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Investigation of miRNAs Regulating Therapy Response in Hepatocellular Carcinoma 

Ezgi Bağırsakçı Tepe, Izmir International Biomedicine and Genome 
Institute, Dokuz Eylül University Health Campus Balçova 35340 

İzmir/Türkiye 
ezgibgsc@gmail.com 

ABSTRACT 

Hepatocellular carcinoma (HCC) has one of the highest death rates among all 

cancers, and the reasons behind this are metastasis, recurrence, and therapy 
resistance. Sorafenib is the first multi-kinase inhibitor that has been used for HCC 

treatment and is still the most preferred and accepted drug. However, the long 
duration of therapy generates resistance to Sorafenib. The mechanism behind this is 

yet to be elucidated, but non-coding RNA-based mechanisms are counted as one of 
the reasons for therapy resistance. Recent studies have highlighted the influence of 

miRNAs in the development, progression, metabolic reprogramming, and therapy 
responses in HCC. Our previous studies showed that decreased expression of miR-

181a-5p causes more aggressive phenotype in HCC. Cav-1 overexpression causes 
more aggressive phenotype, as well. HOTAIR overexpression promotes hybrid E/M 

(epithelial/mesenchymal) phenotype, which causes more aggressive phenotype and 

drug resistance. In this study, we aimed to enlighten the mechanism of Sorafenib-
resistance, and investigate Cav-1/miR-181a-5p/HOTAIR axis in Sorafenib-resistance. 

Our results showed that Cav-1 was overexpressed in Sorafenib-resistant HCC 

cell lines that we generated, and when Cav-1 expression was increased, Sorafenib 
IC50 values were increased, as well. In Sorafenib-resistant cell lines, caveolar 

structures were increased, stress fiber formations were increased, adhesion was 
decreased, hybrid E/M markers were increased, and miR-181a-5p expression was 

decreased. When we increased miR-181a-5p expression by mimic transfection, 
Sorafenib-resistant cells became more sensitized to Sorafenib, their motility and 

colony formation capability were decreased, and when we inhibited miR-181a-5p 
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expression, we obtained opposite results. When we analyzed HOTAIR expression in 
HCC cells, HOTAIR and miR-181a-5p expressions showed negative correlation. 

 Since Cav-1, miR-181a-5p and HOTAIR contribute to aggressive phenotype 

individually, they may contribute to Sorafenib resistance together by providing a 
hybrid E/M phenotype in HCC cells. 

 

Keywords: Hepatocellular Carcinoma, Sorafenib Resistance, Cav-1, miR-181a-5p, 
HOTAIR, hybrid E/M phenotype 
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Hepatoselüler Karsinomada Tedavi Yanıtını Düzenleyen mikroRNA’ların Araştırılması 

Ezgi Bağırsakçı Tepe, İzmir Uluslararası Biyotıp ve Genom Enstitüsü, Dokuz 
Eylül Üniversitesi Sağlık Yerleşkesi Balçova 35340 İzmir/Türkiye 
ezgibgsc@gmail.com 

ÖZET 

Hepatoselüler karsinoma (HCC), kanser tipleri arasında en yüksek ölüm 
oranlarından birine sahiptir ve bunun arkasındaki nedenler metastaz, nüks ve tedavi 

direncidir. Sorafenib, HCC tedavisinde kullanılan ve hala en çok tercih edilen ve kabul 
gören ilk multikinaz inhibitörüdür. Ancak, uzun süreli tedavi sorafenibe direnç 

gelişmesine neden olmaktadır. Direnç mekanizması henüz aydınlatılmamıştır; fakat 
kodlanmayan RNA tabanlı mekanizmalar terapi direncinin nedenlerinden biri olarak 

sayılmaktadır. Yapılan son çalışmalar, HCC'de miRNA'ların gelişim, progresyon, 
metabolik yeniden programlama ve tedavi yanıtları üzerindeki etkisini vurgulamıştır. 

Önceki çalışmalarımız, miR-181a-5p'nin azalmış ifadesinin HCC'de daha agresif bir 
fenotipe yol açtığını göstermiştir. Cav-1 aşırı ekspresyonu da HCC’de daha agresif bir 

fenotipe neden olmaktadır. HOTAIR aşırı ekspresyonu, HCC hücrelerinde hibrit E/M 
fenotipini destekleyip, hücrelere daha agresif bir fenotip kazandırmakta ve ilaç 

direncine yol açmaktadır. Bu çalışmamızda, Sorafenibe direnç mekanizmasını 

aydınlatmayı amaçladık ve Sorafenib direncinde Cav-1, miR-181a-5p, HOTAIR ekseni 
üzerine odaklandık. 

Elde ettiğimiz sonuçlarda, elde ettiğimiz Sorafenib dirençli HCC hücre 

hatlarında Cav-1 ekspresyonu artmış ve Cav-1 ifadesi artırıldığında, Sorafenib IC50 
değerleri de artmıştır. Sorafenib dirençli hücre hatlarında, kaveolar yapılar ve stres 

fiberleri oluşumu artmış, adezyon azalmış, hibrit E/M (epitelyal/mezenkimal) fenotip 
belirteçleri yükselmiş, ve miR-181a-5p ekspresyonu azalmıştır. Sorafenib dirençli 

hücrelerde miR-181a-5p ifadesini mimik transfeksiyonuyla artırdığımızda, hücreler 
Sorafenibe daha duyarlı hale gelmiş, motilite ve koloni oluşumu yetenekleri azalmış 

ve miR-181a-5p ifadesini inhibe ettiğimizde, tam tersi sonuçlar elde edilmiştir. 
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Hücrelerde HOTAIR ifadesi incelendiğinde, HOTAIR ve miR-181a-5p ifadelerinin 
negatif korele olduğu görülmüştür. 

Bireysel olarak Cav-1, miR-181a-5p ve HOTAIR’ın agresif fenotipe katkıları göz 

önüne alındığında, HCC hücrelerinde hibrit E/M fenotipi sağlayarak birlikte Sorafenib 
direncine katkıda bulundukları düşünülmektedir. 

Anahtar Kelimeler: Hepatoselüler Karsinoma, Sorafenib Direnci, Cav-1, miR-181a-
5p, HOTAIR, hibrit E/M fenotip 
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1. INTRODUCTION AND OBJECTIVES 

Hepatocellular carcinoma (HCC) is the sixth most common cancer type and is 

the third when it comes to cancer-related deaths around the world (1). Although HCC 
diagnosis and therapy alternatives are well-studied and improving gradually, the 

prognosis is poor due to metastasis, recurrence, and resistance to therapy. Liver 
transplantation is the primary therapy option for HCC in the early stages; 

chemotherapy and radiotherapy are the following. In early HCC, resection is the 
commonly used approach, but in advanced HCC, Sorafenib treatment is the first-line 

therapy with the help of radiotherapy (2).  

Sorafenib is the first multi-kinase inhibitor that was approved by the FDA for 

HCC therapy in 2007. Sorafenib targets Raf-1, B-Raf, and Ras/Raf/MEK/ERK signaling 

pathways by inhibiting these pathways and their kinase activity and suppressing 
tumor cell proliferation as a result. Moreover, Sorafenib has other targets, such as 

platelet-derived growth factor receptor (PDGFR), vascular endothelial growth factor 
receptor (VEGFR), and hepatocyte factor receptor (c-KIT) in order to inhibit tumor 

angiogenesis (3). Although many trials have been done as non-inferiority to 
Sorafenib and second-line treatments for HCC in recent years, Sorafenib treatment is 

still the most accepted and preferred therapy for HCC patients. Drug resistance is 
one of the biggest obstacles in Sorafenib therapy. Elucidating the resistance 

mechanism to Sorafenib is crucial for combatting HCC. Many factors can be defined 
as the cause of Sorafenib resistance, including non-coding RNA-based mechanisms, 

tumor microenvironmental factors, and receptor tyrosine kinase and growth factors 
activation by feedback mechanisms (2). 

Caveolae, which are small invaginations of the plasma membrane, have roles in 
endocytosis, transcytosis, cholesterol transport as well as in signal transduction. 

Caveolin-1 (Cav-1) is the main protein component of caveolae structures and is a 
scaffolding protein. Caveolin-1 activation induces aggressive phenotype in HCC by 

increasing their motility and invasion and changing cellular morphology (4). We also 
reported that c-Met and Cav-1 are co-expressed in HCC cells and contribute to the 
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initiation and progression of HCC by boosting downstream signaling (5). 

It is known that noncoding RNAs have crucial roles in cancer development and 
progression (6). Dysregulation of miRNAs in either tumor tissue or its 

microenvironment, especially, has become a hallmark of cancer (7). They can behave 
as tumor-suppressive or oncogenic, as well as miRNAs can be altered in drug therapy 

and contribute to response to the therapy (8). LncRNAs play important roles in many 

biological processes by interacting with RNA-binding proteins and miRNAs as 
sponges. By this way of action, they have important roles in mediating drug 

resistance by interacting with miRNAs. However, no study has yet addressed the 
potential role of Cav-1 expression and its regulations by noncoding RNAs in Sorafenib 

resistance.  

In this study, we aimed to enlighten the role of Caveolin-1 in the Sorafenib 

resistance in HCC with the underlying mechanisms. We hypothesized that noncoding 
RNAs mediated increase in Cav-1 expression and alterations in caveolar structures is 

involved in Sorafenib resistance. The specific objectives of the thesis are: 

(i) generating new Sorafenib-resistant clones of HuH-7, MV, and SNU-449 cell 

lines,  
(ii) determining Cav-1 transcript and protein expression levels in Sorafenib-

resistant clones,  
(iii) testing the relationship between Cav-1 expression levels and SOR IC50 values;  

(iv) analyzing the alterations in the caveolar structures of Sorafenib-resistant cells,  
(v) comparing adhesion, proliferation, EMT phenotype, motility, and invasion 

capabilities of Sorafenib-resistant clones with WT cells, 

(vi) testing in vivo characteristics of Sorafenib-resistant cells in Zebrafish embryos, 
(vii) understanding the influence of mir-34b-5p and miR-181a-5p and lncRNA 

HOTAIR  in Sorafenib resistance and Cav-1 expression level, 
(viii) testing contribution of HOTAIR-miR-181a-5p-Cav-1 axis in Sorafenib 

resistance. 
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2. LITERATURE SUMMARY/SCOPE OF THE STUDY 

2.1. Hepatocellular carcinoma and therapy options 

Hepatocellular Carcinoma is the most common type, accounting for 90% of primary 

liver cancer (9). It is the sixth most commonly diagnosed and the third most mortal 
cancer type in the world according to absolute numbers of GLOBOCAN 2022 data 

(1). In the early and intermediate stages of HCC, liver resection, ablation, and 
transplantation could be options for treatment; however, it is challenging to diagnose 

HCC in these stages. Often, it is diagnosed in the advanced stage that therapy 
options turn to systemic therapy, including chemotherapy, radiotherapy, transarterial 

chemoembolization (TACE), immunotherapy, and combinational therapy (10). 
Sorafenib was the first approved drug as a first-line targeted therapy for standard 

treatment of advanced HCC patients by the U.S. Food and Drug Administration (FDA) 
in 2007 as a result of the SHARP trial. Sorafenib (Nexavar) is a multikinase inhibitor 

designed to primarily inhibit the Ras/Raf/Mek/Erk and Vascular endothelial growth 
factor (VEGF) and Platelet-derived growth factor (PDGF) signaling pathways (11). 

Sorafenib was the only FDA-approved drug for HCC until 2017. Then, Regorafenib 
was approved as a second-line treatment for advanced HCC patients who received 

Sorafenib in first place in 2017. Over the past years, a few first-line treatment drugs 

and many second-line treatment drugs have been approved by the FDA for advanced 
HCC patients (12). The timeline below represents the FDA-approved drugs for HCC 

treatment (Figure 1). Regorafenib and Cabozantinib, multikinase inhibitors, and 
Ramucirumab, a VEGFR2 inhibitor, were approved by the FDA as a second-line 

treatment. Immune Checkpoint Inhibitors (ICIs) opened a new aspect as a 
treatment, and Nivolumab, Pembrolizumab and the combination of 

Nivolumab/ipilimumab were approved by the FDA as a second-line treatment. 
Additionally, Atezolizumab/bevacizumab combination was approved as a first-line 

treatment and increased the first-line treatment options (12, 13). Lenvatinib, another 
multikinase inhibitor, was approved by the FDA as a first-line treatment. Unlike 

Sorafenib, Lenvatinib targets the fibroblast growth factor (FGF) signaling pathway 
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and is not inferior compared to Sorafenib. However, high levels of hepatocyte growth 

factor (HGF) decrease Lenvatinib activity in HCC through downstream of FGF 
signaling and eventually cause Lenvatinib resistance (13).  

