chromatins were abundant, indicating that back-

splicing may be coupling with RNA pol II transcriptions (Ashwal-Fluss et al. 2014; Y. 

Zhang et al. 2016). Additionally, it is demonstrated that genes producing nascent 

 

 

Figure 1.4. CircRNAs are derived from pre-mRNA via back-splicing (L. L. Chen and 
Yang 2015). 
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circRNAs have a higher transcription elongation rate than non-circRNA-producing genes 

in humans (Y. Zhang et al. 2016). On the other hand, an appreciable portion of back-

splicing reactions can occur post-transcriptionally (Wilusz 2017). This hypothesis was 

supported by the observation that thousands of nascent circRNAs were detected after the 

parental linear pre-mRNA transcription was completed (Y. Zhang et al. 2016). Two 

models have been proposed to show how back-splicing and canonical splicing are 

coupled at the same locus; (1) the lariat-driven and (2) intron-paired driven 

circularization modes. Broadly, the main difference between these two modes is the order 

of back-splicing or canonical splicing (Xiaohan Li et al. 2020).  

 

1.2.2.1. Lariat-Driven Circularization Model (Exon-Skipping) 

 

Exon skipping is the standard mode of alternative splicing reported to restore the 

exon content within a gene (Grau-Bové, Ruiz-Trillo, and Irimia 2018). Alternative exons 

are spliced out of the mature mRNA product and enclosed within the excised lariat during 

exon skipping (Barrett, Wang, and Salzman 2015). A long intron lariat with skipped 

exons is produced when the canonical splicing occurs before the back-splicing. The 

formation of exonic or exonic-intronic circular RNAs can originate from subsequent 

back-splicing of those lariats formed during exon skipping processes (Fig 1.5) (L. L. 

Chen and Yang 2015). However, the global correlation between exon skipping and 

circRNA production has not yet been supported by any biochemical evidence (Barrett, 

Wang, and Salzman 2015). 
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1.2.2.2. Intron-Pairing Driven Circularization Model (Direct Back-

splicing) 
 

If the back-splicing occurs first, the circRNA and an exon-intron intermediate are 

generated directly. The intermediate can be potentially degraded or undergo splicing 

events to produce linear mRNA and skipped exons (Jeck and Sharpless 2014; Jeck et al. 

2013a). The ligation between upstream 5’ss and downstream 3’ ss is sterically 

unfavorable. To overcome this natural disadvantage, some cis- and trans-acting factors 

are required (X.O. Zhang et al. 2014; Jeck et al. 2013; Ivanov et al. 2015).  

The inverted repeats in flanking intron sites bring donor and acceptor sites closer 

to facilitate back-splicing (Fig 1.6). Base pairing between inverted repeats, such as Alu 

elements located downstream and upstream introns, may lead to this looping (Jeck et al. 

2013). In some cases, specific motifs on flanking introns are invaded by RNA-binding 

Figure 1.5. Lariat-driven circRNA biogenesis (L. L. Chen and Yang 2015). 
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proteins such as QKI (Conn et al. 2015). Surprisingly, it was proved that ADAR (ds-

RNA specific adenosine deaminase) enzymes and DHX9 (ATP-dependent helicase A) 

repress the biogenesis of circRNAs that are associated with a base pairing of flanking 

inverted repeats (Aktaş et al. 2017) 

It should be noted that regardless of the type of mechanism, back-splicing 

efficiency is low because of the sterically unfavorable ligation of an upstream 3’ splice 

site with a downstream 5’ splice site (Y. Zhang et al. 2016). Also, a global anti-

correlation between circRNA formation frequency and mRNA levels supports the mutual 

competition between back-splicing and canonical splicing (Holdt, Kohlmaier, and 

Teupser 2018a).  Predominantly, linear transcripts are expressed more efficiently than 

circular transcripts. However, circRNAs are predominant transcripts for many genes. 

Competition between canonical back-splicing and splicing presumably exists for the 

superiority of loci-producing circRNAs (Q. Zheng et al. 2016).  

CircRNA splicing also has alternative modes validated by northern blotting. A 

given locus can produce multiple circRNAs by alternative back-splicing and the selection 

of splice sites within circRNAs (X.O. Zhang et al. 2016). Alternative back-splicing 

events can use different downstream 5’ splice donors and upstream 3’splice acceptor 

sites. These alternative splice site selections can occur within multiple-exon circRNAs. 

All known types of alternative splicing, cassette exons, alternative 5’ and 3’ splice sites, 

and intron retention, were observed in multiple-exon circRNAs (Gao et al. 2016; Jeck et 

al. 2013a; Memczak et al. 2013; Salzman et al. 2013; X.O. Zhang et al. 2016; 2014) 
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1.2.3. CircRNA Decay  
 

Degradation of mRNAs usually begins with poly-(A) tail shortening by a 

deadenylase (C.Y.A. Chen and Shyu 2011). Then, either the exoribonuclease XRN1 

mediated 5’to 3’ decay or exosome-mediated 3’ to 5’ mediated decay occurs (Jinek, 

Coyle, and Doudna 2011; Conti et al. 2009). Some mRNAs are cleaved by endonucleases 

and degraded by exonuclease-mediated decay under certain circumstances (Schoenberg 

2011). Besides, mRNAs with premature stop codons are degraded by an RNA 

Figure 1.6.  Intron-pairing driven biogenesis of circRNAs (L. L. Chen and Yang 2015). 
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surveillance mechanism called non-sense mediated decay (F. He and Jacobson 2015). 

The dynamic of biogenesis and turnover of circRNAs in eukaryotic cells is vital and has 

to be strictly controlled to exert particular circRNA functions. Although the mechanisms 

of biogenesis of circRNAs are explained roughly, how circRNAs are degraded remained 

unclear until very recently.  

 As known, circRNAs do not have 5’cap and 3’ poly-A tails. Thus, it should be 

degraded by the endoribonucleolytic attack. Some endonucleases initiate the decay of 

specific circRNAs in a primary sequence-dependent manner. For example, circRNA 

cdr1as is cleaved with the assistance of miR-671 by AGO2. Cdr1as is one of the most 

characterized circRNA with sponging activity for miR-671. Recruitment of miR-671 to 

circCdr1as causes endonucleolytic cleavage by AGO2 and circRNA degradation (J. Xu 

et al. 2021) (Figure 1.7). However, another miRNA involved in AGO2-mediated 

circRNA decay is still elusive. 

RNase P/MRP cleaves m6A (N6-Methyladenosine) containing circRNAs in a 

sequence-dependent manner. In this mechanism, the m6A-containing transcript recruits 

the reader protein YTHDF2 and the adaptor protein HRSP12 (Park et al. 2019). A 

GGUUC motif is necessary to direct the binding of HRSP12. Then, HRSP12 serves as a 

bridge to assemble the YTHDF2 and RNase P/MRP complex to start the circRNA decay 

(Ren et al. 2022) (Figure 1.7). Considering the fact that the sequences of circRNAs and 

parental linear mRNAs are the same. Thus, it is still unknown how primary sequence-

dependent decay mechanisms distinguish circular isoforms from their parental linear 

ones (Guo, Wei, and Peng, 2020). The distinct 3D structure of circRNAs adds a layer of 

complexity to their degradation mechanisms by enabling them to interact with various 

proteins.  

In many circRNAs, 16-26 base pair imperfect RNA duplexes are formed, 

interacting with dsRNA-activated PKR protein. A ubiquitously expressed cytoplasmic 

endoribonuclease RNase L is activated and degrades circRNAs via unknown 

mechanisms upon viral infection and subsequently activates PKR for the innate immune 

response (C.-X. Liu et al. 2019) (Figure 1.7) 
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Figure 1.7. Different mechanisms in circRNA decay (Guo, Wei, and Peng, 2020). 
 

Fisher et al. recently reported the degradation of highly structured circRNAs by 

UPF1 and G3BP1 under normal conditions (Fischer et al. 2020). The overall structures 

of circRNAs are recognized and unwinded by UPF1 and G3BP1. One-third of human 

circRNAs are anticipated to form a highly overall structure, and G3BP1 and UPF1 

regulate their degradation. For this type of RNA degradation, RNA-binding and S149 

phosphorylation activities of G3BP1 and RNA-binding and helicase activities of UPF1 

are needed. It is described as structure-mediated RNA decay (SRD). Biochemical 

experiments suggest that G3BP1 binds highly structured circRNA, preferentially unlike 

UPF1. Besides, further silencing of UPF1 appears to have no additional impact on the 
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abundance of circRNAs in G3BP1 knockout cells. Thus, it is reported that G3BP1 is a 

key factor for the circRNA-SRD mechanism.  

Unlike previous mechanisms, the overall structure rather than the primary 

sequence is the driving force of this mechanism. Nonetheless, loss of function studies 

has revealed that other structure-mediated decays, namely Staufen-mediated decay and 

nonsense-mediated decay, have minimal impact on the expression of highly structured 

circRNAs (Fischer et al. 2020).  

 

1.2.4. Functions of CircRNAs  

 

Increasing evidence suggests that circRNAs control gene expression at the 

transcriptional, post-transcriptional, and translational levels. Recent studies have 

proposed that circRNAs with various biological functions can be classified into four main 

concepts (Shang et al. 2019). 

 

1.2.4.1. CircRNA Regulates the Transcription of Parental Genes 

 

As explained in the circRNA biogenesis part, most circRNAs are produced co-

transcriptionally, and canonical splice sites are necessary for circularization. Therefore, 

circRNA production can compete with linear splicing. It should be noted that an order of 

magnitude can reduce the abundance of particular circRNA because of this strong 

competition. It is demonstrated that flanking intron sequences are the most crucial factor 

that decides the biogenesis efficiency of given loci. In light of these findings, linear 

splicing is regulated by circRNA biogenesis (Ashwal-fluss et al. 2014).  
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It is reported that RNA polymerase II is associated with a distinct class of 

circRNA in human cells (Y. Zhang et al. 2013). circRNAs, made up of exons, and 

retained introns named exon-intron circRNAs (eicircRNAs), are localized predominantly 

in the nucleus. U1 snRNPs interact with eicircRNAs by RNA: RNA interactions, and this 

complex interacts with RNA Pol II and promotes expression of the linear counterpart of 

certain eicircRNAs (e.g., eicircRNA PAIP2 and EIF3J) (Figure 1.8). As long as the 

eicircRNA is produced at the transcription site, regardless of co- or –post-transcriptional 

production, it is said to have a cis function (Z. Li et al. 2015).  

 

1.2.4.2. CircRNAs can Regulate miRNA Activity and Abundance 

 

miRNAs are evolutionary conserved, small ncRNAs in ~22 nucleotide length, 

predicted to modulate mRNAs (R. C. Lee, Feinbaum, and Ambros 1993; Reinhart et al. 

2000). In humans, more than 2000 miRNAs have been identified (A. Li et al. 2020). 

Firstly, miRNA coding genes are transcribed into pre-miRNA by RNA Pol II, followed 

by processing with DiGeorge Syndrome Critical Region 8 (DGCR8) and an 

endonuclease III enzyme, Drosha, to produce pre- miRNA (Denli et al. 2004). Pre-

miRNAs are translocated into the cytoplasm and cleaved by Dicer to generate mature 

Figure 1.8. eiciRNA mediated transcription regulation of cognate mRNA (Z. Li et al. 
2015). 



24 
 

miRNA (Yi et al. 2003). Usually, the translation and stability of target mRNAs are 

regulated by miRNAs (Bartel 2009). The level of complementarity between miRNA and 

target mRNA determines the action of miRNA on target mRNA (Lam et al. 2015). 

 miRNAs are indicated to be involved in many physiological processes, including 

apoptosis, proliferation, and migration (Esquela-Kerscher and Slack 2006; Bruce et al. 

2015). Therefore, the regulatory mechanisms of miRNA-mediated gene regulation were 

a dominant area of RNA research between the early 2000s to 2015. Unsurprisingly, there 

is an enormous interest in understanding the regulatory mechanisms of miRNA actions. 

Thus, the competing endogenous RNA hypothesis has emerged. Three types of RNA, 

mRNA, transcribed pseudogenes, and lncRNAs, are shown on the front line of competing 

endogenous RNA research. Circular RNAs, following lncRNA, are a new hotspot among 

the competing endogenous RNA family (Panda 2018) (Figure 1.9).  

Some circRNAs have multiple miRNA binding sites (Sang, Meng, Liu, et al. 

2018; Sang, Meng, Sang, et al. 2018; P. Li et al. 2018). Thus, the expressions of miRNA-

related target genes are upregulated upon the sponging of miRNAs by circRNAs. For 

example, circRNA cdr1as has more than 60 miR-7 binding sites and abrogates its 

function to promote miR-7 target genes (Shang et al. 2019). Other examples include 

circHIPK3 sponging miR-7, miR-558, miR-4288, and miR-654 and circITCH acting as 

a sponge for miR-17 and miR-224, resulting in p21 and PTEN upregulation in bladder 

cancer and glioma (Shang et al. 2019). 

 



25 
 

 

1.2.4.3. CircRNAs Interact with Proteins 

 

CircRNAs can bind to regulatory RNA binding proteins (RBPs) by acting as 

protein sponges, scaffolds, decoys, or recruiters. RBPs are involved in the metabolic 

process of RNAs by modulating them post-transcriptionally and even forming 

ribonucleoprotein complexes. The RBP-circRNA interactions are sequence-dependent 

and affected by the tertiary structure of circRNAs (A. Huang et al. 2020). Therefore, 

unlike traditional mRNA-protein exchanges, a tertiary structure-dependent binding mode 

may be associated with specific circumstances. CircRNA-protein binding is a double-

edged sword and may have bidirectional effects. It is reported that circRNAs-protein 

interaction influences proteins' expression and functions and the biogenesis and 

degradation of circRNAs (X. Huang et al. 2020). For example, circPABPN1 and parental 

mRNA PABPN1 compete for the HuR protein involved in translational machinery in 

promoting protein expression. Thus, circPABPN1 represses the PABPN1 protein 

 

Figure 1.9. Schematic representation of circRNA mediated gene regulation by miRNA 
sponging (Panda 2018). 
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expression (Abdelmohsen et al. 2017). Furthermore, PES1 (60S ribosomal RNA 

assembly factor) and the pre-rRNA processing are impaired by circANRIL(Holdt et al. 

2016). Thus p53 is activated in human vascular smooth muscle cells. CircRNA-protein 

interactions have four functions: protein sponges, protein decoys, protein scaffolds, and 

protein recruitment (X. Huang et al. 2020). Most circRNAs have no protein binding sites. 

However, many of them can act as protein sponges. For example, the QKI protein 

regulates circQKI biogenesis by flanking binding introns of circQKI forming exons 

during the EMT process (Conn et al. 2015). Besides, wound repair is mediated by 

circAMOT, which binds to AKT1 and PDK1 (X. Xia et al. 2019; Conn et al. 2015). The 

protein decoy function of circRNAs exerts as trapping target protein inappropriate 

cellular sites followed by abolishing its function (Du et al. 2017). For example, c-myc 

interacts with circAMOT and is trapped in the nucleus. Therefore, downstream target 

proteins of c-myc are upregulated, leading to increased cell proliferation, reduced 

apoptosis, and highly tumorogenic phenotype. In the circPABPN1 and HuR protein case 

explained above, circPABPN1 can act effectively as a protein decoy for HuR 

(Abdelmohsen et al. 2017). CircDHX34 and circPOLR2A bind NF90 and NF110 before 

viral infection in normal cells (Xiang Li et al. 2017). 

In conclusion, various circRNAs serve as protein decoys across multiple cell 

types under different circumstances. The only regular component is that RNAs can bind 

proteins with high affinity and specificity, proposing that most circRNAs may assume an 

adversarial part regarding the typical physiological impacts of their target proteins. These 

RNAs may involve alternative self-regulation under stressful conditions (X. Huang et al. 

