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ABSTRACT

ANALYSIS OF DRUG RESISTANCE OF HEPATOCELLULAR CARCINOMA
(HCC) CELLS IN 3D MULTICELLULAR SPHEROID MODEL

Sariyar, Ece

Master’s Program in Bioengineering

Advisor: Assoc. Prof. Zeynep Firtina Karagonlar

July, 2021

Liver cancer is the fourth leading cause of cancer deaths and the sixth most
common cancer globally. Only 10-15% of the patients are suitable for surgical
resection. Hepatocellular carcinoma (HCC) demonstrates resistance to local regional
therapies and chemotherapy which results in low survival rates. Sorafenib is a
multikinase inhibitor for advanced stage patients. It only increases lifespan for three
months and sorafenib resistance is developed in the majority of the patients.
Regorafenib, a multikinase inhibitor, was found as an option after Sorafenib therapy.
Although regorafenib increases the overall survival of patients who progress on
sorafenib, there is limited knowledge about the efficacy of this drug. Our preliminary
studies have shown that cells that develop sorafenib resistance in vitro also have
increased regorafenib resistance. Therefore, diagnosis of new mechanisms that
decrease sorafenib resistance and/or increase the regorafenib response of cells that
develop sorafenib resistance is of great importance for advanced HCC patients who
will receive these treatments. Three-dimensional (3D) cell culture mimics

multidimensional properties of tumors and reflects cell morphology, proliferation and



drug resistance of tumors, thus leading to more meaningful results for drug studies. In
this thesis, a 3D tumor spheroid model was developed by co-culturing liver cancer
cells with hepatic stellate cells and macrophages using the hanging drop method. In
this model, the effect of regorafenib treatment on parental and sorafenib resistant
spheroids was investigated and the differences between the parental and the drug
resistant group were revealed. The results of this thesis contribute to the development
of 3D culture models that can mimic tumors in HCC and reveal important data on the
effect of regorafenib treatment on sorafenib resistant tumors. This thesis was funded
by TUBITAK (Project No: SBAG 1185542).

Keywords: Hepatocellular carcinoma, sorafenib, regorafenib, 3D cell culture, drug

resistance, hanging drop method



OZET

HEPATOSELULER KARSINOMA (HSK) HUCRELERININ 3 BOYUTLU COK
HUCRELI SFEROID MODELINDE iLAC DIRENCININ ANALIZI

Sariyar, Ece

Biyomiihendislik Yiiksek Lisans Programi

Danisman: Dog. Dr. Zeynep Firtina Karagonlar

Temmuz, 2021

Karaciger kanseri diinya ¢apinda en sik goriilen dordiincii kanserdir ve kansere
bagh 6limlerde altinci sirada yer almaktadir. Sadece %10-15'i cerrahi rezeksiyona
uygundur. Hepatoseliiler karsinoma (HSK), local tedavilere ve kemoterapiye karsi
direnci arttirdign igin sagkalim orami diisiiktiir. Ileri evre hastalar igin uygulanan
Sorafenib bir multikinaz inhibitériidiir ve FDA tarafindan 2007 yilinda onaylanmistir.
Ancak bu tedavi hasta sagkalim siiresini sadece 3 ay uzatip sorafenib tedavisi géren
hastalarin ¢cogunda sorafenibe karsi direng gelistirmektedir. Baska bir multikinaz
inhibitorii olan Regorafenib, Sorafenibe alternatif tedavi olarak bulunmustur.
Regorafenib, sorafenib tedavisi géren hastalarin genel sagkalimini artirsa da, bu ilacin
etkinligi hakkinda sinirl bilgi vardir. On calismalarimiz, in vitro sorafenib direnci
gelistiren hiicrelerin de regorafenib direncinin arttifin1 géstermistir. Bu nedenle, ileri
evre HSK hastalar1 i¢in sorafenib direncini azaltan ve/veya sorafenib direnci gelisen
hiicrelerin, regorafenib yanitini artiran yeni mekanizmalarin teshisi bilyliik dnem
tasimaktadir. ilag calismalari i¢in, ii¢ boyutlu (3B) hiicre kiiltiirii, tiimériin ¢ok boyutlu