 

 

Figure 1.  The timeline of FDA-approved drugs for HCC treatment (12) 

Although there are new therapy options, Sorafenib remains the most used and 

accepted drug in the treatment of HCC (2). However, due to resistant development, 
Sorafenib only benefits about 30% of patients. In 6 months, patients start to show 

poor progression against the Sorafenib treatment, which is associated with acquired 
resistance. On the other hand, poor tumor response to Sorafenib as first-line therapy 

is associated with intrinsic resistance (3). Drug resistance is one of the biggest 

challenges in treating tumors, and most patients develop insensitivity to drugs, which 
causes tumor relapse and treatment failure (14). Since Sorafenib is still the most 

used therapy agent, it is crucial to understand the mechanism underlying the 
development of resistance.  
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2.2. Mechanism of Sorafenib resistance in HCC 

The exact molecular mechanism underlying Sorafenib resistance is still unclear, but 

there are numerous factors responsible for resistance development as signaling 
pathways activation, hypoxia, autophagy, epithelial-mesenchymal transition (EMT), 

long non-coding RNAs (lncRNAs), microRNAs (miRNAs), stemness, tumor 
microenvironment (TME), tumor metabolism, etc. (15)(16). Figure 2 represents the 
mechanism of Sorafenib resistance in HCC. 

 

Figure 2. Mechanism of Sorafenib resistance in HCC (17) 

Resistance mostly depends on the activation of growth factors and tyrosine kinases 
that are not targets of Sorafenib as a feedback mechanism (18).  

2.2.1. Sorafenib Resistance and c-Met 
 

Hepatocyte Growth Factor/Scattering Factor (HGF/SF) receptor c-Met is involved in 

the proliferation, survival, migration, and differentiation of epithelial cells. Met 
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tyrosine kinase acquires its heterodimer structure by proteolytic cleavage of a single-

chain precursor molecule and subsequent binding with a disulfide bond. A beta chain 
that passes through the membrane and an alpha chain that remains in the 
extracellular domain form the heterodimer structure of c-Met (Figure 3) (19).  

 

Figure 3.  Protein structure of c-Met (20). 

The HGF/c-Met signaling pathway is not active in healthy state cells but when liver 

damage occurs, it is activated. During hepatocarcinogenesis, c-Met becomes 
constitutively active, leading to the development of a more aggressive phenotype in 

cells (21). Our research group has been studying the molecular mechanism of c-Met 
tyrosine kinase activation in the development and progression of HCC, its 

downstream target molecules, other signal transduction pathways it interacts with, 

and the biological responses it elicits. Our previous studies showed that Sorafenib-
resistant HCC cells have elevated c-Met activation and HGF expression (22). Our 

further studies showed that in addition to ligand-dependent activation, c-Met is 
activated in a ligand-independent manner through receptor crosstalk by external 
factors, including high glucose, hypoxia, heparin, and ROS (5)(23)(24)(25). 
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2.3. Caveolin-1 and its role in HCC 

Known as one of the lipid raft types, caveolae are dynamic, small invaginations in the 

plasma membrane that are rich in cholesterol and sphingolipids, which have roles in 
endocytosis, cholesterol transport, and transcytosis. Cholesterol and sphingolipids in 

the structure give the membrane a more durable feature. The structure components 
are proteins such as Caveolin-1, Caveolin-2, Caveolin-3, Cavin-1, Cavin-2, Cavin-3, 
Cavin-4, EHD2, PACSIN2, Dynamin-2.  

Caveolin-1 (Cav-1), a 21-24 kDa protein, is the core component of caveolae 

structure. The formation and dynamic regulation of caveolae structure is a multi-step 
process. The process begins with the oligomerization of the Cav-1 protein, which is 

synthesized as an integral membrane protein in the cytoplasm. Golgi carries Cav-1 to 
the membrane surface, where its conformation changes and binds to sphingolipids 

and cholesterol (26). Cavin proteins are responsible for the morphology of caveolae 
structure and bind to Cav-1, and together, they are critical for maintaining the 

caveolae dynamics. EHD2 is an ATPase, which is localized in the neck of caveolae 
and ensures the confinement of the structure to the membrane. PACSIN2 protein 

supports the structure with the BAR and SH3 domains (27) (28). Dynamin-2 is 
located in the neck part of the caveolae structure, and it is a GTPase that has a role 

in membrane fission and fusion processes (Figure 4) (29)(30). Caveolae present 
several different dynamics due to their function, such as stable caveolae, lateral 

moving caveolae on the membrane, “kiss and run” movement of caveolae with 
membrane, internalized caveolae, etc.  
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Figure 4. Caveolae structure and elements (31). 

Caveolae structure is involved in signal transduction as well via activation of Cav-1 on 

its 14th tyrosine kinase in the presence of intracellular and/or extracellular stimuli 
(32). In this condition, Cav-1 undergoes a conformational change and exposes the 

domains to the receptors with which Cav-1 physically interacts (33). This activation 
creates a membrane region specialized for signal transduction, where receptors 

physically interact with intracellular and extracellular adaptor proteins. Activated Cav-
1 signaling regulates biological processes such as cell-cell, cell-matrix mediated 

adhesion, cytoskeletal dynamics, cell survival, motility and anchorage-independent 

growth. In normal cells, when adhesion molecules that Cav-1 interacts with are 
eliminated, caveolae structure is internalized, and cells are driven to anoikis. 

However, when Cav-1 is overexpressed in cancer cells, they gain anchorage-
independent growth ability (34). Cav-1 interacts with focal adhesion kinase (FAK) 

and actin filaments, activating stress fiber formation in mesenchymal cells (35). In 
hepatocarcinogenesis, Cav-1 is activated, and further activates PI3K/Akt, 

Erk1/2/MAPK, and IGF-1 signaling pathways and matrix metalloproteinases. Thus, 
cancer cells gain more metastatic potential and anchorage-independent growth 
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capability (36)(37). Previous studies that were held in our group showed that 

overexpression of Cav-1 brings HCC cells more mesenchymal-like phenotype and 
anchorage-independent growth capability, which increases cell motility and invasion 

as a result (5). While performing these activities, Cav-1 is reciprocally activated via 
crosstalking with c-Met. Both c-Met and Cav-1 are activated and gain HCC cells more 

aggressive phenotype in motility, invasion, and branched morphogenic structure 
aspects (Figure 5).  

 

Figure 5. Biological responses of Cav-1 c-Met interaction (5) 

 
2.4. Cav-1 and its effects on drug resistance 

Cav-1 overexpression is associated with drug resistance in various cancer types. For 

instance, Cav-1 overexpression has a role in 5-FU-resistance in colon cancer cells 
(38), cisplatin-resistance in ovarian cancer cells (39), paclitaxel-resistance in lung 

cancer and breast cancer cells (40), etc. In gastric cancer cells, Cav-1 has a role in 
Wnt/b-Catenin activation, and together, they develop resistance to cisplatin (41). 

Cav-1 overexpression is observed mostly in multi-drug resistant (MDR) cells and their 
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relationship is linked to the role of Cav-1 in cholesterol transport which is crucial for 

drug delivery (42). All these studies made us think that Cav-1 might have a role in 
Sorafenib resistance in HCC cells. We know that c-Met has an effect on Sorafenib 

resistance and aggressive phenotype in HCC cells and Cav-1 has an effect on 
aggressive phenotype together with c-Met. Since previous studies of ours and others 

supported the potential impact of Cav-1 on Sorafenib resistance in HCC, in this 
thesis, we aimed to elucidate the mechanism of Sorafenib resistance in HCC.  

2.5. miRNAs and their roles in Sorafenib resistance 

miRNAs are endogenous, single-stranded, short non-coding RNA molecules and 
mostly they have 19-24 nucleotides (nt) length. miRNAs bind to the 3’ untranslated 

region (3’ UTR) of their target mRNA transcripts and regulate their gene expression 
in this way. miRNAs are recognized to be significant in biological processes, cancer 

and the regulation of gene expression (6). Defects in miRNA regulation in tumor 
tissues and microenvironment are counted as a hallmark of cancer (7). miRNAs have 

both tumor suppressor and oncogenic features. By regulating their targets’ 
expression levels, miRNAs have the potential to bring cancer cells more aggressive 

phenotype. miRNAs can be altered during drug treatment and these alterations affect 
the therapy response (8). miRNA biogenesis consists of several steps until generation 

of a mature miRNA. RNA polymerase II transcribes pri-miRNA which is around 1-4 kb 
primary transcript. Then, a nuclease called Drosha/DGCR8 crops the single-stranded 

sequences near the double-stranded stem-loop structure of pri-miRNA which turns 
precursor of pre-miRNA has around 70-nt length by this action. With the help of 

Exportin-5, pre-miRNA is transported from the nucleus to the cytoplasm and another 

nuclease Dicer in the cytoplasm cleaves the loop of the stem-loop structure and 
generates a miRNA-duplex. One of the strands, which is a guide strand, is loaded 

into the cytoplasmic RNA-induced silencing complex (RISC) and the other one is 
degraded. Depending on the complementary level between the miRNA and its target 

where they interact in the 3’ untranslated region (3’ UTR) of the target mRNA, 
translation repression happens or the target mRNA is cleaved. In perfect 
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complementarity, mRNA cleavage happens and it is degraded at the end, whereas in 
imperfect complementarity, translation is repressed (Figure 6) (43).  

 

Figure 6. miRNA biogenesis (44) 

With their highly conserved character and their essential functions in the regulation 

of various pathways, miRNAs are counted as potential biomarkers in HCC (45). 
Although miRNAs are only 1-3% of all human genome, they regulate 33% of human 

protein-coding genes (46). The effect is massive, and they are essential molecules in 
various biological functions. miRNAs have leading roles in proliferation, invasion, 

apoptosis, differentiation, metastasis, angiogenesis, metabolic reprogramming and 
drug resistance in HCC (47). In previous studies held in our group, we demonstrated 

miR-181a-5p targets c-Met and this leads to suppression of motility, invasion and 

branching morphogenesis in HCC, but generally, it is downregulated in HCC (48). 
Alterations in the miRNA levels in cancer may dramatically impact the susceptibility of 

the drug, as well (14). For instance, in Doxorubicin (Dox) resistance, there is a lack 
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of capacity of Dox to accumulate in the nucleus that reduces DNA damage and this 

leads to prevent signal transduction of DNA damage into apoptosis. Additionally, in 
Sorafenib resistance, numerous complex genetic and epigenetic alterations happen 

and miRNAs are thought to regulate resistance by participating in some canonical 
drug resistance pathways. Genetic heterogeneity of HCC is thought to be the leading 

cause of primary resistance but the exact mechanism is not elucidated yet (49). As 

mentioned above, miRNAs are counted as one of the factors responsible for the 
development of Sorafenib resistance in HCC. Many oncogenic miRNAs can promote 

Sorafenib resistance, whereas with several tumor suppressor miRNAs, Sorafenib 
resistance can be overcome (50). A summary of some miRNAs and their role in 
Sorafenib resistance is given below (Table 1).  

Table 1. List of miRNAs and their role in Sorafenib resistance (51). 
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2.6. LncRNAs and their roles in Sorafenib resistance 

LncRNAs are long RNAs in the class of non-coding RNAs with a length of more than 

200-nt and they have no protein-coding capability. They appear in five types: sense, 
antisense, bidirectional, intronic and intergenic. Although they are called non-protein 

coding and seen as “by-products” or “dark matter”, they have crucial roles in 
regulating the expressions of target genes by interacting with DNA, RNA and proteins 

and forming complexes. They can act in two ways: first, by interacting with RNA-
binding proteins (RBPs) and second, by being a sponge for miRNAs and in these 

ways, they can be included in several biological processes such as proliferation, 
invasion, apoptosis, differentiation, metastasis, EMT transition and drug resistance, 

etc (50)(51). HOX transcript antisense intergenic RNA (HOTAIR) is a lncRNA and it 

has 2148-nt and is polyadenylated.  HOTAIR regulates HOXD and it is located 
between HOXC11 and HOXC12. HOTAIR is known to be overexpressed in numerous 

cancer types such as breast cancer, cervical cancer, gastric cancer, colorectal cancer 
and HCC related to poor prognosis, invasiveness and aggressive behaviors of cancer 

(52). In our group, we showed that HOTAIR has a role in the downregulation of c-
Met and stimulates the hybrid epithelial/mesenchymal (hybrid E/M) phenotype in 

HCC (53). In the hybrid E/M phenotype, tumor cells express mesenchymal and 
epithelial markers at the same time, and this phenotype gives tumor cells survival 

advantages, which are anchorage-independent growth ability, better metastatic 
ability, resistance to fluidic shear stress in circulation, collective migration ability and 

resistance to drugs, etc (54). Numerous studies have shown that lncRNAs and 
miRNAs interact to mediate drug resistance (50). Thus, lncRNAs join the potential 

mechanism of the drug resistance game in this way. A summary of some lncRNAs 
and their role in Sorafenib resistance is given below (Table 2).  
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Table 2. List of lncRNAs and their role in Sorafenib resistance (51). 

 

As we know, HOTAIR has a role in promoting hybrid E/M in HCC and hybrid E/M 

provides survival advantages to HCC cells; thus, one of the advantages of hybrid E/M 
might be promoting Sorafenib resistance in HCC. Moreover, miRNAs could be joined 
to this process by interacting with HOTAIR, thus contributing to Sorafenib resistance.  
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3. MATERIALS AND METHODS 

3.1. Type of the research 

 This thesis is an experimental research. 

3.2. Location and the time frame of the research 

 The research was carried out in the laboratories of Izmir Biomedicine and 
Genome Center (iBG) between September 2017 and February 2024. 

3.3. Research population, sampling and experimental groups 

 No human studies were conducted in this research. 