2020). CircRNAs can function as a scaffold to promote interaction within protein 

complexes. For example, circFOXO3 and circAMOT1 serve as protein scaffolds to 

enhance the co-localization of enzymes and their substrates (Ou et al. 2020; Du et al. 

2016; Y. Zeng et al. 2017). For example, P53 and MDM2 interactions are facilitated by 

circFOXO3. This interaction induces mdm2-dependent degradation of p53 (Du et al. 

2016). 

CircRNAs can also recruit proteins into particular cellular locations. CircFECR1 

recruits TET1 protein to its host gene FLI1 promoter site to enhance the demethylation 

of the CpG island to promote active transcription (N. Chen et al. 2018). Moreover, 

circAMOT1 recruits STAT3 protein from the cytoplasm to the nucleus, leading to 

binding to the Dnmt3a promoter (Z.-G. Yang et al. 2017) 
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1.2.4.4. Translation of CircRNAs 

 

Researchers initially thought that eukaryotic ribosomes could not be loaded onto 

circRNAs because circRNAs do not possess a 5’ cap and 3’ tail (Sinha et al. 2022). 

Surprisingly, it has been demonstrated that the internal ribosome entry site (IRES) 

specific sequence promotes translation in a cap-independent manner by binding the 

ribosome itself in prokaryotes (Colussi et al. 2015). IRES also allow synthetic circRNAs 

to be translated in vitro and cells (Pamudurti et al. 2017).  

Recent reports have indicated that a subset of endogenous circRNAs might be 

translated into detectible peptides and short sequences (Prats et al. 2020). Interestingly, 

the stop codon available upstream of the start codon in the linear mRNA can be converted 

into in-frame termination codons upon circularization (Legnini et al. 2017) (Figure 1.10). 

Various direct and indirect pieces of evidence are used to interrogate the translational 

potential of circRNAs, such as the presence of an IRES sequence, m6A modification 

sites, translation initiation sites, ORF length, sequence composition, ribosomal and 

polysome binding evidence, and, proteomics evidence by mass spectrometry(Yang et al. 

2017; Fan, Yang, and Wang, 2018; W. Huang et al. 2020). 

 

 

Figure 1.10. Schematic representation of circRNA translation and putative protein 
product (T. Schneider and Bindereif 2017). 
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The translation of circRNAs has to be cap-independent due to the lack of free 

ends (T. Schneider and Bindereif 2017). Cap-independent translation initiation must be 

driven by IRES RNA transcript with a unique secondary structure, which is common in 

viruses (Bakhshesh et al. 2008). In several cases like apoptosis, endogenous mRNAs can 

also use IRES to drive translation (Fitzgerald and Semler 2009). The systematic screen 

of IRES elements in the human genome was recently conducted. Therefore, this 

information can predict the translation potential of circRNAs (Fan, Yang, and Wang, 

2018). 

m6A is well known and the most common RNA modification available in various 

ncRNA and coding RNAs in the human genome (Huilin Huang, Weng, and Chen 2020). 

circRNAs undergo extensive m6A modifications to recruit the translation initiation 

complex by specifically recruiting reader protein YTHDF3 that interacts with translation 

initiation factor eIF4G2 (Y. Yang, Fan, Mao, Song, Wu, Zhang, Jin, et al. 2017). 

Therefore, the published m6A data from the REPIC database was used to map to 

circRNA sequences (S. Liu et al. 2020; W. Huang et al. 2020). The experimentally 

validated m6A sites of circRNAs are also a critical predictor for translatable circRNAs 

(Y. Yang, Fan, Mao, Song, Wu, Zhang, and Jin 2017). GTI-seq was used to map 

translation initiation site codons globally at nearly single-nucleotide resolution (S. Lee et 

al. 2012). Human transcriptome-wide GTI-seq indicated an obvious set of several 

thousand translation initiation codons as indirect evidence supporting the circRNA 

translation (Sinha et al. 2022). 

Furthermore, long ORFs are uncommon in ncRNAs (Ruiz-Orera et al. 2014). 

Thus, potential ORF length should be greater than 20 aa for circRNA-encoded peptides. 

Notably, many small peptides were reported to be coded by ncRNAs; therefore, the 

length of ORF is a weak predictor (W. Huang et al. 2020). Moreover, the sequence 

composition of circRNA ORF is crucial to predict whether the protein outcome is 

functional (Hormoz 2013). It is known that the aa sequences of all-natural, stable, and 

functional proteins only represent a small fraction of possible sequences. Thus, the 

abnormal sequence proteins are mostly degraded by cells rapidly (Goldberg 2003). The 

sequence similarity of the natural proteins allows for predicting likely functional 

circRNA proteins in a random string of potential circRNA encoded amino acid pools 

using a machine-learning approach (W. Huang et al. 2020). 
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Ribosome footprinting data were published to strongly predict the potentially 

translatable circRNAs (Pamudurti et al. 2017). As known, the mRNAs are translated by 

ribosomes formed polysomes. Thus, an association of circRNA with polysomes can serve 

as a powerful predictor for circRNA translation. The polysome profiling approach is 

helpful for the comprehensive identification of peptide-coding circRNAs (Y. Ye, Wang, 

and Yang 2021)  

Typically, mass spectrometry is used to identify and characterize proteins (Han, 

Aslanian, and Yates 2008). Only 50% of MS spectra can be assigned to known peptides 

encoded by mRNAs in the human transcriptome (W. Huang et al. 2020). This result 

proposes a hidden proteome, some of which may be encoded by circRNAs. MS evidence 

is a strong predictor for circRNA translation. However, HeLa cells' ten most abundant 

circRNAs are not associated with polysomes (T. Schneider et al. 2016). Arguing against 

the extensive translation potential of circ RNAs. Regardless, this does not exclude the 

possibility of natural cases of circRNA translation, such as growth conditions, or 

restricted to a small subset of specialized circRNAs (W. Huang et al. 2020).   

Micro proteins encoded by circRNAs are generally comprised of 146-344 aa. 

circRNA-derived proteins are identified and characterized in metabolically active cells 

like myoblast and cancer using genomewide approaches. Therefore, it is suggested that 

Table 1.1. CircRNAs encode novel proteins. 
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these cells promote the production of circRNA-encoded proteins to meet the additional 

requirements of these cells. Up to date, 11 protein-coding circRNAs have been reported 

(Table 1.1) (F. Ye et al. 2019; Legnini et al. 2017; Mo et al. 2020; M. Zhang, Zhao, et al. 

2018; M. Zhang, Huang, et al. 2018; Pamudurti et al. 2017; van Heesch et al. 2019) 

 

1.2.5. CircRNAs Modulate Cell Fate  

 

 Recently, the number of transcriptome-wide circRNA studies has increased 

owing to advances in the bioinformatics pipelines used to identify circRNAs. In 2015, 

has_circ_000595 was shown to regulate apoptosis in aortic-smooth muscle cells (C. 

Zheng et al. 2015). Chen and his group have demonstrated that the circRNA circTCF25 

decreases the expression of miR-103a-3p / miR-107 by increasing CDK6 expression in 

bladder cancer cells in vivo and in vitro. The overexpression of circTCF25 significantly 

increased cell proliferation and migration. Further, it was reported that circRNA Cdr1as 

spontaneously pulled miR-7 and promoted heart infarction by increasing the stability of 

the target gene (Geng et al. 2016). It was reported that circFOXO3 increased the amount 

of FOXO3 protein by binding to MDM2 by preventing ubiquitination. FOXO3 causes an 

increase in cell apoptosis through the high expression of the target protein PUMA (Du, 

Yang, et al. 2017). In the same year, Deng and his group used the circRNA microarray 

approach to investigate the physiological roles of circRNAs in hypoxia-dependent human 

umbilical vein endothelial cells (HUVECs). They confirmed the high expression 

difference by quantitative PCR, which repressed cell proliferation and migration and 

suppressed apoptosis.  (Dang, Liu, and Li 2017). Hsa_circ_0020397 has been shown to 

regulate cell viability, apoptosis, and invasion in colorectal cancer by increasing the 

expression of TERT and PD-L1 (H. Yang et al. 2020) circFUT10 reducing proliferation 

in myoblast cells and facilitated differentiation by sponging miR-133a. In this process, it 

was observed that circFUT10 Myo D, G and C proteins increased their expression at the 

mRNA and the protein level, causing cell cycle arrest in the GO/G1 phase (Li et al.2018). 

It was then reported that hsa_circ_0000799, the circular isoform of the BPTF gene, 

delayed the anti-oncogenic effect of miR-31-5p and increased the expression of the target 

gene RAB27A, and supported the development of bladder cancer (Bi et al. 2018). It was 
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demonstrated that hsa_circ_0036627 acts as a ceRNA (competing RNA) by targeting 

miR-338 to regulate MACC1 and stimulate invasive growth via the MACC / MET / ERK 

or AKT pathway (Li et al. 2018). Besides, silencing of has_circ_0005397 was shown to 

suppress pancreatic cancer cell proliferation, invasion, and migration, while 

hsa_circ_0102034 induced cancer progression by initiating NR2F6 expression. It was 

reported that the scarce circRNA hsa_circ_0001649 regulates proliferation, migration, 

and invasion in cholangiocarcinoma cells (Xu et al. 2018). In 2020, functional circRNAs 

in proliferation were screened by Li et al. using the CRISPR–Cas13 system (S. Li et al. 

2020). 

          According to another microarray-based transcriptomic study, over-expressed 

circRNAs in breast cancer cells were reported. It has been shown that overexpression of 

hsa_circ_000911 reduces cell proliferation, migration, and invasion and supports 

apoptosis. The same study reported that hsa_circ_000911 sponged miR-449a with the 

precipitation of biotin-labeled circRNA, and the target protein of miR-449, Notch1, was 

significantly increased as a result of overexpression of hsa_circ_000911. It has been 

reported that circ_HIPK3, whose expression was decreased in death-triggered HeLa cells 

after CP administration, supports growth and metastasis by sponge miR-7 in colorectal 

cancer (Yaylak, Erdogan, and Akgul 2019; Zeng et al. 2018). 

circSMAD2 differentially expressed in hepatocellular carcinoma (HCC) and 

neighboring non-tumor tissues and modulates proliferation, apoptosis, migration, and 

invasion, circSMAD2 by sponging miR-629 followed by suppression of migration, 

invasion, and EMT (Zhang et al. 2018). In prostate cancer cells, overexpression of 

hsa_circ_0102004 was shown to have a positive effect on cell proliferation has been 

proven (Si-Tu et al. 2019). As stated above, circRNAs are essential in cell fate due to 

their high stability. It has been reported that hsa_circ_0007534 can predict adverse 

prognosis in pancreatic ductal adenocarcinoma and regulates cell proliferation, 

apoptosis, and invasion by sponge miR-625 and miR-892b (Hao et al. 2019). circ_KIF4A 

has been shown to help the progression of ovarian cancer by sponging the miR-127 

(Sheng et al. 2020). However, it has been reported that circRNA GLIS2 supports 

colorectal cancer cell migration by activating the NF-KB pathway (Chen et al.2020).  

The transcriptome-wide analysis of circRNAs differentially expressed in 

apoptotic HeLa cells was reported in 2019 by our group (Yaylak, Erdogan, and Akgul 

2019). Other groups reported some of these circular RNAs as regulatory molecules or 
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biomarkers, such as circBNC2, circLATS2, and circKDM4C, in various cancer types. 

However, most circRNA candidates have not been characterized yet. Undoubtedly, all 

uncharacterized differentially expressed circRNA candidates have a great potential to 

modulate apoptosis, proliferation, and cell cycle by regulating miRNAs, interacting 

proteins, or encoding novel proteins. 

In early 2021, Li and his colleagues published a spectacular reporting that a group 

of circRNA candidates is essential for cell growth, mainly in a cell type-dependent 

manner (Li et al., 2021). gRNA libraries were constructed for 762 phenotypically 

important circRNAs. These gRNAs are BSJ-specific and not affected by linear mRNA. 

The Rfxcas13d system was chosen as the most efficient cas system to knock down 

circRNAs. They clearly show that only <22 nt lengths of gRNAs spanning BSJ 

effectively knockdown circRNA without disrupting linear mRNA level. This practical 

tool was used to identify circRNAs that act in a cell-type specific manner in cell 

proliferation by using Cas13 mediated circRNA screen (CDC Screen) pipeline that 

adapts MAGeCK (Li et al., 2014) and additional filtering steps (Li et al., 2021). In this 

design, each cell stably expresses a specific gRNA that, upon induction of Cas13, also 

integrated into the genome, can induce knockdown of the target transcript. Thus, each 

cell is barcoded by a unique gRNA sequence. The effect of the knockdown on cellular 

viability could then be judged by the depletion or enrichment of the specific gRNA 

barcodes in the cellular population (Xu et al., 2020).  

  Thousands of circRNAs were identified by RNA-seq approaches; however, 

some circRNAs may be by-products of pre-mRNA splicing without any function (C. Xu 

and Zhang 2021). To date, a small fraction of identified circRNAs has been described as 

functional circRNAs, and numerous are reportedly involved in chemotherapeutic drug 

resistance, proliferation, and apoptosis (J. Liu et al. 2020). Functional circRNAs have the 

potential to provide insight into gene regulation, disease biomarkers, and therapeutic 

targets, making the study of circRNAs an important and promising area of research (Y. 

Huang et al. 2022). The first transcriptomics analysis revealed CP-dysregulated 

circRNAs identified by CircExplorer (version one) were reported by our group (Yaylak, 

Erdogan, and Akgul 2019). Nevertheless, experimental validations to determine the 

cellular expression and function of circRNAs are required.  

 This study used CP to trigger apoptosis and repress proliferation in HeLa cells. 

Four novel circRNA candidates (circCLASP1, circBIRC6, circGALNT2, circBNC2) 
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were chosen for molecular characterization to investigate the putative function of each 

candidate in proliferation, apoptosis, and CP sensitivity in HeLa cells. Transcriptomics 

analysis was performed to identify which biological pathways are affected in response to 

circCLASP1 knockdown to shed light on circCLASP1-mediated regulation of 

proliferation and CP sensitivity. 
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CHAPTER 2 

 

MATERIALS AND METHODS 

 

2.1. Bioinformatic Analysis 
 

A previously published study was used to identify candidate circRNAs (Yaylak, 

Erdogan, and Akgul 2019). Total RNAs were isolated from CP-treated Hela cells as 

previously described as three biological replicates. After quality control, RNAse R  

treatment and RNA depletion were performed to enrich for circRNAs prior to library 

preparation. circRNA-seq was performed by Novogene (Hong Kong), and circRNAs 

were identified using circExplorer (Zhang et al. 2014). According to the methodology, 

Total RNAs were isolated as three biological replicates. Double-stranded DNA synthesis 

followed by adaptor ligation and size selection was performed for PCR, library quality 

control, and sequencing. Due to the re-arranged exon ordering, specific algorithms are 

required to annotate back-splicing reads. RNA-seq reads are multiply aligned to the 

human reference genome using the Top-hat algorithm, and then unmapped reads were 

uniquely mapped with the Top-hat fusion algorithm. The Deseq2 algorithm was used to 

identify differentially expressed (DE) circRNAs. The DE circRNAs, which show >-1.5 

and <1.5 log2 fold change (log2FC), were chosen for further steps. The read count of 

particular circRNA should be >5 in both CP- and DMSO-treated groups. It has a higher 

probability that abundant circRNAs will possibly be functional. Lastly, Co-analysis of 

circ-Seq data (TUBİTAK project no:215Z081) and mRNA-Seq data were performed. 