Ozelliklerini taklit edip, hiicre morfolojisini, ¢cogalmasinmi ve ilag¢ direncini daha iyi
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yansitmaktadir. Bu tez kapsaminda karaciger kanseri hucrelerini hepatik stellat
hicreler ve makrofajlar ile beraber ko-kiiltiir edilebildigi asili damla yontemi ile 3
boyutlu tiimor sferoidleri olusturulmasi amaglanmistir. Bu tezde elde edilen sonuglar,
HSK’daki tiimorleri taklit edebilen 3 boyutlu kiiltiir modellerinin gelistirilmesine
katkida bulunmustur ve sorafenib direngli tiimdrlerin regorafenib tedavisi hakkinda
yeni bilgiler aciga ¢ikartmistir. Bu calisma TUBITAK tarafindan desteklenmistir
(Proje No: SBAG 118S542).

Anahtar kelimeler: Hepataselller Karsinoma, sorafenib, regorafenib, ilag¢ direnci, 3B

hiicre kiiltiirti, asili damla yontemi
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CHAPTER 1: INTRODUCTION

Liver cancer is the fourth leading cause of cancer deaths and the sixth most
common cancer globally (Whittaker, Marais and Zhu, 2010). Hepatocellular
carcinoma (HCC), Cholangiocarcinoma, Liver angiosarcoma, and Hepatoblastoma are
major types of primary liver cancer. Among all liver cancers, HCC is the most common
type worldwide, with a rate of approximately 75%. Hepatitis infection (HBV or HCV),
metabolic syndrome (obesity, diabetes) and toxins (alcohol) are important risk factors
which influence HCC via triggering liver tissue damage leading to hepatic
regeneration and cirrhosis (Wong et al., 2021). The treatment options include liver
transplantation, transarterial chemoembolization, surgical resection and systemic
chemotherapy for HCC patients. Although surgical resection is usually the first and
most effective option, only 10-15% of the patients are suitable for this at the time of
diagnosis (Jeong et al., 2017). Also, HCC patients develop resistance to systemic
chemotherapy and local regional therapies. Moreover, conventional chemotherapy
results in low survival rates. Sorafenib is the first multikinase inhibitor approved for
advanced HCC patients and a current first-line treatment option applied worldwide to
advanced stage HCC patients. However, Sorafenib only increases lifespan for 3
months and patients are reported to develop resistance (Llovet et al., 2008).
Regorafenib, an analog of Sorafenib with a higher potency, was approved in 2017 to
be used as a second-line treatment option after Sorafenib failure. Although regorafenib
increases the overall survival of patients who progress on sorafenib, the efficacy of
this drug is also limited by primary or acquired therapy resistance.

There are several crucial factors that contribute to poor drug response and high
drug resistance of HCC such as activation of signaling pathways, complex interaction
of HCC cells with tumor niche, induction of epithelial-mesenchymal transition (EMT)
upon treatment, and high degree of genetic/ epigenetic dysregulation. These factors
work together to assist HCC evolution and drug resistance (Villanueva et al., 2007).
Recently, studies have shown that tumorigenicity of cancer cells is greatly affected by
tumor microenvironment (TME) (R. Seo, 2015). TME is the cellular environment
where the tumor tissue composition exists as extracellular matrix (ECM), immune
cells, activated fibroblast, adipocytes, lymphatic endothelial cells, glial cells, pericytes,
epithelial cells, signalling molecules, proteins and vascular cells (Siraj et al., 2019).

The research in recent years indicated the importance of the tumor microenvironment
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in HCC initiation, progression, and metastasis, obviously demonstrating that TME is
an active component of the tumor. Not surprisingly, both Sorafenib and Regorafenib
target signalling pathways important in tumor-stromal interactions and inflammatory
pathways. Thereby, the interaction between TME and tumor cells is an important
candidate for targeting heterogeneous features of HCC and identifying effective
treatment strategies. However, there are no current cell culture models that can mimic
HCC TME in the laboratory. The cell culture models that include TME would enable
to study the effect of TME-HCC interaction on HCC drug response and resistance and
would greatly contribute to developments in HCC prognosis and HCC treatment. Thus,
it is important to improve a cell culture model that has the ability to mimic TME with
multiple cell types.