3.4. Research materials 

In this research, HCC cells were kindly provided by Prof. Dr. Mehmet Öztürk, 
and they have been using for years in our group, which are HuH-7, Mahlavu, SNU-

449, SNU-475, SNU-423, SNU-182, SNU-398, SNU-387, HEPG2, FOCUS, SK-HEP-1 
and HEP3B. Additionally, Cav-1 overexpressing HuH-7-pCAV1 and its MOCK-

transfected clones were obtained in our previous studies were used in this study. In 
this thesis period, HuH-7, Mahlavu, SNU-449 and HuH-7-pCAV1 Sorafenib resistant 

clones were generated. HOTAIR overexpressing SNU-449-HOTAIR and its MOCK-
transfected clones were generated, as well. Zebrafish studies were held in Izmir 

Biomedicine and Genome Center, Güneş Özhan’s laboratory and wild-type zebrafish 

embryos were used in this study.  
 

3.5. Research variables 

HCC cell lines and clones that were generated are independent variables, the 
dependent variables are their protein and RNA expression levels. Biological responses 

that were obtained from independent variables are dependent variables. The 
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Sorafenib dose is independent, and the response to Sorafenib is a dependent 
variable.  

3.6. Data collection tools 

3.6.1 Materials and Equipment  

Table 3. List of chemicals, reagents and kits used in research 

Chemicals/Supplements Brand Catalog Number 

Dulbecco’s Modified Eagle 

Medium(DMEM) 

Biological Industries 01-050-1A 

Fetal Bovine Serum (FBS) Gibco 10500-064 

Penicillin/Streptomycin (P/S) Biological Industries 03-031-1B 

L-Glutamine Biological Industries 03-020-1B 

Non-Essential Amino Acid Solution 
(NEAA) 

Biological Industries 01-340-1B 

Trypsin-EDTA(0.25%) Biological Industries 03-052-1B 

Dimethyl sulfoxyde(DMSO) AppliChem A3672,0100 

Phosphate Buffered Saline(PBS),10X Gibco 70011044 

Trypan Blue 0.5% Solution Biological Industries 03-102-1B 

Aquaguard-1 Biological Industries 01-867-1B 

Aquaguard-2 Biological Industries 01-916-1A 

cOmplete ULTRA Tablets, Mini, 
EASYpack, Protease Inhibitor Coctail 

Tablets 

Roche 05892970001 

PhosSTOP EASYpack, Phosphatase 
Inhibitor Tablets 

Roche 04906837001 

PierceTM BCA Protein Assay Kit ThermoFisher 
Scientific 

23227 

PageRulerTM Prestained Protein Ladder ThermoFisher 
Scientific 

26616 
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Thick Chromatography Blotting Paper Ahlstrom 2228-2020 

ImmobilonÒ-FL Transfer Membrane Merck Millipore IPFL00010 

Phospho-Caveolin-1 (Y14) Primary 

Antibody 

Cell Signaling 

Technology 

3251S 

Caveolin-1 (N20) Primary Antibody Santa Cruz 

Biotechnology 

sc-894 

Phospho-Met (Y1234/1235) Primary 

Antibody 

Cell Signaling 

Technology 

3129L 

Met (C-28) Primary Antibody Santa Cruz 
Biotechnology 

sc-161 

Calnexin (H-70) Primary Antibody Santa Cruz 
Biotechnology 

sc-11397 

IRDyeÒ 680RD Goat anti-Rabbit 

Secondary Antibody 

LI-COR 926-68071 

IRDyeÒ 800CW Goat anti-Mouse 

Secondary Antibody 

LI-COR 926-32210 

E-Plate 16 ACEA 
Biosciences,Inc. 

05469830001 

Sorafenib, 20 mg SelleckChem S7397 

Thiazolyl Blue Tetrazolium Bromide 
(MTT) 

Sigma Aldrich, 
Merck 

M5655 

NucleoZOL RNA isolation reagent Macherey-Nagel 
(MN) 

740404.200 

RevertAid First Strand cDNA Synthesis 
Kit 

Thermo Scientific K1622 

Luminaris Color HiGreen qPCR Master 

Mix, high ROX 

Thermo Scientific K0364 

FuGENEÒ HD Transfection Reagent Promega E2312 
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Table 4. List of equipment used in research 

Equipment Name Brand Catalog number 

Class 2 Biosafety Cabinet Thermo Scientific 51026638 

CO2 Incubator Galaxy 170 S New Brunswick, 
Eppendorf 

223100148 

Water Bath Nüve Z10.NB 

Inverted Phase Fluorescent Microscopy Carl Zeiss Axio Vert.A1 

Centrifuge, for falcon tubes  Eppendorf Z606936 

Hemocytometer, Neubauer chamber Marienfield Superior 0630010 

Thermal Cycler Applied Biosystems A24812 

Vortex Thermo Scientific 88880018 

Power Supply PowerPacTM Basic Bio-Rad 1645050 

Western Blotting Electrophoration and 

Transfer System 

Bio-Rad 1658029 

ChemiDoc Imaging Device  Bio-Rad  

Magnetic Stirrer with heater Thermo Scientific SP88857105 

xCelligence RTCA DP Roche, ACEA 
Biosciences,Inc. 

00380601050 

Microplate Spectrophotometry Thermo Scientific 51119200 

Transilluminator Gel DocTM XR+ Bio-Rad 170-8195 

Benchtop Orbital shaker Thermo Scientific SHKE4000 

NanoDrop Thermo Scientific ND2000 

Precision Balance Sartorious 8221S 

Microfuge Thermo Scientific 75004061 

Microcentrifuge Thermo Scientific 75002450 

Upright Immunofluorescence 
Microscopy 

Olympus BX61 

Real Time PCR system 7500 Fast Applied Biosystems 4351106 

Digital Heating Shaking Drybath Thermo Scientific 88880028 
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3.6.2. Media and Solutions 

3.6.2.1. Cell culture 

 
Complete medium for 500 mL Final concentration 
DMEM 435 mL 1X 

FBS 50 mL 10% 
Penicillin/Streptomycine 5 mL 100U/ml / 0.1 mg/ml 

L-Glutamine 5mL 2 mM 
NEAA 5 mL 1% 

 

Cell counting solution Final volume 
Trypan blue 2X 

PBS 2X 
Cell suspension 1X 

Cell Freezing Medium Final concentration 
Complete medium 60% 

FBS 30% 
DMSO 10% 

 
3.6.2.2. Protein isolation, protein electrophoresis and blotting 

 

RIPA Lysis Buffer Final concentration 
Tris-Cl (pH=7.4) 50 mM 

NaCl 150 mM 
EDTA (pH=8.0) 1 mM 

NP-40 %1 

NaF 1 mM 
Na3VO4 1 mM 

Complete Mini Protease 1X 
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Inhibitor Coctail Tablet 

PhosSTOP Phosphatase 
Inhibitor Tablet  

1X 

 
10X PBS for 1 L 

NaCl 80 g 

KCl 2 g 
NaHPO4.2H2O 18.1 g 

KH2PO4 2.4 g 
dH2O*  up to 1 L 

* dH2O was added until the total volume reached 1L and pH was adjusted to 7.4, 
diluted to 1X concentration by dH2O if needed. 

10X TBS for 1 L 

NaCl 80 g 
KCl 2 g 

Tris base 30 g 
dH2O*  up to 1 L 

* dH2O was added until the total volume reeached 1L and pH was adjusted to 7.4, 
diluted to 1X concentration by dH2O if needed. 

1.5 M Tris Solution 

18.165 g Tris base was dissolved in dH2O and final 100 mL solution was prepared 
and pH adjusted to 8.8  

1 M Tris Solution 

12.11 g Tris base was dissolved in dH2O and final 100 mL solution was prepared and 
pH adjusted to 6.8  
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30% Acrylamide-Bisacrylamide Solution (29:1) 

29 g Acrylamide and 1 g Bisacrylamide was dissolved in dH2O and final 100 mL 

solution was prepared. Solution was filtered by 0.2 μm filter and stored in dark at 4 
oC.   

8% Resolving polyacrylamide gel for 10 mL 

H2O 4.6 mL 
30% Acrylamide-Bisacrylamide Solution 2.7 mL 

1.5 M Tris (pH=8.8) 2.5 mL 
10% SDS 0.1 mL 

10% Ammonium persulfate (APS) 0.1 mL 
TEMED 0.006 mL 
 

15% Resolving polyacrylamide gel for 10 mL 
H2O 2.3 mL 

30% Acrylamide-Bisacrylamide Solution 5 mL 
1.5 M Tris (pH=8.8) 2.5 mL 

10% SDS 0.1 mL 
10% Ammonium persulfate 0.1 mL 

TEMED 0.004 mL 
 

5% Stacking polyacrylamide gel for 10 mL 
H2O 6.8 mL 

30% Acrylamide-Bisacrylamide Solution 1.7 mL 

1 M Tris (pH=6.8) 1.25 mL 
10% SDS 0.1 mL 

10% Ammonium persulfate 0.1 mL 
TEMED 0.01 mL 
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Run Buffer for 1 L 

Tris base 3.075 g 
Glycine 14.4 g 

10% SDS 10 mL 
dH2O up to 1 L 

 

Transfer Buffer for 1 L 
Tris base 3.075 g 

Glycine 14.4 g 
10% SDS 2 mL 

dH2O 800 mL 
Methanol 200 mL 
 

Blocking Solution  for 10 mL Final concentration  
Bovine Serum Albumin (BSA) 

or skimmed milk powder 
(MP) 

0.5 g 5%  

TBS (1X) 10 mL   
 

Primary Antibody Solution  for 10 mL Final concentration  

Bovine Serum Albumin (BSA) 
or skimmed milk powder 

(MP) 

0.3 g 3%  

Tween-20 20 μl 0.2%  

Primary Antibody 10 μl 1:1000 as 
optimized 

 

TBS (1X) 10 mL   
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Washing Solution for 500 mL Final concentration  

Tween-20 500 μl 0.1%  
TBS (1X) 500 mL   
 

Secondary Antibody Solution for 50 mL Final concentration  
Bovine Serum Albumin (BSA) 

or skimmed milk powder 
(MP) 

1.5 g 3%  

Tween-20 100 μl 0.2%  
SDS (10%) 50 μl 0.01%  

Secondary Antibody 2.5 μl 1:20000  

TBS (1X) 50 mL   
 

3.6.2.3. Proliferation assays 

MTT Solution  for 10 mL Final concentration  
MTT 50 mg 5 mg/mL  

PBS (1X)* up to 10 mL   

* Solution was dissolved in dark and filtered by 0.2 μm filter and stored in dark at -
20 oC.  

3.6.3. Methods 

3.6.3.1. Cell culture and passaging 

HCC cell lines that were used in this study were kindly provided by Prof. Dr. Mehmet 
Öztürk and they have been used in our laboratory for a long time. These HCC cell 

lines were HuH-7, SNU-449 and Mahlavu (MV) cell lines. Cav-1 overexpressing HuH-7 
cells (HuH-7-pCav1) and HOTAIR overexpressing SNU-449 cells (SNU-449-HOTAIR) 

were cloned in previous studies in our lab (5)(53). HuH-7 Sorafenib-resistant (HuH-7 

SORRES), MV Sorafenib-resistant (MV SORRES) and SNU-449 Sorafenib-resistant cell 
(SNU-449 SORRES) clones were established in this study. All these HCC cells were 
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cultured in DMEM media supplemented with 10% FBS, 1% Penicillin/Streptomycin, 

1% L-Glutamine and 1% Non-essential amino acid solutions. All operations related to 
the cells were carried out in the laminar cabinet. Cells were incubated at 37 °C 

incubator supplemented with 5% CO2. Passaging was performed when the cells 
reached 70% confluency. First, the cells were washed with sterile 1X PBS, and then 

Trypsin/EDTA 0.25% solution was used to detach the cells from the surface and from 

each other. Cells to which trypsin/EDTA was added were incubated at 37 °C, where 
enzyme activity is optimum until the cells detach from the surface. Trypsin activity 

was stopped by adding FBS at least three times the amount of Trypsin/EDTA added 
to detach cells. Cells were passaged into new plates in an appropriate density. When 

HuH-7-pCav1 and SNU-449-HOTAIR clones and their MOCK-transfected clones were 
thawed after freezing, first they were treated with 400 µg/ml Geneticin and 12 µg/ml 

Puromycin respectively for 4 days, and after selection, experiments were carried out 
by passage of resistant cells. 

 

3.6.3.2. Establishment of Sorafenib resistant cell clones 

To obtain sorafenib-resistant cells, their Sorafenib GI50 (Growth Inhibition 50) values 
should be increased. To do this, HuH-7, MV and SNU-449 cells were treated with 

Sorafenib continuously every 2 days and with increasing doses to mimic acquired 
resistance by continuous selection (55). They all became resistant up to 8 µM 

Sorafenib concentration. When cells were thawed after freezing, they were treated 
with Sorafenib again continuously and treatment was stopped one passage before 
the experiment.  

3.6.3.3. Cell counting 

After washing the cells with 1X PBS and resuspending the cells with Trypsin/EDTA, 

100 µl of cell suspension was transferred to a tube that already contained 200 µl of 
Trypan blue and 200 µl of 1X PBS. From this mixture, 10 µl was added to each of the 
two regions of the Neubauer slide and 10 areas were counted hemocytometrically.  
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Total cell number in 1 mL = !"##$	!&'()"*	+	*,#'),&(	-.!)&/
./".$	!&'()"*	,(	0"'1.'"/	$#,*"

X 104   

Once the cells were calculated, the desired number of cells was seeded into plates. 