Circ-seq and mRNA-Seq were performed under apoptotic conditions after 16h CP 

treatment at different times. Log2FC >1 and log2FC <1 and p<0,05 were defined as a 

threshold for mRNAs, and p<0,05 was defined as selection criteria for circ-Seq (Figure 

2.1). 
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Two circular RNA candidates were selected from GSE183256 (S. Li et al. 2020) 

for further functional characterization on HeLa cells. Circular RNA candidates are 

chosen based on cognate mRNA's role in cell proliferation, apoptosis, and migration. 

They created CRISPR-CAS13d screening by creating a library to silence the 700 most 

abundant circRNAs (S. Li et al. 2020) (Figure 2.1).  

 

2.2. Cell Culture 
 

Since the pioneering data that form the basis of this thesis proposal were obtained 

from Henrietta Lacks's cells (HeLa cells) (Cell Applications), the same cells were used 

as a model system for examining the functions of candidate circRNAs. HeLa cells 

(ATCC, CCL-2) were grown in RPMI 1640 media (Gibco, USA) with 10% FBS at 37 

°C and 5% CO2. ME-180 cells (ATCC) were grown in DMEM medium with 10% FBS 

at 37 °C and 5% CO2. Frozen HeLa cells were thawed within 2 minutes with gentle 

agitation in a 37 °C water bath, and the thawed cell suspension was transferred to a 1 ml 

growth medium in the 15 ml falcon tube (Sarstedt, Germany). Then the cells were 

collected by centrifuging at 1,000 rounds per minute (RPM) for 5 min at room 

 

Figure 2.1. Diagram of the candidate selection process flow. 
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temperature (RT). The cells were grown in a cell culture flask (Sarstedt, Germany) with 

5% CO2. The HeLa cells were passaged when the culture reached 90% confluence. 

Passage number of cells kept between 9th and 20th.  

 

2.3. CP Treatment 
 

HeLa cells were seeded in a 0.3 X 106 cells/well density in six well-plates 

(Sarstedt, Germany). CP (Santa Cruz, USA) was used to trigger cell death. DMSO 

(Dimethyl sulfoxide) was used as a solvent for CP.  CP was prepared freshly in every 

experiment because of its chemical instability. Time and dose kinetics of CP treatment 

was performed in the M.Sc. thesis of Ulvi Ahmadov (Ahmadov 2015). After 24 h from 

cell seeding, freshly prepared CP was added to the cells and incubated for 16 hours. The 

final concentration of CP was 80 μM. DMSO was used as mock control due to its toxicity. 

Annexin V/7AAD staining was performed, and apoptosis was immediately measured by 

flow cytometry analysis (M. Zimmermann and Meyer 2011). 

Additionally, WST-8 reagent was used to measure the proliferation rate of HeLa 

cells. All experiments were performed three times.  After transfection of HeLa cells in 6 

well plates, 80 μM CP treatment was carried out 16 h before particular assays were 

performed. For CP-treated nuclear and cytoplasmic RNA preparation, 5x105 HeLa cells 

were seeded in a 100 mm culture dish a day before CP treatment. Time/dose kinetics 

experiments were carried out to continue experiments with adequate time intervals and 

doses for 100 mm cell culture dishes (Sarstedt, Germany). The final concentration of CP 

used was 80 μM, which depends on the dose-cell# kinetics to obtain a significantly higher 

Annexin V+/7AAD+ population.      

 

2.4. Primer Designing Strategy  
 

Primers targeting circRNAs were designed manually and confirmed using 

circPrimer 2.0 (Zhong and Feng, 2022) to eliminate the off-target effect. The circPrimer 

2.0 reveals all circular isoforms that share common BSJ. Therefore it allows for the 
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control of primer specificity not only for the candidate target but also for possible off-

target circular isoforms deposited in available databases. A divergent primer strategy was 

used to design primers (Table 2.1). According to this approach, amplicon overlapped 

BSJ, the unique sequence of target circular RNA that is not available in linear mRNAs. 

Sequencing primers were designed to confirm the mature sequence of circGALNT2, 

circBNC2, circBIRC6, circCLASP1, and AGO2 coding sequence.  Primer sequences 

used in this thesis are summarized (Table 2.2, Table 2.3) 

 

 

Table 2.2. Cloning primer sequences are used in this study. 

 

 

 

Table 2.1. Quantitative Real-Time PCR primer sequences are used in this study. 
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Table 2.3. Sequencing primer sequences are used in this study. 

 

Table 2.2. Cloning primer sequences are used in this study. 
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2.5. RNA Isolation  

 

 Total RNAs of DMSO- and CP-treated HeLa cells and transfected HeLa cells 

were isolated using TRIzol reagent (Thermo Scientific). Briefly, the cell lysate was 

homogenized by 1 ml TRIzol reagent for drug treatments and only cell RNA isolation. 

Then 200 μl chloroform was added to the tube, shaken by hand aberrantly for 15 sec, and 

incubated at RT for 2-3 min. RNA phase separation occurred by centrifugation at 12,000 

x g for 15 min. The aqueous/clear phase was transferred to a new tube, and 500 μl 

isopropanol was added and incubated at RT for 10 min. RNA was precipitated by 

centrifugation at 12,000 x g for 10 min, and the supernatant was discarded.  

The pellet was washed with ethanol twice and centrifuged at 7,500 x g for 5 min. 

After ethanol washes, the pellet was air-dried and dissolved in 20 μl nuclease-free water. 

RNA isolation after transfection was performed with some exceptions; 300 μl TRIzol 

reagent was used for homogenization. Therefore, the chloroform, isopropanol, and 

ethanol volume was changed to 60 μl, 150 μl, and 300 μl. Additionally, 1 μl glycogen 

(20 mg/ml) was added to the mixture after adding isopropanol and incubated at -20 °C 

for 16 h. It should be noted that technical replicates were combined before RNA isolation 

for transfected HeLa cells grown 96 well-plates.  

 Phenol-Chloroform extraction followed by ethanol precipitation was performed 

to extract RNA after RNA-Immunoprecipitation and to clean up RNA after RNase R 

treatment. An equal volume of Phenol-Chloroform-Isoamyl alcohol (25:24:1 v/v/v) 

(pH:4.0) (Applichem, Germany) was added to the sample and vortexed at maximum 

speed for 10 sec. Then the mixture was centrifuged at 10,000 g at RT to transfer the 

aqueous phase into an RNase-free tube. 1/10 vol of  3 M NaOAc (Applichem, Germany) 

was mixed into the sample. Then the mixture was incubated at -20 °C overnight. One μl 

glycogen was added to the mix before incubation overnight to facilitate RNA 

precipitation of RNA. Moreover,  RNA was precipitated by centrifuging at 15,000 x g 

for 10 min. The pellet was washed using 500 μl of  75% ethanol at 4°C twice by 

centrifuging at 7,500 x g for 5 min. Lastly, the pellet was air-dried for 10 min. The RNA 

pellet was dissolved in nuclease-free H2O ( Invitrogen, USA).   
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2.6. Validation of Differentially Expressed CircRNA Candidates by 

qPCR 

 

Two total RNA groups were divided into two subgroups, and RNase R 

(Epicentre) treatment was performed with control RNA. cDNA was synthesized from 

DMSO total RNA, CP total RNA, and DMSO RNAse R groups using random primers 

(lack of 5’cap and 3’tail) using Revert Aid cDNA Synthesis Kit (Thermo Scientific). 

The expression patterns of the candidates were determined by qPCR (Promega 

GoTaq qPCR Master Mix) after normalization based on the GAPDH gene by the 2ΔΔct 

method using total RNA as a template. Divergent primers were specific to BSJ will be 

used. Nonetheless, the resistance of circRNAs compared with linear GAPDH mRNA will 

be determined by qPCR using the RNase R (Epicenter) treated RNAs. Additionally, the 

linear counterparts of circRNAs were analyzed using convergent primers by qPCR. 

 

2.7. TA Cloning  

 

 The BSJs of candidate circRNAs were cloned into a pMD20 TA vector (Takara, 

Japan) to confirm non-canonical exon ordering. PCR products of circRNA were isolated 

from agarose gel using Gel and PCR clean-up kit (MN, Germany).  The eluted PCR 

amplicon was poly-adenylated using a Standard Taq Polymerase kit (NEB, England). 

Then 1 μl dATP (2 Μm), 0.2 μL Taq Polymerase, 5 μl 10X Buffer, and eluted PCR 

amplicon were mixed up to 50μl volume with distilled water, incubated at 72 °C for 20 

min to perform poly-adenylation. The polyadenylated amplicon was then ligated to the 

pMD20 TA vector using T4 DNA ligase. In detail, 0.5 μl pMD20 TA vector, 5 μl insert, 

2 μl buffer (10X), and 1 μl T4 DNA ligase were mixed and then incubated at RT for 4h.  

 The ligation mixture was transformed to the TOP10 strain by the heat-shock 

method. 5 μl ligation mixture was gently added to 50 μl competent TOP10 on ice. The 

competent cells and the plasmid mixture were incubated on ice for 25 min. The mixture 

was then exposed to 42 °C for 45 sec and put immediately on ice for 2 min before adding 

SOC media to recover for 1 h while shaking at 180 RPM. During this period, 24 μl 
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IPTC/dish and 96 μl X-gal/dish were mixed and spread on ampicillin-containing LB agar 

media 30 min before SOC incubation was completed. At the end of the incubation, 

bacterial cells were harvested by centrifugation at 5,000 RPM for 5 min and plated using 

a Drigalski spatula on IPTC-Xgal-containing plates for blue-white screening and 

incubated for 16 h.  

One of the white colonies was selected and confirmed by colony PCR. A small 

portion of bacteria from the selected colony was picked up using a toothpick, transferred 

into 20 μl distilled water, and incubated at 95 °C for 15 min and 10 °C for 15 min, 

respectively. Then 1 μl of the mixture was used as a DNA template for colony PCR using 

Q5 High-Fidelity DNA Polymerase. Confirmed colonies were inoculated into LB liquid 

and incubated for 16h. Afterward, plasmid isolations were performed using Nucleospin 

Plasmid  Miniprep Kit (MN, Germany). BSJs of circRNAs were confirmed by Sanger 

Sequencing at the İYTE Integrated Research Center.  

 

2.8. Cloning of CircRNAs into pcDNA3.1(+) Laccase2 MCS Exon 

Vector  

 

 The mature sequence of circRNA candidates was obtained from the 

Circinteractome database (Dudekula et al. 2016). Mature sequences were amplified by 

Q5 High Fidelity DNA polymerase (NEB). After amplification, double digestion was 

performed with restriction enzymes PacI and SacII and ligate double-digested 

pcDNA3.1(+) Laccase2 MCS Exon Vector (Kramer et al. 2015). This vector has two 

long laccase intron repeats flanking multiple cloning sites that facilitate back splicing and 

promote circRNA biogenesis in the cell. In detail, an amplified mature sequence of 

circRNA was cleaned up using Gel and PCR Clean-up kit (MN, Germany). Then, the 

insert was double-digested by PacI and SacII. 

 In the vector preparation step, Alkaline Phosphatase Calf Intestinal (CIP) 

treatment and double digestion were performed in one reaction to minimize vector loss. 

The pcDNA3.1(+) Laccase2 MCS Exon Vector length is 6929 bp. In detail, 4 μg  

pcDNA3.1(+) Laccase2 MCS Exon Vector, which has 1.868 pmol DNA ends, was 

digested with 4μl PacI and 4 μl SacII, 5 μl CutSmart Buffer, 0.5 μl CIP and an appropriate 
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amount of nuclease-free H2O at 37 °C for 30 min. Lastly, 118 ng/μl vector with 260/280: 

1,84 and 260/230:1,42 ratios was isolated for further cloning experiments using Gel and 

PCR clean-up kit (MN, Germany). The double-digested mature sequences of circRNA 

candidates were ligated with pcDNA3.1(+) Laccase2 MCS Exon Vector by T4 DNA 

ligase at RT for 10 min. The ligation mixture was transformed to TOP10 strain by the 

heat-shock method. According to the manufacturer's protocol, endotoxin-free plasmid 

isolation was performed by an EF-Midiprep kit (MN, Germany). Positive colonies were 

inoculated in 200 ml LB liquid media, grown at 37 °C overnight, and collected by 

centrifugation at 3200 RPM for 30 min. Bacterial pellets were resuspended with 8 ml 

resuspension buffer and lysed with 8 ml lysis buffer for 5 min, then adding 8 ml 

neutralization buffer. Lysates were loaded onto columns to bind plasmid DNAs. The 

endotoxin-free washes were performed with endo-EF and wash-EF buffers, respectively. 

Lastly, plasmid DNAs were eluted from the column using an elution buffer. Isopropanol 

precipitation was achieved by adding 3 ml pure isopropanol and centrifuging for 30 min 

at +4 °C. Pellets were air-dried and dissolved in 100 μl nuclease-free water.  Sanger 

sequencing was performed to confirm mature sequences of candidate circRNAs. 

Sequencing files with .ab1 extension were confirmed using the Finch TV ( FinchTV 

1.4.0, USA) tool by comparing with mature circRNA sequences in the CircInteractome 

database. Cloning and sequencing primers were summarized in Table 2.2 and Table 2.3, 

respectively (Table 2.2, Table 2.3). 

 

2.9. Small-Interfering RNA Designing for CircRNA Silencing  

 

siRNAs targeting BSJ of candidate circRNA were designed by using 

CircInteractome tool siRNA designing bench. siRNA sequences used in this thesis were 

summarized in Table 2.4 (Table 2.4). 
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2.10. Transfection of Overexpression Plasmids and siRNAs   
 

DharmaFECT-1 (Dharmacon, USA) was used in silencing assays to transfect 

siRNAs into HeLa cells. According to the manufacturer's protocol, 5x104 HeLa cells 

were seeded on 96 well plates before the day of transfection for WST-8 proliferation 

assay. In separate tubes, 0.5 μl siRNA (5 μM) and 0.2 μl of DharmaFECT-1 transfection 

reaction were diluted with serum-free RPMI as 10 μl total reaction volume per tube. After 

5 min incubation, tube 1 was added to tube 2 gently and incubated for 20 min.  Then, the 

transfection mixture was mixed with an appropriate RPMI and 10%FBS volume to share 

100 μl per well. 

To rescue the silencing effect of siRNAs in 96 well plates, FuGENE HD 

(Promega, USA) transfection reagent was used to transfect overexpression plasmids to 

HeLa cells. After 24 h of silencing, the transfection mixture was prepared by mixing 50 

ng overexpression plasmid with 0.2 μl FuGENE HD and incubated for 10 min. Then, the 

transfection mixture was mixed with an appropriate RPMI and 10%FBS volume to share 

100 μl per well. The overexpression reaction was incubated for 1 h, and the medium was 

changed with RPMI 10%FBS. Non-targeting siRNA was used as mock control.  

For Annexin V/7AAD and PI assays, 1.5x105 HeLa cells were seeded to 6 well 

plates one day before transfection. The transfection mixture was prepared using the same 

strategy explained above by using 0.5 μl siRNA (100 μM) and 4 ul DharmaFECT-1. 

Table 2.4. SiRNA sequences used in this thesis. 
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After incubation, the 400 μl transfection mixture was added to wells drop-by-drop 

(counterclockwise). SiRNAs were incubated for 72 hours. An empty vector was used as 

mock control for overexpression experiments. 

 

2.11. Cell Viability Detection Kit (CVDK-8) Assay for Proliferation 

Measurement  
  

Cell viability detection kit (CVDK-8) allows a very convenient assay by utilizing 

its highly water-soluble tetrazolium salt, WST8 [2-(2-methoxy-4-nitrophenyl)-3-(4-

nitrophenyl)-5-(2,4-disulfophenyl)-2h-tetrazolium sodium salt] produces water-soluble 

formazan dye upon reduction in the presence of an electron mediator (Dojindo 

Laboratories 2016). After transfection, 10 μl of WST-8 was added to each well of the 

plate. Plates were incubated for 2 h in the incubator. The absorbances were measured at 

460 nm using a microplate spectrophotometer (Thermo Scientific, USA).  HeLa cells 

were collected after spectrophotometric measurement by trypsinization for RNA 

isolation to confirm transfection efficiency.  