In our study, we first aimed to develop a 3-D co-culture model using HCC cells
(parental and sorafenib resistant), hepatic stellate cell line LX-2 and human monocyte
cell line THP-1. Our model aims to mimic tumor microenvironment by growing
parental and sorafenib resistant HCC cells in the presence of LX-2 and THP-1 cells.
Moreover, we utilized hanging-drop technique in which these cells can be grown
without adhering to cell culture plates in the form of tumor spheroids. In this 3-D co-
culture model, we then aimed to characterize the differences between tumor spheroids
established using parental and sorafenib resistant HCC cells. Our results demonstrate
that sorafenib resistant tumor spheroids are different from parental tumor spheroids in
cancer stem cell expression and regorafenib resistance. Moreover, there is a basal level
of hepatic stellate cell activation and monocyte differentiation in sorafenib resistant
tumor spheroids. Our findings reveal that drug resistant HCC cells interact differently
with TME cells and co-culture models are crucial in order to identify target molecules

that could be used to overcome therapy resistance.



CHAPTER 2: LITERATURE REVIEW

Hepatocytes and hepatic lobule, vascular system, hepatic sinsusoidal cells,
biliary system and stroma are parts that form liver (Ishibashi and Nakamura, 2009).
Hepatocytes are parenchymal cells which consist of 60% of the liver and they
metabolize all the substances which are absorbed from the gut (Racanelli and
Rehermann, 2006). Kupffer cells, stellate cells, endothelial cells and lymphocytes are
non-parenchymal cells which highly contribute to liver function and homeostasis
(Gao, Jeong and Tian, 2008).

HCC is the most common primary liver cancer with approximately 85 % rate.
Chronic hepatitis caused by hepatitis B virus, hepatitis C virus and non-alcoholic
steatohepatitis are risk factors to develop HCC (Birgani and Carloni, 2017). The
majority of diagnosis is done at an advanced stage where HCC patients are not suitable
for potentially curative therapies including liver transplantation or surgical resection.
Therefore, systemic therapy still is the main therapeutic option for advanced HCC
patients (Ohri et al., 2016).

Sorafenib is the first FDA approved multikinase inhibitor as a first line
treatment for HCC patients. Sorafenib was approved in 2007 after SHARP trial, in
which 602 patients, including 299 who were treated with sorafenib (800 mg/day) and
303 patients treated with placebo, took part. Results demonstrated that sorafenib
improved survival rates and progression time of advanced HCC patients. (Llovet et al.,
2008). Afterwards, another trial which is the Asia-Pacific trial also concluded more
successful survival rates and progression time with sorafenib (Cheng et al., 2009).

A more recent trial, REFLECT trial (phase Il study) showed the impact of
lentavinib, which is also a multi kinase inhibitor that targets VEGFR1-3 and other
kinases. Lentavinib is more attractive to the FGFR family especially VEGF receptors
and it has encouraging efficiency in hepatitis B virus infected patients and high AFP
level patients (Raoul et al., 2019). In addition to Lenvatinib, combination of
programmed cell death ligand 1 (PD-L1) inhibitor atezolizumab and VEGFR inhibitor
bevacizumab were also approved for first-line treatment for advanced HCC.

Although Sorafenib improves overall survival, many patients develop
resistance. After the approval of Sorafenib, for about 10 years, none of the clinical
trials were successful in identifying a treatment after sorafenib failure. Regorafenib,

an analog of sorafenib with improved target affinity and higher potency, was the first
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second-line treatment approved for patients who failed sorafenib therapy (Llovet et al.,
2021). Later, in addition to regorafenib, cabozantinib (The CELESTIAL trial,
ramucirumab (REACH-2 trial) and nivolumab (CheckMate 040 trial) were also
approved as second-line treatment options (Abou-Alfa et al.,, 2018), (Llovet,
Villanueva, et al., 2021), (Llovet, Kelley, et al., 2021).

There are also many ongoing Phase 3 trials for second line HCC treatment.
Since majority of Phase 3 trials are done after sorafenib failure, sorafenib still remains
the globally accepted first-line treatment for advanced HCC despite its poor
therapeutic response and high rates of resistance ((Zhu et al., 2018). Thus, identifying

mechanisms mediating sorafenib resistance is of crucial importance.

2.1 HCC Tumor Microenvironment

HCe cells-| l— ERictlent

Figure 1. Diagram of tumor microenvironment (TME) of HCC (Nishida et al., 2015).