3.6.3.4 Cell thawing and freezing 

1. The cells, which were stored in cryovials in liquid nitrogen tanks, were taken 

out and thawed rapidly in a water bath at 37 °C.  
2. The thawed cell suspension was transferred to a 15 ml falcon containing 5 ml 

of complete DMEM medium and centrifuged at 1500 rpm for 5 minutes. 
3. After the supernatant was removed, the cell pellet was resuspended with 5ml 

of complete DMEM media, and cells were seeded in an appropriate flask 
according to the cell pellet size. 

4. The flask was placed into an incubator and checked after 24 hours. When cells 
reached 70% confluency, cell passaging was performed.  

Cell freezing was performed when there were remaining cells from the experiment or 
stocking was necessary for those cells.  

1. Cells were washed with 1X PBS and detached with Trypsin/EDTA. 

Resuspended cell suspension with complete DMEM was transferred to a 15 ml 

falcon and centrifuged at 1500 rpm for 5 minutes. 
2. After the supernatant was removed, the cell pellet was resuspended with the 

freezing media, which contains 60% complete DMEM, 30% FBS and 10% 
DMSO and transferred to cryovials.  

3. The cryovials were placed into Mr.Frosty freezing box, which has isopropanol 
inside and around and helps cooling process proceed slowly. Mr. Frosty with 

cells were incubated overnight at -80 °C then they were transferred into a 
liquid nitrogen tank. 

 

3.6.3.5 Total RNA isolation 

For total RNA isolation NucleoZol reagent (Macherey Nagel) has been used.  

1. 600000 cells were seeded into 60 mm2 dish. 
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2. When cells were reached 70% confluency, cells were washed with 1X PBS. 

3. 1 mL Nucleozol reagent were added to the dish onto cells and were lysed with 
pipetting up and down. 

4. Lysate was transferred to eppendorf tube. 
5. 400 µl nuclease free water added to lysate and shake vigorously for 15 

seconds. 

6. Lysate was incubated for 10 minutes at room temperature.  
7. Lysate was centrifuged at 12000 x g for 15 minutes at room temperature. 

8. There would be two phases after centrifugation. The upper phase, which is 
called supernatant, was transferred into a new tube, and 1 mL isopropanol 

was added to the supernatant to precipitate RNA. 
9. In this step, overnight incubation of the samples at -20 °C is recommended. 

10. After overnight incubation, samples were centrifuged at 12000 x g for 10 
minutes at room temperature. 

11. The supernatant was discarded, and RNA pellet was washed with 1 mL 75% 
ethanol and then centrifuged at 8000 x g for 3 minutes. 

12. The supernatant was discarded, and the washing step was repeated. 
13. The RNA pellet was dried by waiting around 20 minutes upside down on tissue 

paper. 
14. The RNA pellet was dissolved with around 20-50 µl nuclease-free water 

according to the size of the pellet. 
15. The tubes were put into a heat block at 65 °C for 10 minutes for better 

dissolution. 

16. RNA concentration and purity were measured by NanoDrop (Thermo).  
 

3.6.3.6 miRNA reverse transcriptase polymerase chain reaction (RT-PCR) 

Within the total RNA isolation, small RNAs were isolated as well, including miRNAs. 

RT-PCR method was used to make complementary DNA from the miRNAs that we 
isolated. TaqManTM probe system (TaqManTM microRNA assay, 4440887) (TaqManTM 
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microRNA reverse transcription kit, 4366596) was used to make cDNAs from just the 
desired miRNA because of the expressional issues in the whole RNA pool.  

Components per reaction Volume per reaction   

dNTP 0.15 µl   
Reverse transcriptase 1 µl   

10X RT buffer 1.5 µl   
RNase inhibitor 0.19 µl   

Nuclease free H2O up to 15 µl   
20X RT primer 0.75 µl   

RNA 10 ng    
 

Reaction mixture was prepared and placed into thermal cycler and started incubation 
protocol for 30 minutes at 16 °C, for 30 minutes at 42 °C, for 5 minutes at 85 °C. 
When the reaction finished, cDNA samples can be stored at -20 °C.  

3.6.3.7 Quantitative real time polymerase chain reaction for TaqManTM miRNA assay 
(qPCR) 

In order to detect and quantitate miRNA, TaqMan miRNA assay was used. By using 

this assay, the problem in miRNA quantitation was overcome which was the short 
length of mature miRNAs (~22 nucleotides) prevents the conventional design of a 

random-primed RT step followed by a specific real-time assay. Thus, TaqMan miRNA 
assays use a target-specific stem loop reverse transcription primer, which creates RT 

primer/mature miRNA couple that provides specificity for only the mature miRNA 
target (Figure 7).  
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Figure 7. TaqMan probe system 
 

 

Components per reaction Volume per reaction  

20X TaqMan miRNA assay  1.5 μl  
2X PCR mastermix (no UNG) 

(Thermo 4440040) 

15 μl  

cDNA 3.99 μl  

Nuclease free H2O  9.51 μl for total 30 μl distribute 10 μl in each 
well 

 

Reaction mixture was prepared for triplicate conditions in one tube and distributed 

10 μl in each three well of the PCR plate. RNU6B was used as an endogenous 
control. Once all the conditions were added to PCR plate, it was sealed and spinned 

to ensure all the liquid at the bottom of the plate. Then the plate was placed into ABI 
7500 Fast device and reaction was performed as described below.  
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Step Temperature Time Cycles 
Enzyme activation 95 °C 10 minutes 1 

Denaturing 95 °C 15 seconds 
40 

Annealing/Extension 60 °C 60 seconds 

    
3.6.3.8 Reverse transcriptase polymerase chain reaction (RT-PCR) 

RT-PCR was performed in order to make cDNA from total RNA that was isolated 
previously. RevertAid First Strand cDNA synthesis kit (Thermo K1622) was used.  

Components per reaction Volume per reaction  

Oligo DT 1 µl  
Random hexamer 1 µl  

dNTP 2 µl  
Reverse transcriptase 1 µl  

5X reaction buffer 4 µl  
RNase inhibitor 1 µl 

RNA 1000 ng  

Nuclease free H2O up to 20 µl 
 

First, oligo Dt and random hexamer were added to the 1000 ng RNA and nuclease 

free H2O mixture and incubated at 65 °C for 5 minutes. Then, the tubes were chilled 
on ice for 10 minutes. The rest of the reaction mixture was prepared and placed into 

a thermal cycler, and the incubation protocol started: for 5 minutes at 25 °C, for 60 
minutes at 42 °C, and for 5 minutes at 70 °C. When the reaction finished cDNA 
samples can be stored at -20 °C. 

3.6.3.9 Quantitative real time polymerase chain reaction (RT-qPCR) 

RT-qPCR reaction was performed using the cDNAs and custom-synthesized primers 
specific to the genes we were interested in. Primers were designed for a gene-

specific region of the coding DNA sequence (CDS) from NCBI-Gene bank, with a 
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length of 20-25 bases, a binding temperature of 60-61 °C, and a GC base ratio of 50-

55%. The primers used for the qPCR reaction are shown in the table below. RPL41 
was used as the reference gene. 

Table 5. List of primers used for the Quantitative Real-Time PCR reaction 

Primer 
name 

Forward Primer Sequence Reverse Primer Sequence 

CAV1  TGAGCGAGAAGCAAGTGTACG CTGTGTGTCCCTTCTGGTTCT 

MET TGGGCACCGAAAGATAAACCT TCTCGGACTTTGCTAGTGCC 

RPL41 GAAACCTCTGCGCCATGA TCTTTCTTCTTTTGCGCTTCA 

HOTAIR GGTAGAAAAAGCAACCACGAAGC ACATAAACCTCTGTCTGTGAGGTCC 

CDH1 TACACTGCCCAGGAGCCAGA TGGCACCAGTGTCCGGATTA 

CDH2 ATTGGACCATCACTCGGCTTA CACACTGGCAAACCTTCACG 

VIM CCTTGACATTGAGATTGCCACCTA TCATCGTGATGCTGAGAAGTTTCG 

CTNNB1 GCTGGGACCTTGCATAACCT TCCACTGGTGAACCAAGCAT 

HPRT1 TGGCGTCGTGATTAGTGATG GACGTTCAGTCCTGTCCATA 

 

Reaction mixture was prepared by using Luminaris Color HiGreen qPCR master mix 
high ROX (Thermo K0364) and was performed by ABI 7500 Fast real-time thermal 
cycler. Melting curve analysis was added to the reaction protocol. 

Components per reaction Volume per reaction  
2X master mix 5 μl  

10 μM forward primer 0.3 μl  
10 μM reverse primer 0.3 μl  

cDNA 10 ng  
Nuclease free H2O up to 10 μl 

 
Step Temperature Time Cycles 

UDG pre-treatment 50 °C 2 minutes 1 

Initial denaturation 95 °C 10 minutes 1 
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Denaturation 95 °C 15 seconds 
40 

Annealing/Extension 60 °C 60 seconds 
 

3.6.3.10 Total protein isolation 

1. 1500000 cells were seeded into 100 mm2 dish. 

2. When they reached 70% density, they were taken from the incubator and 
placed on ice. 

3. Cells were washed three times with ice-cold 1X PBS, which contains 0.1 mM 
NaF and 0.1 mM Na3VO4 protease inhibitors. 

4. Cells were scraped with a cell scraper and transferred to 1.5 mL Eppendorf 

tubes. 
5. Cells were centrifuged at 1500 rpm for 5 minutes at 4 °C. 

6. Supernatant was removed, and RIPA buffer (RadioImmunoPrecipitation Assay 
Buffer, protocol written in 3.6.2.2) was added approximately 3 times the 

amount of the cell pellet to the tube. Tubes were incubated for 30 minutes on 
ice and vortexed every 3-4 minutes to be lysed well. 

7. To remove cell debris, lysate was centrifuged at maximum speed at 4 °C for 
20 minutes. 

8. The supernatant was transferred to a new tube, and after quantification, 
lysate was stored at -80 °C. 

 

3.6.3.11 Protein quantification 

The amount of protein in the lysate was calculated by performing BCA (bicinchoninic 
acid) assay.  

1. Different concentrations of bovine serum albumin (BSA) were used to create 
the standard graph. 

2. BCA reagents A and B were mixed and added to the standard concentrations 
and the protein lysates that obtained and the reaction was started. 

3. The reaction mixture was incubated at 55 °C for 15 minutes. 
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4. As a result of the reaction, the BCA/copper complex, which increased with the 

protein concentration, was measured spectrophotometrically at 562 nm. 
5. The measurements obtained based on BSA concentrations were used to draw 

the standard graph. From the standard graph and its equation, the protein 
amount of the unknown samples was calculated. 

 

3.6.3.12 Protein electrophoresis on SDS-PAGE 

1. 8 ml of resolving gel (described in 3.6.2.2) was prepared according to the 
protein size of interest and added between the glasses in the casting. To avoid 

over-polymerization, the contact of the gel with air was blocked with 

isopropanol and waited until the gel was polymerized. 
2. Meanwhile, 5% stacking gel (described in 3.6.2.2) was prepared, and after the 

lower gel was polymerized and isopropanol was removed, approximately 2 ml 
was added to the resolving gel, and a comb was placed and waited until it 

was polymerized.  
3. From total protein lysate, 50-80 µg protein was transferred to a new tube and 

mixed with 4X loading buffer containing 20% beta-mercaptoethanol to 
denature the proteins. The volume of the samples should be equal before 

loading to gel and this could be done with lysis buffer.  
4. The prepared protein samples were boiled at 95 °C for 10 minutes to 

complete denaturation. 
5. The boiled protein samples were kept at room temperature until the loading 

process was started. 
6. Run buffer was prepared (described in 3.6.2.2) and added into the 

electrophoresis tank, and after the gels were placed appropriately, the 
samples were loaded into the wells with long, thin pipette tips. 

7. In order to visually follow protein migration, 4 μl of the prestained protein 
marker was loaded into an empty well. 

8. First, 70 Volts (V) was applied to ensure that the stacking gel aligned the 

proteins. 
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9. After the samples passed the stacking gel, the proteins were run in the 

resolving gel with a voltage of 110 V until the bands on the marker were 
placed appropriately for the protein of interest. 

 

3.6.3.13 Transfer to the membrane, blocking, blotting and detection 

1. When the electrophoresis was finished, the gels were removed from the glass 

apparatus and soaked in the transfer buffer (protocol written in 3.6.2.2). 
Membrane and Whatmann papers were cut in the size of transfer cassettes 

size to fit properly. 
2. The membrane was left in methanol for 1 minute to open its pores. It was 

then soaked in the transfer buffer to equilibrate. 
3. A sandwich form was created by placing the sponge, Whatmann paper, gel, 

membrane, Whatmann paper and sponge on top of each other in the transfer 
buffer, keeping the black side of the cassette at the bottom. 

4. The cassette was closed and placed into the transfer tank, which was filled 
with transfer buffer. 

5. Transfer was performed for approximately 3 hours at 400 milliAmperes (mA). 
Since the current was very high and it would heat up immediately, we did not 

want the gel structure and, therefore, the protein structures to degrade. The 
ice box was placed in the transfer tank, and it was changed from time to time, 

avoiding of the buffer from overheated. 