 

2.12. Annexin V/7AAD Staining for Apoptosis Measurement  
 

HeLa cells were collected by trypsinization 72h after transfection. One-third of 

the collected cells were homogenized using Trizol for RNA isolation to confirm 

transfection efficiency. The remaining part of the cells was washed with PBS and 

centrifuged at 1,200 RPM for 10 min. Then pellet was diluted with 50 μl annexin binding 

buffer, adding 10 μl Annexin V and 10 μl 7AAD. Then, cells were incubated at dark for 

15 min and analyzed by flow cytometry.   
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2.13. RNA Immunoprecipitation (RIP) with AGO2-HaloTag Fusion 

Protein  

 

 A mature sequence of AGO2 protein was amplified by a Q5 High Fidelity DNA 

Polymerase kit and cloned into pHTN HaloTag® CMV-neo Vector (Promega, USA) by 

an In-Fusion cloning approach (Takara, Japan). Firstly, gene-specific primers with 15 bp 

homolog recombination site extensions were designed (Table 2.2). After amplifying the 

AGO2 ORF (2580 nt), the full-length cDNA was cleaned using PCR and a Gel clean-up 

kit (MN, Germany). Then, 2 μl In fusion cloning premix, 50 ng linearized vector, 

appropriate insert were mixed and filled up to 10 μl total reaction volume incubated for 

15 min at 50 ºC. Clones were screened after bacterial transformation using competent 

TOP10 strain. Then colonies were screened by colony PCR, and one positive colony was 

selected. The selected colony was inoculated in 200 ml LB-liquid media and incubated 

for 16 h. The endotoxin-free AGO2- pHTN HaloTag® CMV-neo Vector and mock 

control pHTN HaloTag® CMV-neo Vector were isolated by EF Midiprep kit (MN, 

Germany). The coding sequence of AGO2 was confirmed by Sanger sequencing. 

 Transfection of AGO2- pHTN HaloTag® CMV-neo Vector and mock control 

pHTN HaloTag® CMV-neo Vector to HeLa cells performed by Polyethyleneimine (PEI) 

/Chloroquine method. 1.2 x 106 HeLa cells were seeded in a 150 mm dish a day before 

transfection. Four 150 mm dishes were transfected with AGO2- pHTN HaloTag® CMV-

neo Vector, and other four 150 mm dishes were transfected with mock control pHTN 

HaloTag® CMV-neo Vector To reach 10 x 106 cells at the beginning of the RIP 

procedure.  

 On the transfection day, media was replaced with 20.319 ml RPMI 10% FBS and 

20.34 μl Chloroquine at 5h before transfection. 22.6 μg plasmid added to RPMI 10% 

FBS up to a volume of 1,130 (1/20 of the total amount of media) RPMI 10% FBS. Due 

to the 1:3,5 ratio, 79,1 μg PEI (1 mg/ml) was added to RPMI 10% FBS up to a volume 

of 1,130 (1/20 of the total amount of media) RPMI 10% FBS. Then, the dilute PEI was 

added to DNA gently, and the mixture was incubated at RT for 25 min. The transfection 

mixture added media, pre-treated with chloroquine, dropwise. HeLa cells were harvested 

at 48h after transfection.  
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 After harvesting HeLa cells, 1% of the AGO2-Overexpressed cells and pHTN 

HaloTag® CMV-neo-overexpressed cells were transferred to new tubes as input control. 

RNAs were isolated from every group using Phenol-Chloroform extraction. The rest of 

the cells were treated with 1% Formaldehyde for fixation.  

 Formaldehyde fixation began with trypsinization of transfected cells. Cells 

became unattached using 4 ml trypsin/EDTA for 5 min at 37 ºC. Trypsin was inhibited 

by adding 8 ml RPMI/10%FBS. After, cells were collected by centrifuging at 1,000 

RPM, RT. Then 10 ml PBS was added to wash the cells. 100 μl/control  (1% of total) 

was separated to confirm the overexpression of AGO2 by qPCR and expression of Halo 

and AGO2-Halo tag fusion protein. The cells were re-collected by centrifuging at 1,000 

RPM for 5 min, and the supernatant was discarded. The pellets were mixed with RNase-

free PBS containing 1% formaldehyde. The fixation was performed by incubating the 

mixture while shaking using an orbital shaker at RT for 10 min. 1 ml of 1.25 M Glycine 

was added to the cells to terminate the formaldehyde by shaking at RT for 5 min. Then 

the cells were collected by centrifuging at 1,000 RPM for 5min. The cells were washed 

with 10 ml RNase-free PBS and collected by centrifuging at 1,000 RPM for 5 min. The 

pellet was resuspended with 1 ml RNase-free PBS. Then the cells were collected by 

centrifuging at 1,000 RPM for 5 min, the supernatant was discarded carefully, and the 

cell pellet was stored at -80 ºC. The fixed cells were stable at -80 ºC for three months. 

The 1% per input materials were used for RNA extraction as an input in qPCR.  

 The next day, beads were washed with equilibration buffer 5 times for 5 min each. 

450 μl lysis buffer was added to cell lysates of the AGO2-HaloTag overexpressed and 

Mock HaloTag groups and incubated for 10 min on ice, followed by sonication. The 

sonication was performed for 10 min (30 sec ON, 30 sec OFF, 75% amplitude).The 

protein: RNA hybrids were collected by centrifugation at 15,000 x g for 10 min. The 400 

μl supernatant was diluted by adding an equal volume of dilution buffer. 

The diluted lysates were mixed with magne halo tag beads (Promega, USA). 

Hybridization was performed at +4 ºC overnight. Besides, 50 μl of the unbound fraction 

was stored at -80 ºC for measured hybridization efficiency.  Then, beads were washed 

using 1 ml of each high-salt PBS-T buffer, PBS-T buffer, urea wash buffer, and SDS 

wash buffer, respectively. The TEV protease enzyme separated the Halo Tag linker from 

AGO2. Then, proteinase K was used to digest AGO2 to isolate AGO2-interacted RNAs. 

After that, reverse-crosslink was performed by incubating samples at 65 ºC for 1 h. 
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Finally, RNA isolation was performed by the Phenol-Chloroform extraction method. The 

isolated RNAs were used as a template for cDNA synthesis, followed by qPCR. In qPCR, 

the expression differences of circCLASP1 in mock control and AGO2 overexpressed 

groups, in between input and RIP fractions, were calculated using 2Δct. 

 

2.14. Nuclear and Cytoplasmic RNA Isolation  
 

  Nuclear and cytoplasmic RNAs were isolated using a Cytoplasmic and Nuclear 

RNA Purification Kit (Norgen Biotech Corp., Canada). Briefly, 200 μl lysis buffer J1 

was added to frozen cell pellets and lysed cells by vortexing for 15 sec. The lysate was 

centrifuged at maximum speed for 10 min. The cytoplasmic RNA in the supernatant was 

transferred to another epi (RNase-free). The pellet was saved for nuclear RNA isolation. 

200 μl buffer SK was added to each nuclear and cytoplasmic RNA fraction and mixed 

by vortexing for 10 sec. Mixtures were applied to spin columns and centrifuged for 1 min 

at 4,000 x g. Then 400 μl Wash Solution A was added to columns and centrifuged for 1 

min at 14,000 x g third times. Columns were spun at 14,000 x g for 2 min to dry the resin.  

RNAs were eluted by adding 50 μl Elution Buffer E by centrifuging at 200 x g for 2 min 

followed by 14,000 x g for 1 min. Eluted RNAs were stored at -70 ºC. RNAs were used 

as templates for cDNA synthesis, followed by qPCR. 

 

2.15. RNA Sequencing and Analysis 

Total RNAs isolated from three biological replicates of si_circCLASP1- and 

si_NEG-transfected HeLa cells were subjected to RNA sequencing to identify 

differentially expressed mRNAs upon circCLASP1 knockdown. To this end, HeLa cells 

were transfected with si_circCLASP1- and si_NEG for 72 h, and total RNAs were 

isolated, as explained earlier. The integrity of the RNAs was initially assessed by 

analyzing the sharpness of 18S- and 28S- rRNA bands on agarose gel electrophoresis. 

Additionally, the Qubit 3 photometer (Thermo Fisher, ABD, #Q33216) and 2100 

Bioanalyzer (Agilent, ABD, #G2939B were used to determine the quality, quantity, and 

structural integrity of the samples. Illumina Stranded Total Prep kit (Illumina, USA, 
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#20040534) was used for library preparation (RefGEN Biotechnology, Turkey). The kit 

is based on the extraction of ribosomal RNAs in whole RNA, their random 

fragmentation, and the creation of primary and secondary cDNA strands. In the library 

preparation process, capture, digestion, RNA purification, cDNA synthesis, the addition 

of index-barcode sequences, and purification processes are performed by following the 

manufacturer's kit instructions, respectively. The overall process is presented in Figure 

2.2 (Figure 2.2). 

 

 

 

Illumina NovaSeq 6000, a next-generation sequencing platform, was used in the 

sequencing study. In this step, it is planned to obtain an average of 30 million paired-end 

reads with a length of 150 bp per sample (RefGEN Biotechnology, Turkey). Library 

measurement, dilution, and loading followed the manufacturer's instructions (Illumina, 

USA). After sequencing, the FASTQC tool was used to control the obtained read data 

quality. According to the quality control results, data amounts, read quality, GC 

distributions, kmer distributions, and possible adapter contaminations were examined for 

each sample. During the sequencing process, the reads were trimmed so that poor-quality 

base reads and possible adapter-index contaminations in the raw read data would not 

cause deviations in the subsequent analysis steps. TrimGalore (Version 0.6.10)  tool was 

used for trimming according to quality values (Krueger et al. 2023). Then STAR 

alignment tool combined with GENOCODE V40 annotation and GRCh38.p13 assembly 

for human genome reference was used for alignment. The BAM files were counted using 

the Feature Counts. The Deseq2 was used for differential expression analysis.  

Figure 2.2. Schematic representation of the library preparation workflow (RefGEN 
Biotechnology, Turkey). 
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2.16. Statistical Analysis 
 

GraphPad Prism 6 V6.01 (La Jolla, CA, USA) was used for statistical analysis. 

The Student’s t-test was applied to compare differences between the two groups. Each 

experiment was repeated in triplicate, and data were expressed as mean±SD (standard 

deviation). A p-value lower than 0.05 (< 0.05) is statistically significant. A padj value 

lower than 0.05 (<0.05) is statistically significant in differential expression analysis.  
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CHAPTER 3 

RESULTS 

3.1. Bioinformatic Analysis and Candidate Selection 

3.1.1. Candidate Selection by Analysing GSE125249 

Differentially expressed circRNAs in CP-treated HeLa cells were reported 

previously (Yaylak, Erdogan, and Akgul 2019). The heat map displays the expression 

differences of circular RNAs between CP-treated and DMSO-control groups (Figure 

3.1.)  

 

 

A. B. 

Figure 3.1. Schematic illustration of differentially expressed circRNAs in CP-treated 
HeLa cells. A. The heatmap of the differentially expressed circRNAs. B. The 
volcano plot of differentially expressed circRNAs in CP-treated HeLa cells 
(p<0.05).  
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Cognate mRNAs of circRNAs differentially expressed in CP-treated HeLa cells 

were significantly enriched in protein processing, cell cycle, and NF Kappa B signaling 

pathways (Figure 3.2).  

 

 

 

Figure 3.2. Gene ontology (GO) Pathway enrichment analysis. 

GSE125249 reports 109 circRNAs differentially expressed in CP-treated HeLa 

cells. The candidate circRNAs for further analyses were selected based on the three 

following criteria; 1) their normalized read count numbers in each CP- and DMSO- 

treated sample should be higher than 5, 2) Log2FC of circRNAs should be greater than 

1.5 or lower than -1.5  3.) Preferentially, the expression pattern of circRNA should be 

opposite to the cognate mRNA. circGALNT2 (has_circ_0000192) was validated as an 

upregulated circular RNA under apoptotic conditions. Unfortunately, the analyses did 

yield any circRNAs that are inversely expressed compared to their linear counterpart. 

circBNC2 (has_circ_0008732) was identified as a downregulated circRNA candidate 

under CP-treated conditions. Overall, circGALNT2 and circBNC2 were selected for 

further investigations. In early 2021, Li and his colleagues reported that a group of 
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circRNA candidates is essential for cell growth, mostly in a cell type-dependent manner 

(Li et al., 2021). In this strategy, the target transcript can be knocked down when Cas13, 

which is also integrated into the genome, is induced in each cell. Thus, a distinct gRNA 

sequence serves as a barcode for each cell. Depleting the particular gRNA barcodes in 

the cellular population would then allow one to assess the knockdown's impact on cellular 

viability. (Xu et al., 2020). They reported that 63 circRNAs potentially positively affect 

cell proliferation in HeLa cells. Most of the circRNA candidates' functions are still 

elusive. Two uncharacterized circRNAs, circCLASP1 (hsa_circ_0007052) and 

circBIRC6 (hsa_circ_0053535) were selected to investigate under CP-treated conditions. 

The candidate selection flowchart is summarized in Figure 3.3 (Figure 3.3). 

 

  

. 

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Flowchart showing the selection process of circRNA candidates. 
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3.2. CP Treatment Promotes Apoptosis and Represses Proliferation 

in HeLa Cells 

  

HeLa cells were treated with CP to interrogate the effects of CP on HeLa cells' 

apoptosis and proliferation. IC50 dose was identified in time, and dose kinetics of CP 

treatment was reported in the M.Sc. thesis of Ulvi Ahmadov (Ahmadov 2015). The cells 

treated with 80 μM CP and the ~50% early and late apoptosis percentages were obtained 

(Figure 3.4).  

 

      

 

      

Figure 3.4.  Flow cytometric analysis of early, late apoptosis and death in treated HeLa 
cells with CP. A. Bar chart shows the live, early apoptosis, late apoptosis, 
and dead cells distribution in CP-treated HeLa cells. B. Agarose gel 
electrophoresis  (1%, 100 V, 30 min) represents the integrity of total 
RNAs isolated from CP-treated and DMSO-treated control HeLa cells. 
C.  HeLa cells  treated with 80 μM CP and DMSO at ic 50 concentration 
and maintained 16h at. The cells were analyzed after staining with 
Annexin V-FITC and 7AAD by flow cytometer. The dot plot represents 
the DMSO-treated HeLa cells as a control group, CP-treated HeLa cells 
with IC50 concentration of CP. The early apoptosis events (Annexin V 
+ /7AAD -) shown in lower right quadrant (Q4). The late stage of 
apoptosis/dead cells (Annexin V + /7AAD + ) is shown in quadrant Q2. 
The dead cells (Annexin V- / 7AAD +) is indicated in upper right 
quadrant Q1.   

         
Cont. on next page  

A. B. 
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Figure 3.4 (cont.) 

 

80 μM CP treatment results in approximately 50% early apoptosis, 10% late 

apoptosis, and 2% dead cells (Figure 3.4.B.). The total RNA from CP-treated HeLa cells 

and control groups were isolated and used as templates for qPCR experiments to show 

differential expression of circRNA candidates. RNA quality control was carried out by 

non-denaturing gel electrophoresis with TBE buffer. 28S rRNA and 18S rRNA bands 

were visualized intact and expected intensity. It is known that 28S bands should be nearly 

twice as intense as 18S bands in high-quality total RNA (Figure 3.4.C.). Moreover, the 

WST-8 assay was performed to show the effect of CP on HeLa cell proliferation. As 

shown below, CP represses the proliferation of HeLa in a dose-dependent manner. 