2.1.1. Cancer Associated Fibroblasts (CAFs)

Cancer Associated Fibroblasts (CAFs) are a specialized group of fibroblasts
which have an effect on tumor metastasis and invasion. Several studies indicated that
there is a strong correlation between CAFs and poor prognosis in cancer (Liu et al.,
2016), (Franco et al., 2010). CAFs express specific mesenchymal markers such as a-
SMA, Vimentin, and peri-tumor fibroblast (FSP-1) (Franco et al., 2010). Most HCC
develops on fibrotic and/or cirrhotic livers. Myofibroblasts and hepatic stellate cells
are the main generators of extracellular matrix in the liver. They are derived from
quiescent fibroblast and activated hepatic stellate cells by chronic injury. HCCs were
shown to be found in fibroblast rich microenvironment (Mazzoccaetal., 2011) a-SMA
is the myofibroblast marker that is highly expressed in CAFs compared to normal

fibroblasts. In human breast cells, CAFs express TGF-B and hepatocyte growth factor
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(HGF) enhancing malignant transformation (Kuperwasser et al., 2004). Also, CAFs
stimulate the proliferation and invasivion in HCC (Lin, Chuang and Chuang, 2012).
Chemokines secreted by CAFs modulate the inflammatory cells and tumor cells. In
ovarian cancer, CCL5 induces tumor growth and invasion (Tsuyada et al., 2012). Liu
et al. demonstrated that CAF-derived molecules stimulate HCC metastasis via
Hedgehog and TGF-p activation. Also, when HCC cells and CAFs are co-cultured,
HCC cell’s proliferation, migration, and invasion was augmented (Tsuyada et al.,
2012).

2.1.2. Hepatic Stellate Cells (HSCs)

Quiescent stellate cells constitute 5-8% of the liver cells and function in storage
and controlled release of retinoids. HSCs secrete significant amounts of extracellular
matrix (ECM). They also promote control of blood flow through the sinusoidal
capillaries. They are a major source of various paracrine, autocrine and
chemoattractant factors for liver homeostasis (Geerts, 2001), (R. Seo, 2015). Also,
they were found in many other organs such as kidney, pancreas, and lung (Liu, 2006),
(Keane, Strieter and Belperio, 2005). When the liver is scarred by viral infection or
hepatic toxins, HSCs transform from quiescent cells to activated myofibroblast-like
cells. After that, they significantly upregulate secretion of cytokines, growth factors,
and proteins for protecting the liver. This activation, can be detected by morphological
changes, an increase in the expression of a-SMA and production of ECM molecules
(Friedman, 2008), (Sokolovi¢ et al., 2010). The factors released by activated HSCs
such as HGF and TGF-B1 can modulate liver regeneration (Chen et al., 2012). By
producing growth factors and cytokines such as HGF and IL-6 that can induce
phenotypic changes in cancer cells, HSCs also play an important role in liver
carcinogenesis. It has been shown that co-culturing of HSCs with Huh7 cells enhances
HSC proliferation, migration and expression of pro-angiogenic genes (Sancho-Bru et
al., 2010).

2.1.3. Vascular Cells

The transport of nutrients into the liver and the maintenance of the blood flow
are managed by the vascular endothelium which is made up of endothelial cells,
smooth muscle cells and a basement membrane. Endothelial cells express various
receptors for angiogenic factors such as VEGFRs, Tie-2, EGFR, PDGFR. Activation
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of these receptors could initiate many signal pathways to control proliferation, invasion
and survival. Blood vessels and their cells in tumors were reported to have
morphologically abnormal properties (Sancho-Bru et al., 2010), (R. Seo, 2015). The
tumor endothelial cells (TECs) can re-enter the circulation and travel to other sites.
TECs were also reported to express high amounts of VEGF. VEGF is a major inducer
of angiogenesis and is known to contribute to tumor progression by inducing
angiogenesis in tumors (Dudley, 2012), (Moens et al., 2014), (Jain, 2009). VEGF
induces neovascularization and the VEGF/VEGFR network enhances the tumor
growth in HCC. For this reason, targeting the VEGF/VEGFR pathway is one of the
main strategies used for HCC treatment in clinical trials. Sorafenib, the multi-kinase
inhibitor used in first line treatment of advanced HCC patients, is also an anti-VEGF
agent (Finn and Zhu, 2009).