6. When the transfer process was completed, the membrane was incubated for 
one minute in TBS. 

7. The membrane was placed in the falcon tube and incubated with rotation for 
1 hour with the 5% blocking solution (described in 3.6.2.2) to prevent the 

antibody from recognizing non-specific regions and giving a false signal. 
8. After blocking, membranes were incubated with the primary antibody solution 

(described in 3.6.2.2) overnight at 4 °C with rotation in a falcon tube so that 
the primary antibody could bind equally to all parts of the membrane. 
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9. The next day, the membrane was washed three times for five minutes each 

with 0.1% TBS-T solution (described in 3.6.2.2). 
10. After washing, the secondary antibody that produces infrared radiation was 

selected to suit the animal for which the primary antibody was prepared (anti-
mouse, anti-rabbit, etc.) and the secondary antibody solution was prepared 

(described in 3.6.2.2). The membrane was incubated with secondary antibody 

solution for two hours at room temperature with rotation in a falcon tube. 
Since a secondary antibody that produces infrared radiation was used, work in 

the dark from that point.  
11. The membrane was washed five times for 5 minutes with 0.1% TBS-T 

solution. 
12. The membrane was rinsed with TBS solution at the end before imaging. 

13. Detection was done by the ChemiDoc imaging system from BioRad. Since this 
system has different fluorescent channels, it allows imaging of primary 

antibodies prepared for different channels simultaneously. 
 
3.6.3.14 Determination of cell viability by xCelligence 

By using the Roche xCelligence device, the proliferation rate of the cells and effect of 
Sorafenib on cell proliferation are examined. In this system, the surface where the 

cells adhere and proliferate is covered with a gold electrode. The adhesion of the 
cells and the area that the cells cover is measured by the resistance against an 

electric current called "Cell index". For this assay, E-plates were used which have the 
electrodes at the bottom surface.  

1. E-plates were placed on the “assembly tool” and 30 μl medium was added to 
each well of the E-plate.  

2. The plates were incubated for 30 minutes in the incubator for the equilibrium 
and after that E-plate was inserted into the device, and measured the 

background value. 
3. 3.000 cells were seeded in each well, and at least one well was left with only 

medium for blank measurement.  
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4. The E-plates were inserted into the device again and set to measure the “cell 

index” every 15 minutes for 96 hours.  
5. The next day, after the cells were attached the experiment was paused and 

Sorafenib was added to the wells according to the dose of the conditions, and 
then the experiment was resumed.  

6. After 96 hours the experiment was finished and data was collected from the 

device to analyze.  
 

3.6.3.15 Determination of cell viability by MTT assay 

MTT assay is a colorimetric test that tests cell metabolic activity. NAD(P)-H 

dependent cellular oxidoreductase enzymes are expressed in living cells. These 
enzymes reduce the tetrazole dye MTT in living cells and transform it into an 

insoluble formazan dye. This formazan is soluble in DMSO and acquires a purple 
color. This colored solution is measured spectrophotometrically to test the viability 
and determine the Sorafenib IC50 of the cells. 

1. 2000 cells were seeded into wells of 96-well plate with 200 μl medium. 

2. After 24 hours, the drug of interest which is mostly Sorafenib to us were 
added to wells in increasing doses in each condition. 

3. 24, 48 and 72 hours after the dose addition, experiment was stopped by 
adding 15 μl MTT solution (described in 3.6.2.3) to each well of 96-well plate. 

4. Cells to which MTT solution was added were incubated in the incubator for 4 
hours in the dark. 

5. After 4 hours, the solution in the wells was removed and 100 μl DMSO was 
added to the wells, gently shaking for 15 minutes in the dark to ensure that 

the formazan was thoroughly dissolved and mixed. 
6. The absorbance of the wells was measured spectrophotometrically at 570 nm, 

and the "background" value was measured at 720 nm. 
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3.6.3.16 Boyden chamber motility assay 

Boyden chamber assay is an in vitro cell motility testing assay that includes inserts 

which can be inserted in each well of 24-well plate. Each insert has a PET membrane 
with pores that cells can move through the membrane that represents its motility.  

1. 24-well plate was taken and 750 μl 10% FBS-containing medium was added 
to the wells of the plate. 

2. Inserts which have pores in 8 μm diameter were placed into the wells carefully 
trying to avoid making bubbles between the membrane and the medium.   

3. In each insert, 10000 cells (for SNU-449) were seeded with 500 μl 2% FBS-
containing medium. 

4. After 24 hours, the experiment was finished and cells in the inserts were fixed 
with a fixative containing methanol. 

5. Then, eosin staining, which stains the cytoplasm the basic part of the cell, and 
hematoxylin staining, which stains the nucleus the acidic part, were 

performed. The inserts were passed through distilled water and the cells that 
did not pass through the insert membrane were cleaned with a Q-tip.  

6. The remaining cells which passed through the membrane were counted under 

the microscope for each condition.  
 

3.6.3.17 2D-Colony formation assay 

1. 24-well plate was taken and 300 cells were seeded in each well and ensured 

that cells were single cells under the microscope. 
2. Cells were cultured around 10 days and their medium was changed every 

three days.  
3. After colonies get bigger and still distinct, experiment was finished. 

4. First, the medium in the wells were removed and cells were washed with 1X 
PBS twice. 

5. Then, cells were fixed with cold 1:1 Acetone : Methanol fixative solution and 
waited at -20 °C for 20 minutes with fixative. 
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6. Fixative was removed and cells were stained with 20% Giemsa staining 

solution at room temperature for 30 minutes.  
7. Staining solution was removed and cells were washed with distilled water until 

the excess stain was removed. 
8. The plate is left at room temperature for air drying. 

9. Cells were imaged by BIO-RAD Gel DocTM XR+Gel Documentation System and 

analyzed by ImageJ Colony Area plug-in. 
 

3.6.3.18 miRNA transfections 

SNU-449 and MV cells were transiently transfected with miRNA mimics and inhibitors 
for overexpressing and repressing miRNA levels in the cells, respectively.  

1. 500000 cells were seeded into a 60 mm2 culture dish. 
2. The next day when cells were attached, 100 nM miR-181a-5p-mimics 

(Ambion, MC10421) or 100 nM miR-181a-5p-inhibitor (Ambion, MH10421) and 

their control mimics and inhibitor (Ambion, AM:17010) transfected to cells by 
Fugene HD transfection reagent (Promega, E2312). 

3. After 24 hours of transfection, cells were used in biological assays or isolated 
in RNA or protein. 

 

3.6.3.19 Silencing experiments with Cav-1 targeting siRNA 

1. Cells were seeded into culture dishes and cultures until 80% of confluency 
was reached. 

2. Before transfection medium was changed to 5% FBS-containing medium 
without antibiotics. 

3. 5 nM scrambled siRNA (LSG-4390844) and 10 nM Cav-1 siRNA (LSG-4390826, 
s2448) were transfected to cells by Lipofectamine RNAimax transfection 

reagent (Thermo LSG-13778150). 
4. After 48 hours of transfection, cells were used in biological assays or isolated 

in RNA or protein. 
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3.6.3.20 Retroviral cloning and generating HOTAIR overexpressing stable cell lines 

SNU-449 cells were chosen to overexpress HOTAIR and viral particles containing 
retroviral vectors were introduced into SNU-449 cells.  

1. Viral particles are generated through transfection of HEK-293T cells with VSV-

G envelope protein expressing vector (5 μg), gag-pol expressing vector (5 μg) 
and retroviral target vectors (LZRS-HOTAIR and LZRS-IRESGFP) (5 μg) by 

Roche X-tremeGENETM HP DNA transfection reagent.  
2. 24 hours after transfection medium was changed and again after 24 hours 

which is 48 hours after transfection the medium was collected and filtered for 
infection of the cells. 

3. SNU-449 cells were infected with 1:1 collected retrovirus medium : fresh 
medium mix. 

4. 48 hours after infection SNU-449 cells were selected with the selective 
antibody which is puromycine for these vectors. 13 μg/mL puromycine was 

added to SNU-449 cells and they were selected for at least 3 passages. They 
were called polyclone cells afterwards.  

5. For monocloning, cells were seeded as a single cell into a plate to generate 

colonies from a single cell. Then these colonies were picked and cultured and 
at the end, they were called monoclonal stable cell lines (53). 

 

3.6.3.21 Immunofluorescence microscopy sample preparation 

1. Cells were seeded on coverslips in the 24-well plate as 10000 cells in each 
well. 

2. The next day when cells were attached, they were washed with 1X PBS for 3 
times on ice.  

10. Cells were fixed with cold 1:1 Acetone : Methanol fixative solution at -20 °C 
for 20 minutes. 

3. Fixative solution was removed and cells were washed with 1X PBS. 
4. Cells were blocked with 1% BSA/0.05% TritonX/1X PBS solution at room 

temperature for an hour. 
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5. Cells were incubated with antibody binding solution containing 0.5% 

BSA/0.05% TritonX/1X PBS and the antibody of interest in its optimized 
concentration (Cav-1;1/200 c-Met;1:100) at room temperature for 2 hours.  

6. Cells were washed with 0.1%TritonX/1X PBS solution 6 times for 5 minutes. 
7.  Cells were incubated with antibody binding solution which contains 

0.5%BSA/0.05%TritonX/1X PBS and the secondary antibodies in the dilution 

of 1/2500 (goat anti-mouse Alexa 488 (A11001 Invitrogen) and/or goat anti-
rabbit Alexa 594 (A11037 Invitrogen)) at room temperature for an hour.  

8. Cells were washed with 0.1% TritonX/1X PBS solution 6 times for 5 minutes. 
9. Cell nuclei were stained with DAPI solution for 5 minutes and washed with 

H2O.  
10. Coverslips were placed onto slides and mounted by Dako Fluorescence 

Mounting Medium (S3023).  
11. Images were taken under the Olympus BX61 upright fluorescence microscope 

with 40X objective.  
12. Some images were taken under confocal microscope (Zeiss LSM880) with 20X 

and 63X objectives.  
 

3.6.3.22 Phalloidin staining 

1. Cells were seeded on coverslips in the 24-well plate as 10000 cells in each 

well. 

2. The next day when cells were attached, they were washed with 1X PBS for 2 
times. 

3. Cells were fixed with 4% paraformaldehyde (PFA) fixative solution at room 
temperature for 30 minutes. 

4. Cells were permeabilized with 0.1%TritonX/1X PBS solution for 10 minutes at 
room temperature.  

5. If cells were co-stained with another antibody, they were blocked with 
1%BSA/0.05%TritonX/1X PBS solution at room temperature for 30 minutes. 
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6. Cells were incubated with antibody binding solution which contains 

0.5%BSA/0.05%TritonX/1X PBS and with Phalloidin working solution (Abcam 
Phalloidin 555, #176756), and an antibody of interest if co-staining would be 

performed, for 90 minutes at room temperature.  
7. Cells were washed with 0.1%TritonX/1X PBS solution 6 times for 5 minutes. 

8. If co-staining were performed secondary antibody treatment was applied 

except for Phallodin since it is pre labelled. 
9. Cell nuclei were stained with DAPI solution for 5 minutes and washed with 

H2O.  
10. Coverslips were placed onto slides and mounted by Dako Fluorescence 

Mounting Medium (S3023).  
11. Images were taken under the Olympus BX61 upright fluorescence microscope 

with 40X objective. 
 

3.6.3.23 Fluorescent In-Situ Hybridization (FISH) 

1. Cells were seeded on coverslips in the 24-well plate as 10000 cells in each 

well. 
2. The next day after seeding, cells were fixed with 3:1 methanol:acetic acid 

fixative solution for 10 minutes. 
3. HOTAIR mRNA was hybridized using Stellaris FISH probes Human HOTAIR 

Quasar 570 Dye (LGS Technologies VSMF-2178-5) with 500 nM HOTAIR 

targeting probes at 37 °C for 4 hours.  
4. Cell nuclei were stained with DAPI solution for 5 minutes and washed with 

H2O.  
5. Coverslips were placed onto slides and mounted by Dako Fluorescence 

Mounting Medium (S3023).  
6. Images were taken under confocal microscope (Zeiss LSM880) with 20X and 

63X objectives.  
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3.6.3.24 Electron microscopy sample preparation 

1. 800000 cells were seeded in 100 mm2 culture dish and cultured until 70% 

confluency was reached which represents 48 hours. 

2. Cells were washed with Cacodylate buffer (0.1 M, pH=7.4) for 3 times.  
3. Cells were fixed with freshly prepared fixative (500 μl 25% glutaraldehyde 

solution, 1 mL 25% PFA solution, 8.5 mL cacodylate buffer, 2.2 mg CaCl2) for 
72 hours at 4 °C.  

4. Cells were scraped and transferred into a tube and centrifuged at 2500rpm for 
5 minutes. 

5. Pellet in fixative solution was sent for sectioning and imaging to Medipol 
University REMER center. In there, cell pellets were embedded in Epon 812 

and then sectioned in 60 nm and analyzed and imaged by Zeiss Gemini 500 
microscope and STEM detector.  

 

3.6.3.25 Zebrafish xenograft assay 

1. 800000 cells were seeded in a 100 mm2 culture dish. 
2. The following day cells were transfected with Cav-1 siRNA and scrambled 

siRNA for 48 hours.  
3. After 48 hours cells were trypsinized and washed with 1X PBS. 