Therefore the circRNA candidates potentially affecting cell proliferation and apoptosis 

might be involved in CP-mediated regulations in HeLa cell apoptosis and proliferation 

                       C.  
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(Figure 3.5).  Therefore the circRNA candidates potentially affecting cell proliferation 

and apoptosis might be involved in CP-mediated regulations in HeLa cell apoptosis and 

proliferation (Figure 3.5).  

3.3. CircCLASP1, CircBNC2, circBIRC6, and circGALNT2 

Validated as CP-Modulated Circular RNAs in HeLa Cells  

 

 There are several reasons to validate circRNA before functionally characterizing 

them. Initially, circRNAs can be hard to detect and distinguish from other types of RNAs 

in cells. Their rare nature makes them difficult to detect and differentiate from other RNA 

species, such as mRNAs. Moreover, ribosomal RNA depletion efficiency and circular 

confirmation of RNAs make the library preparation and detection process challenging. 

Therefore, it is essential to use multiple approaches to confirm the existence of the 

particular circRNA before explaining them in a functional context. These complementary 

approaches can be summarized as the qPCR uses a divergent primer strategy, Sanger 

sequencing of unique back splicing junction sequence, RNase R treatment, and oligo-dt-

based cDNA enrichment followed by qPCR.  
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Figure 3.5. WST-8 analysis of HeLa cells treated with CP in a dose-dependent manner.  
Absorbance values were measured with SkanIt Spectrophotometer at 460 
nm. The results are shown as mean ± sD of three independent experiments 
with *p,0.05. DM:DMSO. 
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3.3.1. circCLASP1 is a CP-Repressible, RNase R-resistant, Circular 

RNA Transcript Expressed in HeLa Cells 

 

Firstly, circCLASP1, which is predictively located in chr2:122363276-122363756 

was validated in Hela cells via a divergent primer designing strategy. The designed 

primers were indicated. The potential pitfalls of validating circRNAs are the availability 

of circRNA isoforms with common back-splicing junctions. Thus, the CircPrimers 2.0 

tool (Zhong and Feng 2022) was used to eliminate possible off-target amplicons by using 

divergent primers specific to amplify the BSJ of circCLASP1 (Figure 3.6). 

 

Designed primers were used in the subsequent experiments because the 384 bp is 

outside the amplicon length boundaries of qPCR are recommended to be between 150-

250 bp. The results showed circCLASP1 downregulated -1 log2 FC under CP-treated 

conditions, while its linear mRNA CLASP1 downregulated nearly -3 log2 FC (Figures 

3.7A and 3.7D). 

It is hypothesized that circCLASP1 is required for HeLa cell proliferation (S. Li et 

al. 2020). It might be more abundantly expressed in highly proliferative cervical cancer 

 

 

Figure 3.6. Primer designing to validate  circCLASP1. A. Locations of forward and 
reverse primers to amplify BSJ of circCLASP1. B. Confirmation of off-
target circular isoform amplicons of designed divergent primer sets. The 
CircPrimers 2.0 tool was used to annotate circCLASP1 and  design and 
check divergent primers.   
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cell line ME-180 than HeLa. As expected, quantitative PCR showed that circCLASP1 is 

approximately eight-fold upregulated in the ME-180 cell line (Figure 3.7B). 

 

 

 

 

**

c ir c C L A S P 1

L
o

g
2

F
o

ld
C

h
a

n
g

e

D
M C

P
-2

-1

0

1

                

L
og

2 
Fo

ld
 C

ha
ng

e

HeL
a

ME-18
0

-1

0

1

2

3

4

**

                   

L
o

g
2

F
o

ld
C

h
a

n
g

e

C
P

tr
e a tm

en t

-2

-1

0

1

2

3 H e L a

M C F - 7

A 5 4 9

**

*n s

    

L
o

g
2

F
o

ld
C

h
a

n
g

e

C
P

-4

-3

-2

-1

0
C L A S P 1 m R N A

c irc C L A S P 1

*

***

 

Figure 3.7. CircCLASP1 significantly downregulated in CP-treated HeLa cells while 
upregulated in highly proliferative cervical cancer cell line ME-180 than 
HeLa. A. qPCR indicates that circCLASP1 downregulated in CP-treated 
HeLa cells. B. circCLASP1 more abundantly expressed in ME-180 cell line 
compared to HeLa. C. Graphical representation of circCLASP1 expression.in 
HeLa, MCF-7 and A549 cell line. D. Graphical representation of linear 
CLASP1 and circCLASP1 indicated as orange squares) differemtial 
expression in CP-treated HeLa cells. Normalization were performed by 2 ΔΔCt 
method by using GAPDH as a reference RNA. The results are shown as mean 
± sD of three independent experiments with *p,0.05. DM:DMSO  

A. B. 

D. C. 
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 To investigate whether the downregulation of circCLASP1 is a general trend or 

HeLa specific, adenocarcinoma cell lines from the breast and lung were treated with CP, 

and circCLASP1 expression was screened after CP treatment. Figure 3.7C indicates that 

circCLASP1 was upregulated in CP-treated A549 cells, whereas there is no significant 

change in the CP-treated MCF-7 cell line, unlike HeLa cells. It is well-known that 

circRNAs have cell- and tissue-specific expressions and functions (Misir, Wu, and Yang 

2022) (Figure 3.7C). The 201 bp circCLASP1 BSJ amplicon was observed in agarose 

gel electrophoresis (Figure 3.8A), confirming the amplification of the correct product.

Additionally, the back-splicing junction of circCLASP1 was confirmed by TA cloning 

and sanger sequencing after qPCR, a gold standard for robust circRNA research to 

eliminate false positives (Figure 3.8).  
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Figure 3.6. CircCLASP1 significantly downregulated in CP-treated HeLa cells while 
upregulated in highly proliferative cervical cancer cell line ME-180 than 
HeLa. A. qPCR indicates that circCLASP1 downregulated in CP-treated HeLa 
cells. B. circCLASP1 more abundantly expressed in ME-180 cell line 
compared to HeLa. C. Graphical representation of circCLASP1 expression.in 
HeLa, MCF-7 and A549 cell line. D. Graphical representation of linear 
CLASP1 and circCLASP1 indicated as orange squares) differemtial 
expression in CP-treated HeLa cells. Normalization were performed by 2 ΔΔCt 
method by using GAPDH as a reference RNA. The results are shown as mean 
± sD of three independent experiments with *p,0.05. DM:DMSO (Dimethyl 
sulfoxide) CP:Cisplatin ( Cis-diamminedichloroplatinum II). Unpaired two-
tail students’ t test were performed for Statistical analysis.   
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Circ CLASP1 BSJ – 201 bp 

CP 

Figure 3.8. Confirmation of circCLASP1back-splicing junction by Sanger sequencing. 
A. Agarose gel electrophoresis (100 V, 30 min, 1%) image showed amplicon 
from figure 3. which was cloned into TA vector and sequenced. B. The ABI 
format chromatogram  was observed by using Finch TV tool. L: NEB 50 bp 
ladder. BSJ length: 201 bp, mature sequence of circCLASP1: 480 bp.   

 

A. 

B. 
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The ABI format chromatogram indicated that the amplicon spans the splicing 

junction of 5’UTR and exon2 of the CLASP1 pre-mRNA. The genomic location of 

circCLASP1 is chr2:122363276-122363756 (-) (Figure 3.8B).   

The mature sequence of circCLASP1 begins with AATGGACTG and ends with 

AATTACAAG. The ABI chromatogram showed that the spanning region covers 

AATTACAAGAATGGACTG. This observation proved that qPCR analyses addressed 

specifically the has_circ_0007052 (circCLASP1) (Figure 3.7B).  Identification of 

circRNAs relies on mapping uncommon BSJ reads to the reference genome. However, 

even though these approaches have been developed to uncover the discrimination 

problems among internal alternative splicing events, short read-based RNA-seq 

experiments still have caused false-positive circRNA identifications originating from 

trans-splicing events during library preparation or genomic rearrangements (Dodbele, 

Mutlu, and Wilusz 2021). Therefore, RNase R treatment was performed to ensure the 

circularity of circCLASP1. RNase R resistivity of circular RNAs has a spectrum (Szabo 

and Salzman 2016). Thus, circHIPK3, resistant to RNase R, is used as a positive control 

(Zhao et al. 2022). CircCLASP1 is 2-fold more sensitive to RNase R than circHIPK3; 
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Figure 3.9.  CircCLASP1 expression after RNase R treatment  and oligo-dt based cDNA 
synthesis. A. circCLASP1 and circHIPK3 are resistant to RNAse R 
significantly when compared to linear GAPDH. Normalization were 
performed by 2 ΔΔCt method by using circHIPK3 as a reference RNA. B. 
circHIPK3 and circCLASP1 were eliminated nearly -5 log2 FC in oligo-dt-
based reverse transcribed cDNA compared to random hexamer based cDNA. 
Normalization were performed by 2 ΔΔCt method by using GAPDH as a 
reference RNA. 

A. B. 
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however, 8-fold more resistant to RNase R than linear GAPDH mRNA (Figure 3.8A) 

(Table 3.1).       

 

 

 

3.3.2. circBNC2 is a CP-Repressible, RNase R-resistant, Circular RNA 

Transcript Expressed in HeLa cells 
 

circBNC2, located in chr9:16727794-16738483 (-), was validated using the same 

circular RNA validation strategies explained in detail above. circBNC2, consisting of 

exon 2 and exon 3 of the BNC2 pre-mRNAs. Divergent primers were designed to validate 

circBNC2 using qPCR (Figure 3.10A). The potential off-target effect was eliminated by 

using circPrimer 2.0. However, the forward primer spans BSJ and overlaps with linear 

exon 7 bp. The primer that overlaps linear exon more than 5 bases might result in an 

unintended linear product. However, the primer pair is specific to desired circBNC2 

isoform (Figure 3.10B). The BSJ was confirmed by Sanger sequencing and RNase R 

treatment. Additionally, another pair of divergent primer sets are summarized in Table 

2.1. were used to amplify circBNC2 in subsequent experiments (Table 2.1).  

Differential expression of circBNC2 in CP-treated HeLa cells was validated by 

qPCR. The -1 log2 fold change downregulation of circBNC2 was observed using qPCR, 

which is similar to RNAseq data which indicated a log2FC -1.5 (Figure 3.11A). Linear 

BNC mRNA was downregulated -6 log2 FC in CP-treated HeLa cells (Figure 3.10A, 

Figure 3.10C). 

 

Primers Total RNA RNaseR treated 
GAPDH 11.02 12.1 11.9 18.54 18.51 18.54 
circHIPK3 18.16 18.34 18.56 20.89 21.19 21.4 
circCLASP1 22.23 22.06 21.75 25.36 26.26 25.81 

Table 3.1. Representation of linear GAPDH, circHIPK3 and circCLASP1 abundancy after 
RNase R treatment. After RNase R treatment, circHIPK3 ct values  were shifted 
3 cq whereas circCLASP1 and GAPDH  were shifted 4 cq and 7 cq, 
respectively. 
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 Interestingly, the zinc finger protein basonuclin 2 (BNC2) acts as a tumor 

suppressor in multiple cancers in an unidentified manner (Vanhoutteghem et al. 2011). 

Moreover, it was identified as a putative tumor suppressor gene in a high-grade serous 

ovarian carcinoma (Cesaratto et al. 2016). The CP treatment in HeLa cells dramatically 

decreased BNC2 expression (Figure 3.11C). It could depend on either the cell-type-

specific function of BNC2 or the survival effect of HeLa cells against CP.   

 

 

                                                            

                                                       

        

 

Figure 3.10. Primer designing to validate  circBNC2. A. Locations of forward and reverse 
primers to amplify BSJ of circBNC2. B. Confirmation of off-target circular 
isoform amplicons of designed divergent primer sets. The CircPrimers 2.0 
tool was used to annotate circBNC2. 

 

A. 

B. 



62 
 

circBNC2, the CP repressible circRNA, was downregulated -1 log2 FC in highly 

proliferative cervical cancer cell line ME-180 (Figure 3.11B).  It could be speculated that 

both BNC2 and circBNC2 might be tumor suppressor transcripts involved in CP 

resistance mechanisms in HeLa cells.  
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Figure 3.11. The expressions of circBNC2 and BNC2 mRNA in CP-treated HeLa cells 

A. qPCR indicates that circBNC2 downregulated in CP-treated HeLa cells. 
B. circBNC2 diminished in ME-180 cell line compared to HeLa. C. 
Graphical representation of linear BNC2 and circBNC2 (indicated as blue 
squares) differemtial expression in CP-treated HeLa cells. Normalization 
were performed by 2ΔΔCt method by using GAPDH as a reference RNA. The 
results are shown as mean ± sD of three independent experiments with 
*p,0.05.  
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Confirming the circBNC2 back-splice junction (BSJ) by Sanger sequencing 

provides further evidence for the circular nature of particular RNA (Figure 3.12). It was 

shown that circBNC2 is downregulated in CP-treated cells, suggesting that it may have 

a specific function affected by the CP treatment. The observation that circBNC2 is RNase 

R resistant indicates that it has a circular structure, and the fact that it is eliminated by 

oligo-dT treatment supports the idea that it lacks a poly(A) tail (Figure 3.13A-B). 
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Figure 3.13. circBNC2  expression after RNase R treatment  and oligo-dt based cDNA 
synthesis. A. circBNC2 and circHIPK3 are resistant to RNAse R 
significantly when compared to linear GAPDH. Normalization were 
performed by 2 ΔΔCt method by using circHIPK3 as a reference RNA. B. 
circHIPK3 and circCLASP1 were eliminated nearly -5 log2 FC in oligo-
dt-based reverse transcribed cDNA compared to random hexamer based 
cDNA. Normalization were performed by 2 ΔΔCt method by using GAPDH. 

             

Figure 3.12. Confirmation of circBNC2  back-splicing junction by Sanger sequencing. 
The ABI format chromatogram  was observed by using Finch TV tool. L: 
NEB 50 bp ladder. BSJ length: 119 bp, mature sequence of circCLASP1: 
327 bp.   

 

A. B. 
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Overall, these findings support the existence and potential importance of circBNC2 as a 

functional RNA molecule in HeLa cells.  

 

3.3.3. circGALNT2 and circBIRC6 are CP-modulated, RNase R-

Resistant, Circular RNA Transcripts Expressed in HeLa Cells 

 

circGALNT2, located in chr1:230313963-230339036(+), and circBIRC6 located in 

chr2:32639836-32641231 (+) were validated in HeLa cells. Results support that 

circGALNT2 and circBIRC6 are the covalently closed circular RNA transcript without 

5’cap and 3’tail (Figure 3.14).  

 Based on the RnaseR-treatment followed by qPCR, circBIRC6, and circGALNT2 

were enriched by approximately 2.5 and 0.5 log2FC, respectively, compared to 

circHIPK3 (Figure 3.14C). GAPDH mRNA degraded -3 log2FC after RNase R-

treatment. The fact that they are RNase R resistant suggests that they have a circular 

structure, as linear RNAs are typically susceptible to degradation by this enzyme. 

circGALNT2 and circBIRC6 were eliminated -7 log2FC when oligo-dT-based cDNA is 

used, suggesting that they do not have a poly(A) tail (Figure 3.14D), a characteristic 

feature of most messenger RNAs (mRNAs). Instead, circular RNAs are known to be 

generated through back-splicing, in which a downstream splice site is joined to an 

upstream splice site, resulting in a circular RNA molecule that lacks a free 3' end. It was 

shown that circGALNT2 is upregulated 2 log2FC and circBIRC6 is downregulated -0.6 

log2FC. GALNT2 mRNA and BIRC6 mRNA -2,5 and -0,8 log2FC, respectively (Figure 

3.15).  
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Figure 3.14. The validation of circBIRC6 and circGALNT2 in HeLa cells. A. 
Schematical representation of circGALNT2 and circBIRC6 indicates that 
divergent primers that used for Qpcr. Primer check tables shows circular 
isoforms amplified by using particular primer pair. C.. RNase R-resistance 
of circBIRC6 and circGALNT2 D. circBIRC6 and circGALNT2 were 
eliminated by using oligo-dt based cDNA as template for Qpcr. 
Normalization were performed by 2 ΔΔCt method by using GAPDH as a 
reference RNA. The results are shown as mean ± sD of three independent 
experiments with *p,0.05. 