2.1.4. Cancer Stem Cells

Cancer stem cells (CSCs) have self-renewal and differentiation properties like
normal stem cells. CSCs were initially discovered in leukemia, but later was
discovered in various solid malignancies including various cancer types (Hermann et
al., 2007), (Li et al., 2007), (O’Brien et al., 2007). CSCs have extremely increased
tumorigenic, metastatic, and chemotherapy and radiation-resistant features. CSCs
escape from multiple drug actions with intrinsic and external mechanisms (O’Brien et
al., 2007). External mechanisms activate hypoxia, anormal angiogenesis and signalling
cascades including epithelial-mesenchymal transition (EMT) (Maugeri-Sacca, Vigneri
and De Maria, 2011). Intrinsic mechanisms activate DNA damage repair cascade,
expression of MDR proteins and induce the ability of reconstituting tumors, EMT and
expression of self-renewal related genes (Calcagno et al., 2010), (Calcagno et al.,
2007).

2.1.5. Interaction between HCC and CSCs

Liver cancer stem cells (LCSCs) are the cancer stem cells of HCC. Various
surface markers are used to isolate LCSCs. LSCSs have been shown to mediate
chemoresistance, metastasis, and recurrence in HCC due to their increased self-
renewal and survival capacity. Thus, identifying and targeting LCSCs became an
important issue in HCC treatment (Ji and Wang, 2012), (Guo, Lasky and Wu, 2006).
(Piao et al., 2012), (Xin et al., 2013), (HA et al., 2011).
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2.2. Surface markers of LCSCs
2.2.1. EpCAM

Epithelial cell adhesion molecule (EpCAM), is a glycosylated type |
transmembrane protein, initially discovered in epithelial tumors (Philip et al., 2009).
Although EpCAM expression is not detectable in normal hepatocytes, a small subset
of cells in the adult liver identified as liver stem cells are demonstrated to express
EpCAM (Cioffi et al., 2012). EpCAM is believed to involve in many processes
including cell-cell adhesion, proliferation, cell cycle, signalling, regeneration,
organogenesis, tumorigenesis, migration and differentiation (Fan et al., 2011), (Philip
et al., 2009).

2.2.2.CD133

CD133 is a membrane glycoprotein (Peng et al., 2019) that shows expression
in nucleus and cytoplasm of several tumors including liver, prostate, colon and
pancreatic cancers (Chen et al., 2017), (Glumac and LeBeau, 2018), (Giler, Guven
and Oktem, 2019). The CD133+ subpopulation and EpCAM+/CD133+ subpopulation
demonstrated stemness properties and have higher tumorigenic capacity (Peng et al.,
2019). (Karagonlar et al., 2020). Moreover, high levels of CD133 expression were
associated with poor prognosis, low survival and high recurrence suggesting that

CD133 may be an appropriate prognostic marker for liver cancer (Peng et al., 2019).

2.2.3.CD44

CD44 is a transmembrane glycoprotein and a receptor for hyaluronic acid
(HA). Overexpression of CD44 induces proliferation, migration, and drug resistance
of tumor cells (Ma et al., 2007), (Bourguignon, Shiina and Li, 2014). IL-6 secreted by
tumor-associated macrophages was shown to increase the percentage of CD44+
population in tumors and enhance tumorigenesis (Wan et al., 2014). Moreover,
knockout of CD44 in HCC was associated with an increase in drug sensitivity (Asai et
al., 2019)

2.2.4. CD90
CD90 is a membrane protein, which has roles in inflammation, cytoskeleton
organization and cell migration. CD90 is expressed in several cell types, including

neurons, endothelial cells, astrocytes and fibroblasts (Zhen et al., 2008). CD90 is also

7



defined as a marker of LCSCs with high tumorigenic and metastatic properties (Chiba
etal., 2013).

2.2.5.CD24

CD24 is glycoprotein promoted in B- lymphocytes and is overexpressed in a
variety of cancers (Pruszak, Menon and Pruszak, 2017). In HCC cells, CD24 takes part
in metastasis, differentiation, self-renewal, and chemoresistance. Besides, expression
of CD24 was found to be correlated with PCNA and B-catenin expressions and

associated with high metastatic potential (Qiu et al., 2011).