4. Cells were stained with 2mg/mL DiL dye (Thermo V22885) for 20 minutes at 
37 °C in dark. 

5. Cells were first washed with FBS and then 1X PBS twice. 
6. Cell pellet was diluted as 40000 cells/μl in 10% FBS in 1X PBS. 

7. Approximately 100 cells were injected into the yolks of the 48-hour post-
fertilization (hpf) of each wild-type zebrafish embryo. 

8. After 4 hours, embryos were selected by successfully injected. 

9. After 5 days, zebrafish were analyzed as with metastasis or no metastasis 
under the fluorescent stereomicroscope (Olympus SZX16). 
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3.7. Research plan and time-line 

 

Ye
ar

s 
W

P 
na

m
e

W
P 

no
20

23
20

22
20

21
20

20
20

19
20

18

X
X

X
ge

ne
ra

tin
g 

ne
w

 S
or

af
en

ib
-re

sis
ta

nt
 c

lo
ne

s o
f H

uH
-7

, M
V,

 a
nd

 S
N

U
-4

49
 c

el
l l

in
es

Th
e 

re
la

tio
ns

hi
p 

be
tw

ee
n 

So
ra

fe
ni

b 
Re

sis
ta

nc
e 

an
d 

Ca
ve

ol
in

-1
 e

xp
re

ss
io

n
1

X
X

X
de

te
rm

in
in

g 
Ca

v-
1 

tr
an

sc
rip

t a
nd

 p
ro

te
in

 e
xp

re
ss

io
n 

le
ve

ls 
in

 S
or

af
en

ib
-re

sis
ta

nt
 c

lo
ne

s

X
X

X
X

te
st

in
g 

th
e 

re
la

tio
ns

hi
p 

be
tw

ee
n 

Ca
v-

1 
ex

pr
es

sio
n 

le
ve

ls 
an

d 
SO

R 
IC

50
 v

al
ue

s

X
X

X
an

al
yz

in
g 

th
e 

al
te

ra
tio

ns
 in

 th
e 

ca
ve

ol
ar

 st
ru

ct
ur

es
 o

f S
or

af
en

ib
-re

sis
ta

nt
 c

el
ls

X
X

X
X

co
m

pa
rin

g 
ad

he
sio

n,
 p

ro
lif

er
at

io
n,

 E
M

T 
ph

en
ot

yp
e,

 m
ot

ili
ty

, a
nd

 in
va

sio
n 

ca
pa

bi
lit

ie
s o

f 
So

ra
fe

ni
b-

re
sis

ta
nt

 c
lo

ne
s w

ith
 W

T 
ce

lls

X
X

X
te

st
in

g 
in

 v
iv

o 
ch

ar
ac

te
ris

tic
s o

f S
or

af
en

ib
-re

sis
ta

nt
 c

el
ls 

in
 ze

br
af

ish
 e

m
br

yo
s

X
X

un
de

rs
ta

nd
in

g 
th

e 
in

flu
en

ce
 o

f m
ir-

34
b-

5p
 in

 S
or

af
en

ib
 re

sis
ta

nc
e 

Th
e 

re
la

tio
ns

hi
p 

be
tw

ee
n 

So
ra

fe
ni

b 
Re

sis
ta

nc
e 

an
d 

m
iR

-
18

1a
-5

p
2

X
X

un
de

rs
ta

nd
in

g 
th

e 
in

flu
en

ce
 o

f m
iR

-1
81

a-
5p

 in
 S

or
af

en
ib

 re
sis

ta
nc

e 
an

d 
Ca

v-
1 

ex
pr

es
sio

n 
le

ve
l

X
un

de
rs

ta
nd

in
g 

th
e 

in
flu

en
ce

 o
f m

iR
-1

81
a-

5p
 in

 S
or

af
en

ib
 re

sis
ta

nc
e 

vi
a 

al
te

rin
g 

th
e 

ex
pr

es
sio

n 
le

ve
ls 

of
 m

iR
-1

81
a-

5p

X
X

X
X

U
nd

er
st

an
di

ng
 th

e 
ro

le
 o

f H
O

TA
IR

 in
 h

yb
rid

 E
/M

 p
he

no
ty

pe
 in

 H
CC

 c
el

ls 

Th
e 

sig
ni

fic
an

ce
 o

f H
O

TA
IR

 in
 C

av
-

1/
m

iR
-1

81
a-

5p
 re

la
tio

ns
hi

p
3

X
U

nd
er

st
an

di
ng

 th
e 

in
flu

en
ce

 o
f H

O
TA

IR
 in

 S
or

af
en

ib
 re

sis
ta

nc
e,

 m
iR

-1
81

a-
5p

 a
nd

 C
av

-1
 

ex
pr

es
sio

n 
le

ve
ls

X
te

st
in

g 
co

nt
rib

ut
io

n 
of

 H
O

TA
IR

-m
iR

-1
81

a-
5p

-C
av

-1
 a

xi
s i

n 
So

ra
fe

ni
b 

re
sis

ta
nc

e.



47 
 

3.8. Data analysis 

GraphPad Prism 8 software was used for statistical analysis. Student’s t-test 

was used when comparing two conditions, Analysis of Variance (ANOVA) was used 
when comparing more than two conditions and nonlinear regression was used when 
obtaining Sorafenib IC50 values. p<0.05 were considered as statistically significant.  

3.9. Limitations of the research 
 

1- Since Sorafenib treatment is applied to advanced stage and inoperable HCC 
patients, it is not possible to find primary tumor or liver tissues after treatment. 

Therefore, we could not confirm our data in patient samples and this is a limitation. 
2- There is only one microarray dataset available for evaluating the response to 

Sorafenib treatment. The absence of another dataset to examine and validate the 
mechanisms involved in treatment response is another significant limitation. 

3- Due to time and budget constraints, direct evidence for the interactions of Cav-1, 
miR-181a-5p, and HOTAIR could not be provided, which is another limitation. 

4- Due to time and budget constraints, studies could not conducted with other small 
inhibitors which may increase Cav-1 expression and Cav-1 might have a role in 

resistance to this small inhibitor/s. Also, Cav-1 might have a role in therapy 

resistance in other cancer types besides HCC and we could not conduct a study for 
them which is another limitation. 

However, the development of acquired Sorafenib resistance in 3 wild-type and one 
Cav-1 overexpressing cell lines, and performing experiments with Cav-1 silenced, 

Cav-1 overexpressing, and HOTAIR overexpressing cells, contribute to our data. 
Therefore, our data contains strong evidence regarding the relationship between 

Sorafenib treatment and Cav-1, as well as the regulation of this process by non-
coding RNAs. In order to increase the impact of the study, advanced studies are 

planned to determine the physical interaction of Cav-1-miR-181a-5p-HOTAIR. 
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3.10. Ethical committee approval 

This thesis study was unanimously decided as ethically appropriate to perform 

by IBG-HADYEK on 11/11/2020 with the protocol number 2020-038. The ethical 
committee approval form was attached.  
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4. RESULTS 

4.1. The relationship between Sorafenib Resistance and Caveolin-1 
expression 

Sorafenib-resistant cells were generated by continuous treatment of Sorafenib in 
ascending doses. To determine their resistance level to Sorafenib, we performed the 

MTT assay in a dose and time-dependent manner. We generated new Sorafenib-
resistant clones of HuH-7, MV, and SNU-449 cell lines. After performing the MTT 

assay, absorbance values were obtained and analyzed to determine Sorafenib IC50 
values of the cells via GraphPad Prism (Figure 8). We observed that Sorafenib IC50 

values were increased in all three resistant cell lines compared to their wild-type 
counterparts.           

 

A

B
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Figure 8. Effect of sorafenib treatment on cell viability in HuH-7 SORRES (A), MV 
SORRES (B), SNU-449 SORRES (C) and their wild-type counterparts. Sorafenib was 
administered at regularly increasing doses of 0, 0.625, 1.25, 2.5, 5, 7.5, 10, and 12.5 
μM, and viability values were determined by measuring absorbance values via the 
MTT assay as a result of 24, 48, and 72 hours of incubation. The analysis was 
performed using the “Dose-response-Inhibition variable slope” tool in the GraphPad 
Prism program. IC50 values are higher in Sorafenib-resistant cells at all time points 
than in their wild-type counterparts. 

In our previous studies, it was demonstrated that Sorafenib resistant cell clones have 
elevated c-Met expression levels. Additionally, it is known that c-Met and Cav-1 are 

activated by reciprocal crosstalk and HCC cells gain more aggressive phenotype. By 
this information, Cav-1 transcription and protein expression levels were determined 

via RT-qPCR and Western Blotting (WB), in three sorafenib resistant cell lines we 
developed (Figure 9).  

C
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Figure 9. Cav-1 expressions of Sorafenib resistant clones (A: HuH-7, B: MV, C:SNU-
449).; transcriptional expression levels were determined via RT-qPCR (left side), 
protein expression levels were determined via WB (right side). Statistical analysis 
was done by Graphpad Prism using Mann-Whitney test. (ns: p>0.05, *: p<0.05) 

When we examined the expression levels in MV (Figure 9B) and SNU-449(Figure 9C) 
cell lines Cav-1 expression was increased in both mRNA and protein level whereas in 

HuH-7 there was no change in the expression of Cav-1 neither in mRNA or protein 
levels (Figure 9A). The reason why there was no change in the Cav-1 expression 

could be in HuH-7 wild-type cells, there was nearly no expression of Cav-1 in mRNA 
level and no expression in protein level.  

Additionally, protein expression of Cav-1 was demonstrated via immunofluorescence 
staining (IF) of Cav-1 protein in MV and SNU-449 SORRES cells and their wild-type 

counterparts (Figure 10) (Figure 11). Double staining of Cav-1 and c-Met were 
performed simultaneously in MV and MV SORRES cells (Figure 10).  

C        
ns
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Figure 10. Immunofluorescence double staining of c-Met and Cav-1 in MV and MV 
SORRES cells. For c-Met determination, Alexa 488 (green) secondary antibody and 
for Cav-1 determination, Alexa 594 (red) secondary antibody were used. DAPI 
staining was performed to stain the nuclei of the cells. 20X images were taken under 
Olympus BX61 upright fluorescence microscopy, 63X images were taken under Zeiss 
confocal microscopy (LSM880). 

 

Figure 11. Immunofluorescence staining of Cav-1 in SNU-449 and SNU-449 SORRES 
cells. For Cav-1 determination, Alexa 594 (red) secondary antibody were used. 40X 
images were taken under Olympus BX61 upright fluorescence microscopy. 

By WB and RT-qPCR, the increase in the Cav-1 expression determined in MV and 

SNU-449 SORRES cells. The increase in the Cav-1 expression determined in both 
cells by IF staining.  

SNU-449 SNU-449 SORRES

Cav-1

40X
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From the expressional changes of Cav-1 in Sorafenib resistant cell clones, we can 

assume that there is a relationship between sorafenib resistance and Cav-1 
expression. Depending on the Cav-1 expression level in the cells (Figure 12), the 

resistance to Sorafenib can be predicted. For instance, for 3 HCC cells all of them 
have different Sorafenib IC50 values according to their expression levels of Cav-1 
(Table 6).  

 

Figure 12. Cav-1 expression values in HCC cells (4).  

Table 6. Relationship between Cav-1 expression levels and SOR IC50 values 

 

According to Cav-1 protein expression levels and SOR IC50 values shown in Figure 
12 and Table 6, we inferred that Cav-1 and resistance to Sorafenib are linked. In 

HuH-7 there is no Cav-1 expression and in SNU-449 the expression is the highest 
among them. Thus, SNU-449 is the most resistant to Sorafenib among these 3 cell 
lines.  

SOR IC50 (µM)Cav-1 levelCell line

4.7-HuH-7

5.3+MV

6.9++SNU-449
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Since Cav-1 expression is important for Sorafenib resistance, HuH-7 Cav-1 

overexpressing clones (HuH-7 pCAV1) were used which were obtained in our 
previous studies. SOR IC50 levels of HuH-7 pCAV1 cells were tested via MTT assay 

and showed that when Cav-1 expression was increased, SOR IC50 values were 
increased (Figure 13). 

 

Figure 13. SOR IC50 values of Cav-1 overexpressing HuH-7 and MOCK-transfected 
cells. The analysis was performed using the “Dose-response-Inhibition variable slope” 
tool in the GraphPad Prism program. IC50 values are higher in Cav-1 overexpressing 
cells at all time points than in their MOCK-transfected cells. 

From HuH-7 pCAV1 cells, we generated Sorafenib resistant cell clones by the same 
technique that we used for the others and determined its Cav-1 expression and saw 

that in HuH-7 pCav1 Sorafenib resistant cell clone (HuH-7 pCAV1 SORRES) Cav-1 
expression was increased compared to HuH-7 pCav1 cells (Figure 14).  

72h48h24h
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72h48h24h
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Figure 14. Cav-1 expression of HuH-7 Sorafenib resistant and Cav-1 overexpressing 
cells in mRNA (left) and protein level (right). 