 

 

A. B. 

C. D. 
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These findings suggest that circBIRC6 and circGALNT2 are circular RNAs likely 

to have distinct functions in HeLa cells and are structurally different from linear mRNAs. 

Further studies will be needed to elucidate their precise roles and mechanisms of action. 
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Figure 3.15. Differential expression of circGALNT2 and circBIRC6 in CP-treated HeLa 
cells. A. Differential expression of circGALNT2 in CP-treated HeLa cells. 
B. Differential expression of circBIRC6 in CP-treated HeLa cells. C. 
Graphical representation of linear GALNT2 and linear BIRC6 differemtial 
expression in CP-treated HeLa cells. Normalization were performed by 
2ΔΔCt method by using GAPDH as a reference RNA. The results are shown 
as mean ± sD of three independent experiments with *p,0.05. DM:DMSO 
(Dimethyl sulfoxide) CP:Cisplatin ( Cis-diamminedichloroplatinum II). 
Unpaired two-tail students’ t test were performed for Statistical analysis. 

 A.  B. 

 C. 
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3.4. Functional Characterization of the Differential Expressed 

Circular RNAs in CP-Treated HeLa Cells  
 

The growth curve of the HeLa cell was optimized to investigate the proliferative 

effect of circRNAs on HeLa cells with gain-of-function and loss-of-function studies. The 

best cell seeding count to observe the impact of the particular circRNA on HeLa cell 

proliferation is defined as 5,000 cells. Moreover, the transient transfection incubation 

time was 72 hours for silencing and 48 hours for overexpression experiments (Figure 

3.16).  

However, the experimental setup of rescue experiments was designed to be 

overexpressed 24 hours after silencing and incubated for 48 hours to avoid the possibility 

that overexpression for 24 hours after 24 hours of silencing was not sufficient to establish 

the phenotype. 
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Figure 3.16. The growth curve of HeLa cells after 24-48-72-96-120  hours of incubation 
after 5,000, 10,000, and 20,000 cell seeding. 
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3.4.1. Knockdown and Overexpression of circGALNT2 have no 

Significant Effect on HeLa cell Apoptosis and Proliferation   
 

To elucidate the effect of the knockdown of circGALNT2 on HeLa cell proliferation 

and apoptosis, WST-8 and Annexin V/7AAD assays were performed circGALNT2 

knockdown. In the context of WST-8 analysis, the silenced group of HeLa cells showed 

no significant change (Figure 3.17D).  
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Figure 3.17. CircGALNT2 overexpression has no significant effect on HeLa cell 
apoptosis, whereas knockdown promotes dead cells slightly. A. Graphical 
representation of the circGALNT2 overexpressed HeLa cells on HeLa cell 
apoptosis. B. Agarose gel electrophoresis (100V, 45 min, 1%) represents 
circGALNT2 overexpression contruct confirmation by double digestion. 
C. Flow cytometry analysis of the circGALNT2 silenced HeLa cells. Cells 
were analyzed after staining with FITC-conjugated Annexin V and 7AAD 
by flow cytometer. D. WST-8 analysis of circGALNT2 knockdown HeLa 
cells. E.. Graphical representation of circGALNT2 knockdown followed 
by CP-treatment. 

A. 

B. C. 

Cont. on next page 
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The annexin V/7AAD assay indicated that silencing of circGALNT2 knockdown 

promotes death cells by approximately 5% (Figure 3.17C). However, no significant 

changes are observed in the early or late apoptosis quadrants Q2 and Q4 (Figure 3.17C). 

The overexpression of circGALNT2 has no significant effects on HeLa cell apoptosis 

(Figure 3.17A).  The WST-8 assay indicated that circGALNT2 silencing does not affect 

cell proliferation (Figure 3.17D). 

According to the results, the circGALNT2 knockdown group and the si_NEG 

group showed similar patterns after 80 μM CP treatment for 16 h, repressing HeLa cell 

viability at 50% and 40%, respectively. It should be noted that despite a difference 

between the percent repression of the HeLa cell, viabilities in five replicates are 

statistically non-significant (Figure 3.17E).  

 

3.4.2. Knockdown of circBNC2 does not Affect HeLa Cell Apoptosis 

and Proliferation  
 

WST-8 assay was performed to elucidate the effect of the circBNC2 knockdown. 

As data points out, neither knockdown nor overexpression of circBNC2 significantly 

affects the proliferation of HeLa cells (Figure 3.18A, C ). 
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Figure 3.18. circBNC2 have no significant effect on HeLa cell proliferationa and 

apoptosis. A. Graphical representation of the proliferation rates of HeLa 
cells treated with circBNC2 silencing followed by overexpression. B. 
Agarose gel elctrophoresis (100V, 45 min, 1%) indicated double digestion 
of circBNC2 overexpression construct. C. Effect of the knockdown of 
circBNC2 on the HeLa cells treated with 80 μM CP. L: NEB 50 bp. 
CircBNC2: 327 bp. The results are shown as mean ± sD of three independent 
experiments with *p,0.05.  

 

A. 

 

 

 B. C. 
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The graph shows the proliferation rates of HeLa cells. Proliferation % values were 

calculated by accepting the only-cell (OC) group as 100% after 72 hours of silencing.  

DMSO %5 was used as a negative control group, and consistent absorbance values of 

the OC group suggested that the WST-8 assay successfully detects cell proliferation.  

Furthermore, early- and late apoptosis and dead cell rates were not affected by the gain 

or loss of function of the circBNC2 (Figure 3.19).  Additionally, the effect of the IC50 

dose (80 μM) on HeLa cell viability did not change when circBNC2 was silenced (Figure 

3.18C).  

 

3.4.3.  Knockdown of circBIRC6 Represses HeLa Cell Proliferation 

 

WST-8 assay was used to examine the effect of circBIRC6 on HeLa cell 

proliferation. The graph showed the % proliferation of HeLa cells. Proliferation % values 

were calculated by accepting the only-cell (OC) group as 100% at 72nd hours of silencing.  
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Figure 3.19. Measurement of the apoptosis rates of circBNC2 silenced and overexpressed 
HeLa cells by flow cytometry. CircBNC2 does not indicates significant 
change on HeLa cell apoptosis.  Cells were analyzed after staining with 
FITC-conjugated Annexin V and 7AAD by flow cytometer. The results are 
shown as mean ± sD of three independent experiments with ns*>0.05 
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The findings indicated that  circBIRC6 silencing repressed HeLa cell 

proliferation after 72 hours. However, subsequent overexpression experiments could not 

rescue this repression (Figure 3.20). The inability to rescue the phenotype by 

overexpression does not dismiss this circRNA as a potential candidate. Under certain 

circumstances, the back-splicing process often remains inefficient, producing numerous 

undesirable transcripts such as unspliced RNAs, concatamers, or trans-spliced RNAs 

(Dodbele, Mutlu, and Wilusz 2021). These mature sequence-dependent circRNAs might 

be toxic and thus can disrupt the protective effect of the particular circRNA. 
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Figure 3.20. Knockdown of circBIRC6 represses HeLa cell proliferation. A. Graphical 
representation of  the proliferation rates of circBIRC6 silenced HeLa cells. 
B. Graphical represeantation of rescue experiment by WST-8 assay. 
Absorbance readings of the WST-8 assay were measured by SkanIt 
Spectrophotometer at 460 nm. L: NEB 50 bp DNA ladder. CircBIRC6:1395 
bp. The results are shown as mean ± sD of three independent experiments 
with ns>0.05 *p,0.05. 

 

A. 
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3.4.4. circCLASP1 Promotes HeLa Cell Proliferation  

 

3.4.4.1. CircCLASP1 Silencing Represses HeLa Cell Proliferation 

 

CircCLASP1 overexpression plasmid was constructed by molecular cloning and 

confirmed by Sanger sequencing. The mature sequence of circCLASP1 was successfully 

cloned into laccase MCS Exon Vector (Figure 3.21A). Firstly, circCLASP1 was 

overexpressed in HeLa cells. The overexpression of circCLASP1 increased HeLa cell 

proliferation by nearly 20% in 48 hours (Figure 3.21B). Then circCLASP1 was targeted 

by siRNA complementary to its BSJ, and the proliferation % rate of HeLa cells was 

measured by WST-8 reagent. The results clearly state that circCLASP1 silencing 

represses HeLa cell proliferation by approximately %17 and %23 in 48 and 72 hours, 

respectively (Figure 3.22C). The suppression of cell proliferation was measured at 24, 
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Figure 3.21. Agarose gel electrophoresis (%1, 100 V, 30 min) gel image indicates the 
double digestion of circCLASP1 overexpression plasmid. Mature 
sequence of circCLASP1 (480 bp) was confirmed by double digestigon 
using PazI and SacII restriction enzymes, and Sanger sequencing (Data is 
not shown). B. Graphical representation of proliferation rate of Hela cells 
after circCLASP1 overexpression  L: NEB 50 bp DNA ladder. Laccase 
MCS EV: mock kontrol, circCLASP1_OV: overexpression vector. TR: 
Transfection reagent, OC: Only cell. % Proliferation is calculated by 
accepted OC as 100%.  

A. 
B. 
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48, and 72 hours after silencing of circCLASP1. According to the results, HeLa cell 

proliferation had started to be repressed after 48 hours of silencing; however, the 

suppressive effect peaked at 72 hours after transfection (Figure 3.22C). Unfortunately, 

the circular RNA silencing mediated by si- and sh-RNAs have high off-target potential  

                         

                               

Figure 3.22.  Knockdown of circCLASP1 supressed HeLa cell proliferation in a time-
dependent manner. A. Knockdown of circCLASP1 inhibited 
proliferation. Overexpression of circCLASP1 after silencing rescued 
the phenotype. B. CİrcCLASP1 silenced by 55%, and overexpressed 3 
fold, simultaneously. C. Knockdown of circCLASP1 decreased HeLa 
cell proliferation 17% and 23% in 48, and 72 hours after transfection. 
si_NEG: Dharmacon On-target non-targeting siRNA, si_circCLASP1: 
circCLASP1 siRNA, EV: Laccase MCS Exon Vector, OV: 
circCLASP1 overexpression vector. The results are shown as mean ± 
sD of three independent experiments with *p,0.05 for A and B.  
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because of the shared sequence with their linear mRNA counterparts (Pamudurti et al. 

2020). Therefore, the only sequence that siRNA can target is the BSJ sequence which 

shares a common sequence with a linear mRNA counterpart of at least 8-9 nt.  

The expression of linear CLASP1 mRNA was confirmed after circCLASP1 

silencing to eliminate the off-target effect, and false positive phenotype originated from 

linear CLASP1 silencing.  It was confirmed that the knockdown of circCLASP1 followed 

by OV (circCLASP1 overexpression) and EV(empty vector) results in any significant 

change in the expression of linear CLASP1 mRNA (Figure 3.22B) 

 

3.4.4.2. CircCLASP1 Silencing Represses Proliferation by Sensitizing 

HeLa Cells to CP Treatment  
  

CP treatment was performed to evaluate the effect of circCLASP1 knockdown on 

CP-treated HeLa cells. As seen below, the proliferation of HeLa cells was significantly 

suppressed when circCLASP1 was silenced. This result also confirmed the repressive 

effect of  circCLASP1 knockdown on HeLa cell proliferation.  

According to the results, the viability of only the cell group was repressed by 30% 

after 80 μM CP treatment for 16h. The viability (survival or growth) of the CP-treated 

si_NEG control group and circCLASP1 knockdown group were suppressed compared to 

the DMSO control groups. The suppression of viability in the si_NEG control group was 

50%. Knockdown of circCLASP1 enhanced the CP effect and suppressed proliferation 

by up to 58% (Figure 3.23). According to flow cytometry analyses, circCLASP1 

knockdown promotes early apoptosis at 2% (Figure 3.24). This change is consistent in 

three biological replicates. However, flow cytometry is a highly sensitive technique that 

can detect even small changes in cellular parameters. A 2% difference may not be 

biologically significant. In addition, there are no significant changes in late apoptosis and 

death cells (Figure 3.24). 
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3.4.4.3. Knockdown of CircCLASP1 Promotes Early Apoptosis in CP-

treated  HeLa Cells   
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Figure 3.23.  Knockdown of circCLASP1 repressed proliferation by sensitizing HeLa 
cells  to CP.  si_NEG: Dharmacon On-target non-targeting siRNA, 
si_circCLASP1: circCLASP1 siRNA. The results are shown as mean ± 
sD of three independent experiments with *p,0.05. 
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Figure 3.24. circCLASP1 knockdown promotes early apoptosis slightly. A. 
Knockdown of circCLASP1 promotes early apoptosis 2%, consistently. 
B. The cells were analyzed after staining with FITC-conjugated Annexin 
V and 7AAD by flow cytometer.  
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3.4.4.4. Knockdown of CircCLASP1 sensitizes HeLa cells against CP in 

a dose-dependent manner 
 

CP treatment was performed to evaluate the effect of circCLASP1 knockdown 

on CP-treated HeLa cell apoptosis. The results suggest that the impact of circCLASP1 

knockdown on CP-treated HeLa cells was assessed. The promotion of early apoptosis, 

late apoptosis, and death in response to low doses of CP (20–40 μM) and the IC50 dose 

(80 μM) was studied. The findings suggest that circCLASP1 silencing, followed by 20- 

and 40 μM of CP treatment, promotes early apoptosis. It is also interesting to note that 

the noticeable amount of knockdown cells dramatically shifts toward the Annexin V (-

)/7AAD (+)/death quadrant, while the IC50 dose in the control group promotes nearly 

45% early apoptosis as expected. The results collectively imply that circCLASP1 

knockdown may increase the apoptotic response of HeLa cells to low doses of CP. 

However, the cell death mode might be changed when circCLASP1 was silenced and 

treated with 80 μM CP (Figure 3.25).  

The AnnexinV-7AAD staining suggests that the knockdown of circCLASP1 

enhanced the cytotoxic effect of  20 μM CP on HeLa cells for 6.4% and 2% of early 

apoptosis and death, respectively (Figure 3.26A). CircCLASP1 knockdown HeLa cells 

were sensitized to 40 μM CP for 15.3% and 4.8% as early and late apoptosis, respectively 

(Figure 26B). It is also interesting to note that the circCLASP1 silenced HeLa cells reached 

approximately IC50 (60% viability) when treated with 40 μM CP, whereas the control 

group viability barely decreased to 75%.  Interestingly, there were noticeable differences 

in the circCLASP1 silenced HeLa cells treated with 80 μM CP compared to low doses. 

15% of the circCLASP1 silenced HeLa cell population shifted dramatically to Annexin V-

/7AAD+  dead cell Q1 quadrant compared to the control group, which is equally 

distributed among Annexin V-/7AAD- unstained/live and AnnexinV+/7AAD- early 

apoptosis quadrant as expected (Figure 3.25, Figure 3.26C).  
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The early apoptosis rate of si_NEG groups is 37.9% after being treated with 80 

μM CP, which is barely close but not as high as the 42% early apoptosis rate of 

circCLASP1 silenced cells treated with  40 μM CP (Figure 3.26B, C).  