2.3 Immune Cells

In the TME, immune cells consist of macrophages, neutrophils, and
lymphocytes. Tumor cells associate with immune cells in the tumor microenvironment
and mediate immune escape and tumor suppression (de Mingo Pulido and Ruffell,
2016). Immune cells have the ability to both kill and induce tumor cells, according to
the cellular environment (Bhatia and Kumar, 2020), (Galon et al., 2013). Although the
immune system destroys highly immunogenic tumor cells, the cancer cells with low
immunogenicity tend to escape from immune destruction and stimulate the immune
tolerance (Bhatia and Kumar, 2020.Tumor cells can modify the immune system by
generating inhibitory cytokines such as interleukin-10 (IL-10), transforming growth
factor-p (TGFp), and vascular endothelial growth factor (VEGF). They also activate
immunosuppressive cells such as regulatory T cells (Tregs) and myeloid-derived

suppressor cells (MDSCs) and promote an immunosuppressive TME.

2.4. Macrophages

Macrophages control tumor growth, angiogenesis, invasion and metastasis
with their dual anti and pro-tumor functions (Maria R. Galdiero et al., 2013),
(Condeelis and Pollard, 2006). Tumor-associated macrophages are classified as two
types M1 and M2, depending on the phenotypes. Interferon (IFN) y and
lipopolysaccharide (LPS) stimulate M1 cells. M1 cells secrete pro-inflammatory
cytokines such as TNFa and IL-12 and process high levels of nitric oxide synthase
(NOS) and MHC molecules. They have a significant part in pathogen clearance and
tumor antigen presentation. 1L-4 and 1L-10 activate M2 cells. M2 cells control levels

of MHC molecules and IL-12.  However, immunosuppression, tumor cell
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extravasations, and metastasis are seen upon stimulation with various anti-
inflammatory cytokines such as I1L-10, mannose receptor and arginases (Condeelis and
Pollard, 2006). M2 type is the common type of tumor-promoting tumor-associated
macrophages, when M1 and M2 cells are found together in the TME. TME is a
dynamic system. In the early phase of tumor initiation, TAMs demonstrate an
inflammatory phenotype, on the other hand during tumor progression and metastasis,

they show immunosuppressive characteristics (Franklin et al., 2014).

2.5. The Most Reported Signalling Pathways in HCC

Pathways which are important for normal liver development, function and
homeostasis, also are frequently deregulated in HCC. Abnormal activation and
deregulation of major signalling pathways support tumor initiation, growth and
metastasis and contribute to tumor recurrence and therapeutic resistance (Liu, Yeh and
Lin, 2020).

2.5.1. Ras/Raf/MEK/ERK Signaling Pathway

The Ras, Raf, MEK and ERK proteins cooperate to control the vital properties
of the cell (Li et al., 2016). Ligand binds to tyrosine kinase (RTK), on residue of RTK
cytoplasmic tails autophosphorylation occurs therefore activates the Ras, Raf, MEK
and ERK respectively. ERK triggers expression of proliferation genes by going into
the nucleus. Because of mutations, the main activation of the path is critical to
stimulate HSC to fibrogenesis and myofibroblast phenotype (Lee, Mstp and Friedman,
2011).

2.5.2. PIBK/AKT Signaling Pathway

Phosphatidylinositide 3-kinases (PI3K) phosphorylates the
phosphatidylinositol (4,5)-bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-
trisphosphate (PIP3). After RTK-ligand interaction, PI3K is another target of RTKSs.
PTEN is a tumor suppressor which reverses the pathway. PIP3 level is low in
unstimulated conditions of normal cells (Hemmings and Restuccia, 2012). In HCC
patients, deregulated PIP3-AKT-mTOR was observed (Tovar et al., 2009).

2.5.3. TGF-p Signaling Pathway

Transforming growth factor-p (TGF-p) is critical for cell. There are more than
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30 proteins in the TGF-B family, which also contains myostatin, activin, inhibin, nodal
and bone morphogenetic proteins. TGF-f binds to kinases on the membrane and
stimulates signalling. Thus, an activated ligand is able to connect TGF-f receptors and
send the signal to the nucleus using Smad proteins (Weiss and Attisano, 2013). TGF-
B plays dual role in HCC progression, in early stages it is a tumor suppressor while
stimulating metastasis at early stages. In the tumor microenvironment, there is a
positive correlation between tumor-associated macrophages (TAMs) which are critical
parts of immune cells and EpCAM positive cell populations (Meindl-beinker and
Matsuzaki, 2012).