According to the results, we can assert that Cav-1 is important for Sorafenib 
resistance. It is known that Cav-1 can exist in lipid rafts independently and in 

caveolar structures. Therefore, we investigated caveolar structures of Sorafenib-
resistant cells and their wild-type counterparts by performing electron microscopy 
technique (Figure 15).  
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Figure 15. Electron microscopy images of cells and their number of caveolar 
structures vary in cell line and its Cav-1 expression. Images were taken in 150K X 
magnification and caveolar structures were indicated in red arrows.  

Number of caveolar structures is correlated with Cav-1 expression levels of the cells. 

In Sorafenib-resistant cells the number of caveolar structure was increased according 
to the Cav-1 expression of the cell. Caveolar structures were increased in all 

Sorafenib-resistant cells compared to their wild-type counterparts especially in MV 
and SNU-449 SORRES cells but the increase was not significant. (Figure 16).  

 

 

Figure 16. The quantification of caveolar structures from electron microscopy 
images. (ns: p>0.05) 

Actin filaments are generally related with Cav-1 expression in the cell (35). They are 

presented as stress fibers in mesenchymal cells. We observed stress fibers in 
Sorafenib resistant cells by Phalloidin staining, stress fiber formation increased in 
Sorafenib resistant cells (Figure 17).  
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Figure 17. Determination of stress fiber formation by Phalloidin staining (A: MV, B: 
SNU-449). Alexa 555 tagged Phalloidin was used. 40X images were taken under 
Olympus BX61 upright fluorescence microscopy. 

EMT markers E-cadherin and Vimentin levels were determined in the Sorafenib-

resistant cells and their wild-type counterparts by IF and/or Western blotting (Figure 
18). In HuH-7 SORRES cells, E-cadherin was decreased, and Vimentin was increased 

Figure 18A, 18B). In MV SORRES cells, Vimentin was increased according to IF, and 
there was no change in E-cadherin, possibly due to the no expression of E-cadherin 
in the wild-type MV cells (Figure 18A, 18B).  

 

 

 

 

SNU-449

SNU-449 Sor Res

Phalloidin 555 Brightfield

40XB



63 
 

A 

 

 

 

 

 



64 
 

                     B 

 

Figure 18. EMT markers E-cadherin and Vimentin expressions of Sorafenib resistant 
cells and their wild-type counterparts. The IF staining was performed by using Alexa 
488 (green) as a secondary antibody for both E-cadherin and Vimentin. 20X images 
were taken under Olympus BX61 upright fluorescence microscopy (A). WB was 
performed as well and obtained the same expressional pattern that we determined 
by IF (B). 

We then performed proliferation, motility, and invasion assays. Our results showed 
that HuH-7 pCAV1 cells are more proliferative compared to its MOCK-transfected 
cells (Figure 19).  
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Figure 19. The proliferation of HuH-7 pCAV1 and MOCK-transfected cells was 
determined via xCelligence for 96 hours. Cell index values were collected and 
analyzed (left; (56). (***:p ≤0.001) 

We also observed that HuH-7 pCAV1 cells are more resistant to Sorafenib treatment 
than MOCK-transfected cells at the IC10-IC50 concentrations (Figure 20). 

 

Figure 20. Proliferation of HuH-7 pCAV1 and MOCK-transfected cells when 
Sorafenib treatment is performed up to its IC50 value. Experiment performed via 
xCelligence for 96 hours. Cell index values were collected and analyzed (56). (ns: 
p>0.05, *:p≤ 0.05, **:p ≤0.01, ***:p ≤0.001) 

When adhesion rate of MV and SNU-449 SORRES cells were tested, Sorafenib 
resistant clones were found to be less adhesive than WT cells (Figure 21). This may 

be related to anchorage-independent growth ability induced by elevated Cav-1 
expression. 

time (h)
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Figure 21. Adhesion rate of MV and SNU-449 SORRES cells and their wild-type 
counterparts. Cell index values were collected for 8 hours which represent the 
adhesion capability of cells by xCelligence.  

To determine the effect of Cav1 expression of motility and invasion of Sorafenib-
resistant cells, Boyden chamber motility and invasion assays were performed with 

Cav-1 silenced Sorafenib-resistant cells by Cav-1 siRNA. In Cav-1 silenced conditions 
both motility and invasion were decreased in Sorafenib resistant cell lines (Figure 
22).  

SNU-449

SNU-449-SORRES

Adhesion rate in 8 hours

MV

MV-SORRES
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Figure 22. Motility and invasion of Sorafenib resistant and Cav-1 silenced Sorafenib 
resistant MV (A) and SNU-449 (B) cells. Boyden chambers were used to determine 
motility and invasion. (ns: p>0.05, *:p≤ 0.05) 

To test in vivo characteristics of Sorafenib-resistant cells, Zebrafish xenograft 
experiment was performed in collaboration with Ozhan Lab at IBG. First, dose of 

Sorafenib and cell-number-injected optimizations were done (Figure 23) (Figure 24). 

A

B
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For dose optimization, different doses of Sorafenib were given to E3 medium where 

zebrafish embryos live at their 72 hpf (hours post fertilization) state and observed for 
96 hours. At the end of 96 hours, they were imaged and checked in terms of their 
viability and morphology (Figure 23).  

 

Figure 23. Zebrafish Sorafenib dose optimization results. Orange circles represent 
the doses where all zebrafish have died. They were imaged at the end of 96 hours. 

For the xenograft experiment, MV cells were used thus an optimum number of cells 

injected into zebrafish yolks should be determined. For this, different number of cells 
were injected to zebrafish yolks and observed and imaged. 200 cells per injection 
was the optimized number of cells for MV cells (Figure 24). 

DMSO ctrl DMSO ctrl SOR 3.5 µM

SOR 0.875 µM SOR 1.75 µM SOR 7 µM
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Figure 24. MV cell number optimization results in zebrafish 

After optimizations, xenograft experiments were performed. For this experiment, 

again Cav-1 silenced MV SORRES cells were used. Cells were treated with sorafenib 
in their IC20 doses for 48 hours. After, cells were stained with DiL dye and injected 

into the yolk of zebrafish embryos and observed for 5 days. After 5 days, zebrafish 

were observed and checked if metastasis happened under fluorescence 
stereomicroscope. In vivo metastasis capacity of MV SORRES cells in zebrafish 

embryos was decreased in Cav-1 silenced conditions compared to scrambled control 
(Figure 25).  
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Figure 25.  Zebrafish xenograft experiment results. After 5 days, zebrafish were 
checked under the fluorescent stereomicroscope (Olympus SZX16) to determine 
whether metastasis was observed or not.  

As a result of the first chapter, we observed that Cav-1 is crucial for Sorafenib 
resistance and promotes Sorafenib resistance and aggressive phenotype.  

 

4.2. The relationship between Sorafenib Resistance and miR-181a-5p 
 

As we mentioned in the first chapter, Cav-1 is important for Sorafenib resistance, and 

it is known that c-Met has a role in Sorafenib resistance (22). The mechanism behind 
this needs to be elucidated. Furthermore, it is known that miRNAs have crucial roles 

in regulating gene expression and biological processes, and they can be altered 
during therapy (8). Therefore, we hypothesized that miRNAs may influence response 

to Sorafenib treatment and may contribute to the resistance mechanism by 
simultaneously targeting Cav-1 and c-Met.  

To test this hypothesis, we first performed bioinformatics analysis. Two miRNA target 
prediction tools were used to find a miRNA that targets both Cav-1 and c-Met. 

DianaTools-MicroT-CDS (https://dianalab.e-ce.uth.gr/) (Figure 26) and miRDB-miRNA 
target prediction database (https://mirdb.org/) (Figure 27) were used since they 
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were the most preferred and used miRNA targeting tools and they follow different 

algorithms to determine targets. Thus these two tools were used to find miRNA 
targets Cav-1 and c-Met. From the list, the most possible one was selected and that 
was hsa-miR-34b-5p. 

 

Figure 26. Using DianaTools-MicroT-CDS tool to find a miRNA targeting c-Met and 
Cav-1. 

 

 

Figure 27. Using miRDB-miRNA target prediction database to find a miRNA 
targeting c-Met and Cav-1. 

We then reanalyzed an HCC patient dataset (GSE109211). We grouped the HCC 
patients as sorafenib responders and sorafenib non-responders and checked the 

genes that significantly changed between these two groups. In this analysis, we 
found that CAV1 and MET are two genes that are significantly increased in the non-
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responder group whereas MIR34B precursor gene is significantly decreased (Figure 
28). 

 

 

 

Figure 28. HCC patient dataset (GSE109211) was analyzed, CAV1 and MET were 
significantly increased, MIR34B was decreased almost significantly in the Sorafenib 
non-responder group. 

The mRNA level of miR-34b-5p was examined in WT and Sorafenib resistant HCC cell 

lines (Figure 29). We observed that none of the cell lines that we tested expressed a 
detectable amount of miR-34b-5p, whereas Ct values for RNU6B endogenous control 

gene were determined as expected. Based on the bioinformatics analysis, SNU-475 
was determined as a cell line overexpressing miR-34b-5p; however, we did not 
observe any detectable miR-34b-5p in SNU-475.  

CAV1

adj.P.Val
4.27e-04

MET

adj.P.Val
1.09e-10

MIR34B

adj.P.Val
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Figure 29. The result of RT-qPCR experiments performed with TaqMan probe 
primers for RNU6B endogenous control and the miRNA of interest, miR-34b-5p. 

We then reanalyzed the bioinformatics data and literature to identify another 
candidate miRNA.   Since our previous studies showed that miR-181a-5p directly 

targets c-Met, furthermore c-Met expression was increased during Sorafenib 

undetermined
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resistance, we first tested if miR-181a-5p has a role in Sorafenib resistance and 
whether it contributes to the resistance by regulating Cav-1 level.  

The bioinformatics analysis of the HCC-SOR patient dataset showed that the 

MIR181A precursor gene is significantly lower in the non-responder group than in 
responders (Figure 30). 

 

Figure 30. In the HCC patient dataset (GSE109211), MIR181A was significantly 
decreased in the Sorafenib non-responder group. 

The miR-181a-5p expression levels analysis in seven HCC cell lines showed that 

almost all of them expressed miR-181a-5p with different levels, and the highest 
expression was determined in the SNU-182 among cell lines tested.  (Figure 31).  

 

MIR181A
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Figure 31. Expression of miR-181a-5p in HCC cells. The experiment was performed 
by TaqMan miRNA assay. 

In Sorafenib resistant cell clones, miR-181a-5p expression levels were determined 
(Figure 32). In Sorafenib-resistant cells, miR-181a-5p expression was decreased 

except for HuH-7 SORRES cells. Since HuH-7 cells do not express Cav1 
endogenously, this data supports that Sorafenib resistance mechanism of HuH-7 cells 
is independent from Cav-1 and mir-181a-5p.  

 

 

Figure 32. miR-181a-5p expressions of Sorafenib-resistant clones; the experiment 
was performed by TaqMan miRNA assay. Statistical analysis was done by GraphPad 
Prism using the Mann-Whitney test. (ns: p>0.05, *: p<0.05) 

After determining that miR-181a-5p was decreased in Sorafenib-resistant cells, we 

selected this miRNA as a potential miRNA that might have a role in Sorafenib 
resistance and conducted further studies. 
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We have performed overexpression and silencing studies based on the basal 

expression level of miR-181a-5p. miRNA-mimic was used for overexpression of miR-
181a-5p in MV and SNU-449 cells, and miRNA-inhibitor was used for silencing miR-

181a-5p in SNU-449 cell line. By miR-181a-5p mimic transfection, miR-181a-5p 
expression was increased 43-fold, and by miR-181a-5p inhibitor antagomir 
transfection, miR-181a-5p expression was decreased 70%.  (Figure 33). 

 

Figure 33. miR-181a-5p expressions of mimic and inhibitor transfected cells; the 
experiment was performed by TaqMan miRNA assay. Statistical analysis was done by 
GraphPad Prism using the Mann-Whitney test. (**: p<0.01) 

To determine how Cav-1 expression levels change when mimic and inhibitor of miR-
181a-5p was transfected into Sorafenib-resistant cells and its wild-type counterparts, 

RT-qPCR was performed. When miR-181a-5p expression levels were decreased with 
miRNA-181a-5p inhibitor, CAV1 expression levels were increased in SNU-449 cells. 
(Figure 34).  

MAHLAVU SNU-449
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Figure 34. Expression levels of miR-181a-5p and CAV1 when inhibitor of miR-181a-
5p transfected into SNU-449 SORRES and SNU-449 wild-type cells. (**: p<0.01, ***: 
p<0.001) 

To rule out cell line type mediated differential responses we also increase miR-181a-

5p expression levels with miR-181a-mimic in the same cell line, SNU 449, we 
observed that CAV1 expression levels were decreased (Figure 35).  
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Figure 35. Expression levels of miR-181a-5p and CAV1 when mimic of miR-181a-5p 
transfected into SNU-449 SORRES and SNU-449 wild-type cells. (ns: p>0.05, *: 
p<0.05, **: p<0.01, ***: p<0.001) 

Our silencing and overexpression experiments supported that miR-181a-5p is 

important for the regulation of Cav-1 level. Then, we performed biological assays 
such as proliferation and motility. 

When SNU-449 SORRES cells were transfected with mimic miR-181a-5p, Sorafenib 
IC50 value was decreased and mimic sensitized the cells to Sorafenib (Figure 36).  