 

 

 

Figure 3.25. Flow cytometric analysis of early apoptosis, late apoptosis and death of 
circCLASP1 silenced HeLa cells followed by treatment with cisplatin 
(CP). CircCLASP1 knockdown and control siRNA transfected HeLa cells  
treated with 20-40-80 μM CP and highest amount of DMSO and 
maintained 16h at 37 °C CO2  incubator. The cells were analyzed after 
staining with Annexin V/FITC and 7AAD by flow cytometer. The dot plot 
represents the DMSO-treated HeLa cells as a control group and CP-treated 
HeLa cells as treatment group. The early apoptosis events (Annexin V + 
/7AAD -) shown in lower right quadrant (Q4). The late stage of 
apoptosis/dead cells (Annexin V + /7AAD + ) is shown in quadrant Q2. 
The dead cells (Annexin V- / 7AAD +) is indicated in upper right quadrant 
Q1. B. Bar chart shows the percentage of viable, early apoptosis, late 
apoptosis, and dead cells in treatment with CP on HeLa cells. The results 
are shown as mean ± sD of three replicates with *p,0.05.  
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Figure 3.26. Graphical representation of Annexin V-7AAD staining of circCLASP1 
silenced HeLa cells after CP treatment. A. HeLa cells were treated with 
20 μM CP after circCLASP1 knockdown. B HeLa cells were treated with 
40 μM CP after circCLASP1 knockdown. C. HeLa cells were treated with 
80 μM CP after circCLASP1 knockdown. Early apoptosis % represents 
Annexin V+/ 7AAD– cells, late apoptosis % indicates Annexin 
V+/7AAD+ cells. Death % represents Annexin V-/7AAD+ cells.  The 
results are shown as mean ± sD of three replicates with *p,0.05. 
DM:DMSO (Dimethyl sulfoxide) CP:Cisplatin (Cis-
diamminedichloroplatinum II). 

A. 

B. C. 



80 
 

3.4.5.  Subcellular Localization of CircCLASP1  
 

The subcellular localization of circCLASP1 was investigated using nuclear and 

cytoplasmic RNA fractions. The effect of the CP treatment on the subcellular localization 

of circCLASP1 was also evaluated using the same approach. The GAPDH and MALAT1 

were used as cytoplasmic and nuclear markers, respectively. As expected, nearly 80% of 

the GAPDH was in the cytoplasm, whereas 80% of the MALAT1 was in the nucleus in 

the DMSO-treated group (Figure 3.26A). Although circCLASP1 is an exonic circRNA, 

circCLASP1 is interestingly located in the nucleus in DMSO-treated control HeLa cells 

(Figure 3.26A). 
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Figure 3.27. Investigation of the subcellular localization of the circCLASP1 in A. 
DMSO- and B. CP-treated HeLa cells. C. The dot plots represents the IC50 
AnnexinV/7AAD Normalization were performed by 2 ΔΔCt method by using 
GAPDH as a reference RNA for cytoplasmic RNA fraction, MALAT1 
RNA was used as a reference gene for nuclear RNA fraction. The results 
are shown as mean ± sD of three replicates with *p,0.05. DM:DMSO 
(Dimethyl sulfoxide) CP:Cisplatin ( Cis-diamminedichloroplatinum II).  

A. 

B. C. 
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The IC50 CP dose was used to trigger apoptosis in HeLa cells to investigate 

whether or not circCLASP1 is localized in different subcellular compartments after CP 

treatment. According to the results, nearly 60% of the circCLASP1 was located in the 

cytoplasm. In CP-treated HeLa cells, 55% of GAPDH was found in the cytoplasm, and 

60% of MALAT1 was in the nucleus. As controls, the majority of the GAPDH and the 

MALAT1 were located in the cytosol and nucleus, respectively. However, their 

distribution profiles did not disperse as dramatically as the DMSO-treated control group. 

As represented in dot plots, approximately 50% of the CP-treated HeLa cells are Annexin 

V+/7AAD- which means they lost their membrane integrities. As known, apoptotic 

nucleus remodeling includes increased nuclear permeability, chromatin condensation, 

DNA fragmentation, nuclear pore clustering, nuclear envelope blebbing, and, eventually, 

fragmentation. Thus, this abnormal distribution in control groups is acceptable (Figure 

3.27B, C).  

 

3.4.7. Transcriptomics Profiling of circCLASP1-Silenced HeLa Cells 

    

Figure 3.28. Quality control of circCLASP1 silencing for performing transcriptomics 
analysis to reveal transcriptomics changes followed by circCLASP1 
silencing in HeLa cells. A. Agarose gel electrophoresis (100V,30 min,1%) 
showed the integrity of RNAs isolated from HeLa cells transfected with 
si_NEG and si_circCLASP1, respectively. B. Graphical representation of 
circCLASP1 and linear CLASP1 expression fold changes in HeLa cells 
after transfected with si_circCLASP1 compared to si_NEG.  
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Gain-of-function and loss-of-function experiments indicated that circCLASP1 silencing 

represses HeLa cell proliferation and significantly sensitizes HeLa cells to CP. 

Transcriptomics profiling of HeLa cells after circCLASP1 silencing was performed to 

gain insight into the changes in the gene expression upon circCLASP1 knockdown 

(Figure 3.28). The quality control of FastQ files is performed using FASQC (Figure 

3.29). The genome mapping statistics clearly showed that the ratios of the uniquely 

mapped reads were above 90% (Figure 3.29A).  

The per sequence quality analysis showed that all samples have a phred score 

above 30 (Q30), and the precision of base call accuracy is above 99.9%. This is 

equivalent to the probability of an incorrect base call 1 in 1000 times (Figure 3.29B). The 

quality control of the normalization of RNA-seq data is visualized using an MA plot. MA 

plot is a scatter plot where the x-axis illustrates the mean of normalized counts across 

control and treatment samples, whereas the y-axis shows the log2FC in the given 

Figure 3.29. Quality control tool for high throughput sequence data with MultiQC. A. 
STAR alignment scores. B. Per sequence quality scores. Y axis illustrates 
counts while X axis shows phred score. C. The MA plot of the expression 
levels.  
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contrast. As expected, the MA plot showed that most points are on the zero line (Figure 

3.29C). 

The gene expression analysis of circCLASP1 knockdown cells illustrated that 

1193 transcripts were significantly upregulated and 667 transcripts were downregulated 

(Log2FC >0,67, Log2FC <0,67, padj<0.05). The heat map shows the top 1000 

differentially expressed transcripts (Figure 3.30). The volcano plot shows the differential 

expression of the comparison si_circCLASP1 vs. si_NEG (Figure 3.31). 

 

. 

 

 

                       

Figure 3.30. Differential gene expression pattern.  The heat map shows RNA-Seq 
differential expression data. Pairwise comparisons are shown for each 
group (columns). Blue indicates higher expression in the si_circCLASP1 
groups compared with the second; red shows downregulation. RNA 
samples are as follows: si_NEG, si_circCLASP. The graph illustrates all 
significant genes with log2FC>0.67 and log2FC<-0.67. Padj<0.05 
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Figure 3.31. The volcano plot of differentially expressed genes was identified between 
the circCLASP1 knockdown and negative control groups. The green dots 
indicate up-regulated gene expression, the red dots indicate down-
regulated gene expression, and the gray dots denote the gene expression 
without marked differences.Treshold is log2FC>0.67 or <-0.67. 

 

The table showed the most differentially expressed genes according to Log2FC. 

The most upregulated genes are SAA2 (Serum Amyloid A2), UNC13A (Unc-13 

Homolog A), HMOX1 (heme oxygenase 1), and IL1B (Interleukin-1 beta). On the other 

hand, MEDAG (Mesenteric Estrogen Dependent Adipogenesis), COXB2 (Cytochrome 

C Oxidase Subunit 6B2), ELAPOR1 (endosome-lysosome associated apoptosis and 

autophagy regulator 1), DOCK2 (Dedicator of cytokinesis 2), and MUSTN1 

(Musculoskeletal, Embryonic Nuclear Protein 1) were the genes that most downregulated 

(Figure 3.32). 
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Figure 3.32. Genes showing the highest differential expression in  circCLASP1 silenced 
HeLa cells compared to the control group. Log2FC: log2 fold change,  Red 
arrows denote downregulated genes, green arrows denote upregulated 
genes.   
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Figure 3.33. Reactome Pathway analysis 
 

The Reactome, a comprehensive database of biological pathways, provides up-

to-date knowledge of cell biological and molecular events (Griss et al. 2020). Reactome 

pathway analysis was performed to identify the pathways and biological processes 

affected by a circCLASP1 knockdown in HeLa cells. In our experimental conditions, sets 

of genes differentially expressed higher than log2FC 1 and lower than log2FC -1 were 

mapped onto the Reactome database to identify altered biological pathways. Knockdown 

of circCLASP1 affects the pathways metabolism, immune system, disease, apoptosis, 

multiple infections, RhoGTPases, RAF/MAP, surface interactions, and cell cycle (Figure 

3.33).  
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These results suggest that silencing may be important in cellular signaling and 

immune response, which are important in disease development and progression. 

Moreover, the adaptive immune system and cytokine signaling are majorly affected, 

illustrating immune cell activation and cytokine signaling. The pathways of metabolism 

and post-translational protein modification indicate that the knockdown of the 

circCLASP1 may be involved in protein metabolism and modification.   

 

 

Figure 3.34. GO annotation pathway analysis. This analysis includes biological 
processes, cellular components, and molecular functions from top to down. 

 

The GO analyses were performed on a differentially expressed set of genes to 

understand the functional roles of genes. The top pathways related to smooth muscle cell 

proliferation, cardiac muscle tissue growth, regulation of extrinsic apoptotic signaling, 
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and TNF production stimulus confirm the effect of circCLASP1 on cell proliferation 

(Figure 3.34).  

 

3.4.6. AGO2-Associated Circular RNA Candidates 
 

 The mode of action of circular RNA is divided into three main groups: miRNA 

sponges, protein sponges/scaffolds, and regıulation of parental RNA transcription (Zhou 

et al. 2020). In the context of the mechanistic investigation of the role of circCLASP1 on 

the proliferation and CP sensitivity mechanisms, the miRNA sponging abilities of 

circCLASP1 were investigated. miRNA:circRNA sponging mechanism indirectly 

interacts with AGO2 and circRNAs. Therefore, the miRNA sponging scenario does 

acceptable only if circCLASP1 is associated with AGO2. It should be noted that AGO2 

is involved in the degradation of some circRNAs (J. Xu et al. 2021). However, to 

 

                                   

A G O 2 -H a lo T a g

%
Q

u
a

n
ti

fi
c

a
ti

o
n

In
p u t

U n b o u n d
5 0

6 0

7 0

8 0

9 0

1 0 0

In
p

u
t

v
s

A
G

O
2

-I
P

F
o

ld
E

n
ri

c
h

m
e

n
t

c irc
C L A S P 1

c irc
B N C 2

0

5

1 0

1 5

2 0

2 5

3 0

3 5

4 0

4 5

5 0

*

**

 

 

                   

Figure 3.35. AGO2-Halo tag fusion protein production in HeLa cells. 
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investigate the miRNA sponging ability of circCLASP1, it should have interacted with 

AGO2. To uncover this, an AGO2-Halo Tag fusion protein plasmid was constructed 

(Figure 3.35). The overexpressed AGO2-HaloTag fusion protein was 

immunoprecipitated by the RIP method to test the enrichment of circCLASP1 in the 

AGO2-IP pool. In light of these findings, circCLASP1 was 15-fold enriched in the AGO2 

HaloTag group compared to the HaloTag-Mock group in the AGO2-IP pool compared 

to Input.  These results suggest that circCLASP1 is AGO2-interacted circRNA (Figure 

3.36). 
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 Figure 3.36. AGO2 RIP represented circCLASP1 is AGO2-interacted circRNA. A. 
Western blotting results illustrates the 21% of the AGO2-HaloTag fusion 
protein succesfully bound magnetic beads after hybridization. AGO2-
HaloTag Fusion protein expression (137 kDA: 97 kDA-AGO2 + 33kDA-
HaloTag + Linker ). HaloTag protein+ Linker (38 kDa) and HaloTag 
control protein . B. Graphical representation of Image J analysis result of 
the calculation of the rate of AGO2-HaloTag hybridized magnetic beads, 
succesfully. C. The fold enrichment of circCLASP1 and circBNC2 in 
AGO2-HaloTag IP group when compared IP vs Input.  Normalization were 
performed method by using  the 2ΔΔCt method using circCLASP1 
expression in the HaloTag-control groups as the reference gene Fold 
enrichment was calculated using AGO2-Input and AGO2-RIP as the 
treatment groups. 
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3.4.7. Construction of circRNA-miRNA-mRNA Regulation Model for 

CircCLASP1-Mediated Regulation of the Proliferation, 

Apoptosis, and CP Response 
  

The circRNA:miRNA:mRNA regulatory network construction was performed by 

a pipeline summarized below. The putative miRNA targets of the circCLASP1 were 

identified using CircInteractome, Cancer-Specific-CircRNA-Database, CircBank, and 

miRDB (Dudekula et al. 2016; S. Xia et al. 2018; M. Liu et al. 2019; Y. Chen and Wang 

2020).   

 

Figure 3.37. Schematic representation of circRNA-miRNA-mRNA regulatory network 
construction of circCLASP1. 
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miRNA targets identified by at least two databases were selected to identify mRNA 

targets using miRWalk.  The downregulated genes responding to circCLASP1 

knockdown were co-analyzed with miRwalk output to identify potential mRNA targets 

of selected miRNAs (Figure 3.37) 

 

 

A B. 

C. 

Figure 3.38. Identification of the potential circCLASP1-miRNA-mRNA regulatory 
networks. A. Venn diagram illustrates the miRNA targets of circCLASP1 
identified by CircInteractome (CINT), circBank, Cancer-Spesific-
CircRNA-Database (CSCD), and miRDB (MIRDB). B. Venn diagram 
shows that intersection of the mRNA targets of selected miRNAs 
identified by miRWalk and significantly downregulated genes in 
circCLASP1 silenced HeLa cells. C. Scheme illustrates the putative 
circCLASP1-miRNA-mRNA regulatory networks (CytoScapev3.9.1). 
Master regulator genes were  showed in bold*, hsa-miR-767-5p indicated 
with red square in A.
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The most potent regulatory networks are circCLASP1/hsa-miR-767-5p/LOXL2, 

circCLASP1/hsa-miR-767-5p/IL-11, circCLASP1/hsa-miR-4700-5p/PFKB4, 

circCLASP1 /hsa-miR-8089/DES, circCLASP1/hsa-miR-4433b-3p/ADAM19 were 

identified (Figure 3.38). Among these networks, hsa-miR-767-5p is the top miRNA 

reported by three databases (Figure 3.38A), and IL-11 is the top downregulated mRNA 

among putative mRNAs. Thus, circCLASP1/ has-miR-765-5p/IL11 axis would be 

prioritized for investigation. IL-11 is the 6th most downregulated mRNA in circCLASP1 

knockdown cells, a pro-inflammatory cytokine, and is produced by cells in an oxidative 

stress-dependent manner. It was reported that IL-11 pre-treatment protects various 

organs, including the liver. Specifically, IL-11 protects hepatocytes from IFN-gamma-

induced cell death by repressing STAT1 signaling and ROS scavenging.   
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CHAPTER 4 

DISCUSSION 

Circ-seq detected 109 circRNAs (Figure 3.1), and RNA-seq detected 5426 

differentially expressed mRNA in CP-treated compared with DMSO-treated HeLa cells, 

respectively (Figure 3.3). In CP-treated HeLa cells, Twenty-four circular RNAs 

expressed inversely proportional to their parental linear mRNAs. Fifty-nine circular 

RNAs were differentially expressed when their parental mRNAs did not indicate more 

than 1 log2FC. As known, back splicing is an alternative splicing mode. Unsurprisingly, 

circular RNAs and their linear mRNAs compete during the splicing process. This 

approach relies on characterizing winning circular RNA isoforms of splicing competition 

because cells can tend to produce RNA isoforms according to their needs. Thus, 

candidate circular RNAs are more likely to be a modulator of CP-triggered cellular 

processes. This thesis aims to validate candidate circRNAs and uncover their effects on 

HeLa cell phenotype (Figure 3.3). 

Most circRNAs have been identified using deep-sequencing followed by 

identifying BSJ (Jiao et al. 2021). Reads spanning BSJ typically indicate a minor amount 

of the overall sequencing data, smaller than 1%. Therefore circRNA biochemical 

enrichment is necessary for their identification. The library preparation step of circ-seq 

data in Yaylak et al. consists of suitably poly-A elimination, RNase R treatment, and 

rRNA depletion. However, novel circRNAs were identified and annotated by 

CircExplorer (Version 1) (Yaylak, Erdogan, and Akgul 2019; X.O. Zhang et al. 2014). It 

brings several pıitfalls to investigating DE circRNA candidates functionally. Firstly, 

recent developments revealed that only one circRNA identification method to identify 

and annotate circRNAs is not recommended and should be avoided. It is shown that 

different circRNA prediction algorithms yielded divergent results (Hansen et al. 2016). 

Because different algorithms are guided by either de novo predictions or genome 

annotations. CircExplorer version 1 used genome annotation, and TopHat and TopHat 

fusion algorithms were used to annotate BSJ reads to the genome to identify differentially 

expressed circRNAs under CP treatment (Yaylak, Erdogan, and Akgul 2019). However, 

to identify the complex alternative splicing events and unique internal alternative splicing 
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regulations can be revealed by CircExplorer-2 or CIRI-AS. It is well known that 

apoptosis and proliferation are closely related processes. CP is one of the fundamental 

chemotherapeutics drugs that trigger apoptosis and represses the proliferation of cancer 

cells. Selected candidates from Li’s study be likely a CP- dependent and might regulate 

CP mechanisms of action on HeLa cells. Therefore, circCLASP1 and circBIRC6 were 

selected to investigate under CP-treated conditions.  To select circBIRC6 and 

circCLASP1, The criteria considered during the candidate selection processes is the 

participation of cognate linear mRNAs in regulating proliferation and differential 

expression under CP-treated conditions. In this thesis, four circRNA candidates were 

selected from Yaylak et al. and Li et al. to investigate their biochemical and functional 

properties in HeLa cells (Yaylak, Erdogan, and Akgul 2019; S. Li et al. 2020). 

The main advantage of selecting circRNA candidates in addition to previously 

reported circRNAs by our group (Yaylak, Erdogan, and Akgul 2019) is the abundancy 

of target circRNAs. In 2021, Xu and Yang published a paper titled “Mammalian circular 

RNAs result largely from splicing errors” in Cell Press. They suggest that back splicing 

is much rare than linear splicing, the overall prevalence of back-splicing in a species 

declines with its effective population size, and circRNAs are mostly evolutionary 

unconserved. Therefore they suggest that only 3% of circRNAs might be functional and 

genome-wide trends strongly proved that circRNAs are mainly non-functional. Thus, 

abundance and functionality are closely related, especially in circRNAs. Li et al. used 

nearly 700 most abundant circRNAs in 3 different cell lines. circGALNT2 and circBNC2 

are relatively abundant among our candidates. 

Along with this, circBNC2 with 2 copies per cell but circGALNT2 with <1 copy 

per cell.  However, Dodbele and Mutlu suggest that if a circular RNA is present at 1 copy 

or less per cell, it certainly has minimal or no effect on microRNA targeting (Dodbele 

and Mutlu, 2021). Thus, circCLASP1 and circBIRC6, which might impact cell 

proliferation, were selected for further investigation in the context of the CP mechanism 

on HeLa cells, in addition to circGALNT2 and circBNC2, to overcome this challenge. 

CircRNAs have been shown to play essential roles in cancer progression and drug 

resistance, and studying their regulation and functions in response to CP treatment could 

provide new insights into the mechanisms underlying CP resistance and identify new 

therapeutic targets (X.-Y. Liu et al. 2021). Moreover, identifying specific circRNAs that 

are dysregulated in response to CP treatment could be biomarkers for predicting CP 
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resistance or prognosis in cancer patients. To provide insight into circRNAs involved in 

CP-mediated proliferation-repression and -apoptosis-induction, all four candidate 

expression patterns in CP-treated HeLa cells were measured by qPCR. The findings 

suggest circCLASP1 (Figure 3.7), circBIRC6 (Figure 3.15), and circBNC2 (Figure 3.11) 

are repressed in CP-treated HeLa cells, whereas circGALNT2 (Figure 3.15) were 

upregulated. Although the downregulation of circCLASP1, circBIRC6, and circBNC2 

was not dramatic, the stable nature of circRNAs enables the possible phenotypic effects 

upon slight changes (Holdt, Kohlmaier, and Teupser 2018b). 

 The validation of circRNAs relies on multiple approaches. Firstly divergent 

primers were designed to distinguish circular isoforms from linear mRNA. Although 

divergent primers targets to amplify unique back-splicing junctions, different circular 

isoforms generated by internal alternative splicing events might be amplified with the 

same set of divergent primers (Zhong and Feng 2022). CircPrimers 2.0. was used to list 

all known annotated circRNA isoforms amplified by particular primers to eliminate the 

off-target effect (Zhong and Feng 2022) (Figure 3.6, Figure 3.10, Figure 3.14). 

Additionally, amplified back-splicing sequences were confirmed by Sanger 

sequencing (Figure 3.8, Figure 3.12). However, the back-splicing junction sequence may 

illustrate non-linear exon order caused by reverse transcription-based false positive 

amplifications. A linear RNA with the apparent back-splicing junction is produced if the 

pre-mRNA derived from a gene is subjected to a trans-splicing event. Moreover, during 

cDNA synthesis, reverse transcriptase can dissociate from a template RNA and resume 

extension from a second template, resulting in a false-positive back-splicing junction-

like sequence. Therefore, RNase R treatment was performed to ensure the circularity of 

candidates (Figure 3.9, Figure 3.13, Figure 3.14). The results imply that our candidates 

are resistant to RNase R. The circHIPK3 was used as the positive control, whereas 

GAPDH was used as the negative control. Each candidate has a unique level of resistance 

to RNase R; however, all of them are significantly resistant to RNase R when compared 

to GAPDH:  

CircRNAs have been shown to play essential roles in various diseases and drug 

resistance. Studying their regulation and functions in response to CP treatment could 

provide new insights into the mechanisms underlying chemical stress responses, cell 

proliferation, and cell death. Investigating functional roles of circRNA candidates was 

begun with loss-of-function studies.  Silencing of circRNAs relies on siRNA targeting 
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unique back-splicing junctions. However, designed siRNAs share a common sequence 

with linear mRNA exons. Therefore, off-target effect elimination is quite essential to 

evaluate siRNAs silencing capacity. The growth curve of different cell seeding densities 

of HeLa cells was constructed to observe the exponential and log phases of the cells. The 

5000 cell was identified as cell seeding density for further proliferation experiments 

(Figure 3.16). The measurement time of transfection was identified as 48h. However, 72 

hours of silencing is performed in rescue experiments.  

Over-expression and knock-down of circRNA transcripts would be challenging. 

There are several reasons. In terms of overexpression experiments, overexpression 

constructs of circRNAs, including the Drosophila Laccase2 construct used in this thesis 

(Kramer et al. 2015). This construct produces more circular RNA transcripts than 

undesired flanking introns, linear concatamers, or linear exons than cDNA3.1(+) 

CircRNA Mini Vector. However, they still generate undesired transcripts besides the 

circular RNA of interest. For example, recent work has indicated that flanking introns 

can cause low levels of trans‐spliced RNAs translated into unintended proteins (Ho‐Xuan 

et al., 2020). The optimization of cell seeding density and transfection period were 

optimized to enable optimum knockdown and overexpression effects on Hela cells.   

All four candidates regarding proliferation, apoptosis, and CP resistance were 

screened. According to the results, circGALNT2 (Figure 3.17) and circBNC2 (Figure 

3.18, Figure 3.19) did not show phenotypic effects on HeLa cell proliferation and 

apoptosis. In terms of circGALNT2, it is clear that circGALNT2 is a circular transcript 

and independently regulated from its cognate linear mRNA. The circGALNT2 is nearly 

for 2-log2FC upregulated in HeLa cells, while GALNT2 mRNA is downregulated for -

3-log2FC (Figure 3.15). The circGALNT2 was reported as one of the top 10 

downregulated circRNAs in multi-drug resistant osteosarcoma cells (CP and DOX). This 

evidence supports the idea that circGALNT2 might be involved CP-sensitivity 

mechanism. However, the knockdown of circGALNT2 does not sensitize HeLa cells 

against CP. Although it might be an independent production of circGALNT2, it also 

might be an unwanted splicing product caused by decreased production of GALNT2 

mRNA. 

On the other hand, the effect of circBNC2, CP-repressible circRNA, and HeLa 

cells against CP was investigated (Figure 3.11). Lastly, circBNC2, which inhibits ovarian 

cancer, was reported as a diagnostic biomarker in epithelial ovarian cancer while 
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investigating its role in CP-treated HeLa cells. Nonetheless, WST-8 and annexin-

V/7AAD assays indicated that the knockdown of circBNC2 does not affect HeLa cell 

apoptosis and proliferation with or without CP treatment (Figure 3.18, Figure 3.19). 

Additionally, the circBIRC6 knockdown repressed proliferation; however, 

overexpression of circBIRC6 could not restore the suppressive effect of silencing (Figure 

3.20).  

The knockdown of circCLASP1 showed repression of cell proliferation. 

Moreover, the overexpression of circCLASP1 restored the repressive effect of 

knockdown (Figure 3.22). Additionally, circCLASP1 knockdown promotes early 

apoptosis slightly (Figure 3.24). The most exciting finding about circCLASP1 is that the 

knockdown of circCLASP1 made HeLa cells more sensitized against low doses of CP 

(20 μM and 40 μM). However, 80 μM CP combined with circCLASP1 knockdown 

promotes Annexin V-/7AAD+ cells rather than early and late apoptosis (Figure3.25, 

Figure 3.26). It might point to the combined effect of circCLASP1 knockdown and 

chemical stress overload that forced HeLa cells to different modes of caspase-

independent cell death.  

After the functional characterization of circCLASP1 on cell proliferation, 

apoptosis, and CP-treatment, the transcriptomics approach was used to gain insight into 

the functional mechanism of circCLASP1. Nearly 600 mRNAs were differentially 

expressed in circCLASP1 knockdown HeLa cells (log2FC >1 and log2FC<-1). The 

Reactome pathway analysis revealed that metabolism, disease, apoptosis, g-alpha 

signaling pathways, metabolism of lipids, cell cycle, RAF\MAPK, and metabolic 

diseases are significantly modulated pathways (Figure 3.33). Besides, GO analysis 

indicated that proliferation-related biological processes such as cardiac muscle tissue 

growth, positive regulation of heart growth, vascular-associated smooth muscle cell 

proliferation, negative regulation of extrinsic apoptosis, and positive regulation of the 

tumor necrosis factor production were top biological processes which circCLASP1 

knockdown likely related with (Figure 3.34). These analyses supported the proliferative 

effect of circCLASP1. Interestingly, top differentially expressed mRNAs are related to 

immune response, iron metabolism, lipid metabolism, ROS, and mitochondrial 

dysfunction.  

It is important to note that the differential expressed gene list exhibits lots of 

genes involved in both the promotion and repression of survival of the cells 
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simultaneously. Interestingly, SAA is a well-known acute-phase protein expressed 

abundantly in the liver following injury or other acute traumas. IL1-B, IL6, and TNF-a 

are primary stimulants for the SAA gene (Getachew, Chen, and Yang, 2021). This gene 

generally promotes NF-kB expression to promote survival. However, it was reported that 

blockage of the NF-kB revealed the toxic effect of SAA1 with the appearance of caspase-

3 and PARP cleavage-mediated apoptotic signature. The RNA-seq data showed 

significant upregulation in NF-kB inhibitors NFKB inhibitor-alpha and NFKB inhibitor-

zeta. 

In detail, the HOXO-1 gene metabolizes heme into bilirubin/ biliverdin, ferrous 

iron, and carbon monoxide. HOXO-1 is widely regarded as a survival molecule. 

However, numerous studies have shown the detrimental effects of HOXO-1 upregulation 

in which HOXO-1 is a key modulator in ferroptosis induction. The amount of cellular 

iron and reactive oxygen species (ROS) determines the role of HO-1, either protective or 

perpetrator. According to the contradictory results in the literature, the upregulation of 

HO-1 protects cells or governs ferroptosis events on the degree of ROS production 

following oxidative damage (Chiang, Chen, and Chang 2018). HO-1 induce ferroptosis 

is mediated by iron accumulation and lipid peroxidation (Chang et al. 2018). 

Interestingly, the 5th  most upregulated gene, ANKRD1, regulates lipid metabolism by 

the peroxisome-proliferator-activated receptors (PPARs) signaling pathway. PPAR-

alpha is the master regulator of fatty acid oxidation by stimulating ANKRD1. It was 

reported that ANKRD1 participates in forming CaOx kidney stones by activating 

ferroptosis by the p53/SLC7A11 pathway (J. Zhao et al. 2023). SLC7A11 is upregulated 

in circCLASP1 knockdown RNA-seq data. 

IL1-B, one of the main stimulants of SAA1, as explained above, is the 4th most 

upregulated gene in circCLASP1 silenced HeLa cells. It is reported that IL-1B-induced 

ROS production generated mitochondrial membrane damage, which results in the 

accumulation of damaged mitochondria and a higher rate of apoptosis in chondrocyte 

cells (Ansari et al. 2017).  It is known that mitochondria damage is closely related to 

immune response. When mitochondria are damaged, dysfunctional mitochondria 

continue to generate ROS and initiate immune responses (Nakahira et al. 2011).  

On the other hand, the top 5 downregulated genes are MEDAG, COX6B2, 

ELAPOR1, DOCK2, and MUSTN1 (Figure 3.32). MEDAG is a mesenteric estrogen-

dependent adipogenesis gene. It was reported as a positive regulator of  PPARg (H. 
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Zhang, Chen, and Sairam 2012). The PPARg promotes insulin sensitization and enhances 

glucose metabolism (Tyagi et al. 2011). MEDAG is reported as an oncogene in breast 

cancer, and MEDAG silencing inhibited cell proliferation, invasion, and migration. 

COX6B2 gene is the cytochrome c oxidase subunit 6B2 that enhances oxidative 

phosphorylation proliferation and survival in various cancer types. It is reported that the 

depletion of COX6B2 disrupts ATP production and mitochondrial membrane potential 

leading to programmed cell death or senescence. In sperms, COX6B2 induces 

mitochondrial supercomplex formation and limits ROS production (Cheng et al. 2020). 

Thus it is hypothesized that COX6B2 depletion in circCLASP1 silenced cells may cause 

aberrant ROS production and disrupted proliferation. Additionally, ELAPOR1 

endosome-lysosome-associated apoptosis and autophagy regulator 1 have been linked 

with survival in certain carcinomas (Schlumbrecht et al. 2011). Further, circCLASP1 is 

identified as AGO2-associated circRNA by RIP. To this respect, a circCLASP1 

/has_miR_765-5p /IL11 regulatory network was constructed bioinformatically (Figure 

3.37). Luciferase reporter assays and rescue experiments should validate it. For future 

perspectives, It might be speculated that circCLASP1 knockdown results in aberrant 

HOXO-1 activity and iron accumulation because of the high level of ROS, followed by 

lipid peroxidation and ferroptosis, which demands further investigations. According to 

transcriptomics analysis, circCLASP1 might be an essential target for smooth muscle cell 

growth, liver diseases, or cardiovascular diseases, requiring further investigations.  
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