 

Figure 36. SOR IC50 values of SNU-449 SORRES cells when they were transfected 
by miR-181a-5p mimic. The analysis was performed using the “Dose-response-
Inhibition variable slope” tool in the GraphPad Prism program. IC50 value of SNU-
449 SORRES mimic to control was lower. 

The 2D colony formation ability of cells was determined in SNU-449 SORRES cells 

treated with mimic. miR-181a-5p mimic caused a slightly decrease in the area and 
the intensity of colonies but not significant (Figure 37). 
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Figure 37. 2D Colony formation ability of mimic transfected SNU-449 SORRES cells 
was determined via 2D colony formation assay. (ns: p>0.05) 

Motility of the HCC cells was examined via Boyden chamber motility assay. The cells 

that pass through the membrane were counted (Figure 38). miR-181a-5p-mimic 
transfection slightly decreased the motility of SNU-449 SORRES cells, but this 
decrase was not significant (p>0.05) 
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Figure 38. Motility of mimic transfected SNU-449 SORRES cells. For the assays to be 
performed, Boyden chambers were used. (ns: p>0.05) 

When SNU-449 SORRES cells were transfected with miR-181a-5p-inhibitor, Sorafenib 
IC50 value was increased and inhibitor turned cells more resistant to Sorafenib 
(Figure 39).  
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Figure 39. SOR IC50 values of SNU-449 SORRES cells when they were transfected 
by miR-181a-5p inhibitor. The analysis was performed using the “Dose-response-
Inhibition variable slope” tool in the GraphPad Prism program.  

The 2D colony formation ability of cells was determined and miR-181a-5p inhibition 

caused a significant increase in the area and the intensity of colonies in SNU-449 
SORRES cells (Figure 40). 

 

Figure 40. 2D Colony formation ability of inhibitor transfected SNU-449 SORRES 
cells was determined via 2D colony formation assay. (**: p<0.01) 

The motility of SNU-449 SORRES cells, which were transfected by miR-181a-5p 
inhibitor, were examined via Boyden chamber motility assay (Figure 41). Inhibitor 
transfection increased the motility of SNU-449 SORRES cells. 
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Figure 41. Motility of inhibitor transfected SNU-449 SORRES cells. Boyden chambers 
were used for these assays (***: p<0.001) 

Expression levels of EMT marker levels were determined in miR-181a-5p-inhibitor 
transfected SNU-449 SORRES cells (Figure 42). Inhibitor induced hybrid E/M 

phenotype by increasing E-cadherin, Vimentin, and N-cadherin expressions in 
Sorafenib-resistant SNU 449 cells. 
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Figure 42. EMT marker expressions of miR-181a-5p inhibitor transfected SNU-449 
SORRES cells performed by RT-qPCR. (*: p<0.05) 

Stress fiber formation was examined via Phalloidin staining (Figure 43A). As Cav-1 
expression was increased in miR-181a-5p inhibitor transfected SNU-449 SORRES 
cells, stress fiber formation was also increased in these cells (Figure 43B).   

 

 

Figure 43. Determination of stress fiber formation by Phalloidin staining. Alexa 555 
tagged Phalloidin was used. 40X images were taken under Olympus BX61 upright 

SNU-449-SORRes
inh ctrl

Phalloidin 555 Brightfield

40X

SNU-449-SORRes
inh

A

B

0
1
2
3
4
5
6
7
8
9

SNU-449-SORRES inh ctrl SNU-449-SORRES inh

no
rm

al
ize

d 
m

ea
n 

flu
or

es
ce

nc
e 

in
te

ns
ity



84 
 

fluorescence microscopy (A). Fluorescence intensity was measured by ImageJ and 
normalized to cell number in the image to compare fluorescence intensity between 
conditions (B). 

As a result of the second chapter, we determined that miR-181a-5p has an impact on 

Sorafenib resistance, which might regulate Cav-1 levels. Cav-1 acts as a target of 
miR-181a-5p, and in miR-181a-5p inhibited conditions Cav1 level increased and HCC 
cells become resistant to Sorafenib treatment. 

4.3. The significance of HOTAIR in Cav-1/miR-181a-5p relationship 

As described above, miR-181a-5p inhibitor turns SNU-449 SORRES cells to modulate 
hybrid E/M phenotype. This leads us to think whether HOTAIR is a part of this 

relationship because our recent data showed the importance of HOTAIR 
overexpression in the promotion of  hybrid E/M phenotype (53). 

In our previous study, frequently used HCC cells do not express HOTAIR in high 
levels; thus, HOTAIR overexpressing stable clones were generated (Figure 44) 
(Figure 45).   
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Figure 44. HOTAIR expression in HOTAIR overexpressing SNU-449 cell clone and its 
MOCK-transfected cells (*: p<0.05) (53). 

 

Figure 45. FISH probes specific to HOTAIR were used and detect HOTAIR in the cell 
where localized. Images were obtained via confocal microscopy in 63X magnification. 
(53). 

When we tested HOTAIR expression level in SNU-449 SORRES cells, we observed 
that HOTAIR expression was significantly increased (*: p<0.05) (Figure 46).  

 

Figure 46. HOTAIR expression in SNU-449 SORRES cells and its wild-type 
counterparts. (*: p<0.05) 

 

miR-181a-5p inhibition in SNU-449 SORRES cells caused a significant increase in 
HOTAIR expression (*: p<0.05) (Figure 47).  



86 
 

 

 

Figure 47. HOTAIR expression in miR-181a-5p inhibitor transfected SNU-449 
SORRES cells (*: p<0.05) 

Supportingly, miR-181a-5p expression was decreased in HOTAIR overexpressing 
SNU-449 cells (Figure 48).  
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Figure 48. Expression of miR-181a-5p in SNU-449 SORRES and HOTAIR 
overexpressing cells. The experiment was performed by TaqMan miRNA assay. (**: 
p<0.01, ****: p<0.0001) 

In summary, our data showed that HOTAIR expression level negatively correlated 

with miR-181a-5p levels. The HOTAIR-miR-181a-5p-Cav-1 axis may have contributed 
to Sorafenib resistance by keeping cells in the hybrid E/M phenotype. Although the 

individual roles of HOTAIR, miR-181a-5p, and Cav-1 in the development of 
aggressive phenotype are well defined in HCC, further studies are needed to 

determine the potential role of HOTAIR/miR-181a-5p/ CAV1 axis in Sorafenib-
resistance.   
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5. DISCUSSION 

Sorafenib resistance is one of the most important factors limiting treatment 

success in HCC. Although resistance and resistance mechanisms are deeply studied, 
the mechanism is not elucidated yet. The reason is might be the presence of several 

mechanisms that interact or emerge at different times or at the same time. When we 
deeply focus on one mechanism, the other one may emerge and make the activation 
of another more complicated mechanism.  

In this study, we aimed to elucidate whether Cav-1 expression increase is 

related to Sorafenib resistance in HCC. For this study, three Sorafenib-resistant 
human HCC cell lines were generated. We and others have previously reported that a 

receptor tyrosine kinase, c-Met, overexpression and activation causes Sorafenib 
resistance in HCC cells (22). We have also reported that concurrent overexpression 

and activation of c-Met and Cav-1 increases during hepatocarcinogenesis, the 
reciprocal crosstalk between them promotes aggressive phenotype in HCC cells (4, 

5). In light of these data, we proposed that Cav-1 might have a role in Sorafenib 
resistance. We showed that Cav-1 expression, stress fiber formation, mesenchymal 

markers, proliferation rate and adhesion-independent growth capacity were higher in 
Sorafenib-resistant HCC cell lines than WT cells. Furthermore, we overexpressed Cav-

1 in HuH-7 cells and observed that Sorafenib IC50 values and caveolae formation 
were increased. When we silenced Cav-1 by using siRNA in Sorafenib-resistant cells, 

we observed a decrease in the aggressive phenotype of the cells. Briefly, Cav-1 
siRNA-treated cells became less motile and invasive in vitro and less metastatic in the 

in vivo zebrafish embryo model. Thus, we can conclude that there is a relation 

between Cav-1 expression status and Sorafenib resistance, and Cav-1 expression 
increase positively contributes to Sorafenib resistance.  

Then, we investigated the mechanisms that led to the Cav-1 increase during 

Sorafenib resistance. Among Sorafenib resistance mechanisms, we focused on non-
coding RNA-based mechanisms. Several studies stated that alterations in miRNA 

levels in cancer may change their susceptibility to therapy (14, 47, 49, 50). Since we 
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have observed both c-Met and Cav-1 expression increases are important in the 

development of Sorafenib-resistance, we first tested if there is any miRNA that 
simultaneously targets c-Met and Cav-1.  We used miRNA target tools and found a 

miRNA that targets both c-Met and Cav-1, which was miR-34b-5p. However, we 
could not observe any detectable miR-34b-5p expression in any HCC cell line tested. 

Then, we focused on another miRNA, miR-181a-5p. We have previously reported 

that miR-181a-5p directly targets c-Met and decreases the aggressive phenotype of 
HCC cells (48). This led us to think that the expression of Cav-1 could be regulated 

by miR-181a-5p in Sorafenib resistance. We determined that miR-181a-5p expression 
levels in Sorafenib-resistant cells were decreased. We overexpressed or silenced the 

miR-181a-5p in Sorafenib-resistant cell lines by transfecting miR-181a-5p mimic and 
inhibitor and tested the susceptibility to Sorafenib. When we inhibited miR-181a-5p 

expression, HCC cells became more resistant to Sorafenib whereas when we 
increased miR-181a-5p expression by mimic cells sensitized to Sorafenib. Also, Cav-1 

and miR-181a-5p levels were found to be negatively correlated in every condition. 
These findings support our hypothesis and show that, during Sorafenib resistance, 

cells become more motile, invasive, and metastatic by increasing Cav-1 and 
decreasing miR-181a-5p levels, so we can conclude that Cav-1-miR-181a-5p axis 
contributes to the sorafenib resistance in HCC.  

In contrast to what we observed in this study, Azumi et al (57) reported that 

an increase in miR-181a level induces Sorafenib resistance in HCC cells through the 
downregulation of RASSF1. However, they did not use any Sorafenib-resistant cells 

for this study; they only observed a positive correlation between miR-181a level and 
Sorafenib IC50 values. This study supports our observations showing that the 

resistance mechanisms in HCC cells receiving acute Sorafenib once and in Sorafenib-
resistant cell clones generated by continuous treatment with increasing 
concentrations of Sorafenib over a year are completely different.  

 When we focus more on the phenotypes of the Sorafenib-resistant HCC 
clones, their epithelial-mesenchymal plasticity (EMP) was noticeable. EMP has been 

described as a limiting factor for effective treatment in many cancer types (58). To 
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particularly deepen into the mechanisms of which intermediate 

epithelial/mesenchymal (E/M) is one feature of aggressive phenotype that is directly 
related with metastatic capability and drug resistance. Hybrid E/M phenotype gives 

cells a survival advantage, anchorage-independent growth ability, and collective 
migration ability (54). We have previously reported that long noncoding RNA-HOTAIR 

induces hybrid E/M phenotype in HCC cells (53). Thus, this makes us think HOTAIR 

might have a role in Cav-1-miR-181a-5p mediated Sorafenib resistance. To test this, 
we compared HOTAIR expression levels between WT and Sorafenib-resistant cells 

SNU-449 and HOTAIR overexpressing SNU-449 cells.  We showed that HOTAIR 
expression was significantly increased in SNU-449 SORRES cells. Furthermore, miR-

181a-5p inhibitor treatment caused a significant increase in HOTAIR expression in 
SNU-449 cells. Supporting the negative correlation with miR-81a-5p and HOTAIR 

expression, miR-181a-5p expression was decreased in HOTAIR overexpressing SNU-
449 cells.  Thus, we can conclude that HOTAIR, miR-181a-5p, Cav-1, axis may 
contribute to Sorafenib resistance.  

These three molecules, Cav-1, miR-181a-5p, and HOTAIR, individually and 
together induce aggressive and treatment-resistant phenotypes. Crosstalk between 

them might be important to maintain cells in the hybrid E/M phenotype to protect 
themselves from Sorafenib treatment.  

Further studies are needed to clarify how they interact with each other and 
the detailed roles in therapy response. 
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6. CONCLUSIONS AND FUTURE DIRECTIONS 

In this study, 

• Cav-1 is overexpressed in Sorafenib-resistant cells compared to their wild-type 

counterparts. 

• Cav-1 overexpressing cell clones have higher Sorafenib IC50 values.  

• Cav-1 silenced Sorafenib-resistant cells show a decrease in the aggressive 
phenotype. 

• In Sorafenib resistant cells, miR-181a-5p expression is decreased. 

• Inhibition of miR-181a-5p expression turns cells more resistant to Sorafenib 
whereas an increase in miR-181a-5p expression by miRNA mimic turns cells 

sensitized to Sorafenib.  
• Cav-1 and miR-181a-5p expressions are negatively correlated 

• HOTAIR expressions were increased in SNU-449 SORRES cells 

• HOTAIR expressions are negatively correlated with miR-181a-5p expressions. 

• Cav-1, miR-181a-5p, and HOTAIR contribute to Sorafenib resistance via 
maintaining HCC cells in the hybrid E/M phenotype.  

Further studies are needed (i) to define the potential interaction mechanisms of Cav-
1, miR-181a-5p, and HOTAIR, (ii) to validate these interactions by in vivo studies, 
and (iii) in primary patient tissues.  
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