2.5.4. The Wnt/p-Catenin Pathway

Wnt/B-catenin signaling has an important role in homeostasis (Mohammed et
al., 2016). B-catenin is a functional protein with a role in cell-cell adhesion and also
serves as a transcription factor. In the Wnt signaling pathway it acts as an intracellular
signal transducer (Macdonald, Tamai and He, 2009). Also, B-catenin is one of the
subunits of cadherin that binds E-cadherin but mutation and overexpression of -
catenin supports tumor progression and growth (Gedaly et al., 2014). In HCC patients,
[3-catenin accumulation is seen in about 50% of cases (Yamashita et al., 2021).

2.5.5. Signaling Pathway of p53

The p53 is a tumor suppressor gene which has a critical role in cell cycle
progression and cell division by modulating the transcription of growth regulatory
genes. p53 protein is significantly upregulated by DNA damage, hypoxia, viral
proteins, or oncogene expression (Vousden, 2000). Mutations in the p53 gene lead to
genomic instability and loss of normal functions such as growth control, cell cycle
arrest or apoptosis (Chen et al., 2003). The p53 gene is frequently mutated in humans
and it has an important role in early stages of HCC. p53 mutations can be detected in
about 50% HCC cases (Whittaker, Marais and Zhu, 2010).

2.5.6. The Notch Signalling

The vital functions of the cell are regulated by the Notch signalling. It
influences tumor progression, self-renewal, and CSC differentiation in most cancer
types. Notch and Wnt/B-catenin signaling pathways have both critical roles in

stemness and metastasis of liver cancer stem cells. Notchl is upregulated and triggers
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NICD expression in HCC via Wnt/p-catenin signaling. Blocking the Wnt/p-catenin
and Notch signaling pathways mediates suppression of tumor growth (Farazi and
Depinho, 2006).

2.5.7. Hedgehog Signaling Pathway

It controls cell proliferation, survival, and differentiation (Serova et al., 2015).
Overexpression of Hh ligands results in abnormal transcription factor expression and
is detected in the development of several cancer types such as breast cancer, prostate
cancer, HCC, pancreatic cancer, and brain cancers (Mcnamara et al., 2015). In HCC,
the Hh markers are overexpressed in tumors with vascular invasion and metastasis and

correlated with recurrence with low survival rate (Zhu et al., 2021).

2.6. HCC Studies in 2D and 3D Cell Culture

Over the decades two-dimensional (2D) monolayer cell culture methods were
used to understand cell function in vitro. However, standard in vitro tumor models are
not enough to generate cellular and spatial complexity efficiently (Hutchinson and
Kirk, 2011). It is clear that enhanced multicellular in vitro models are necessary for
understanding the basic tumor-stroma interactions and its effects on tumorigenic
phenotypes. In 2-D cell culture, interactions between cells are relatively absent
inhibiting them from cytokines, growth factors, and signalling molecules. Although
2D models are simple and cheap, cells are seeded on glass or plastic materials and thus
these models do not demonstrate real properties of tissues (Yamada and Cukierman,
2007), (Antoni et al., 2015). In 2D culture, different gene expression patterns,
morphology, cellular architecture (cell-cell and cell-ECM interactions) are seen
(Breslin & O’Driscoll, 2013). Drug metabolism of cancer cells is changed by lack of
signalling, thus 2D culture is not a good system for drug development research
(Kapatczynska et al., 2018). Generally animal models are used for in vivo experiments;
however, concerns about animal testing and high cost avoid high use of animals
(Cekanova and Rathore, 2014). That’s why more accurate models such as three-
dimensional (3D) cell culture is needed to mimic tumor microenvironment effectively.
3D models aim to focus directly on human models by removing obstacles from
different species and mimic tumor microenvironment. In multicellular organisms, cells
tend to make arrangements with each other and environment also, they exchange

chemicals and nutrients so maintain homeostatic balance. Thus, regulation of cells is
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the main criteria considered to be an ideal organisation in the 3D culture (Lee, Cuddihy
and Kotov, 2008), (Abbott, 2003). This helps to understand ECM expression, cell-cell
and cell-matrix interactions (Figure 1). 3D cultures canalize cells to become spheroids
by secreting extracellular matrix contents. Spheroids have similar properties with in
vivo cell microenvironment. Spheroid cultures are good candidates for studying cancer
and also for preclinical drug development studies. In 3D systems, cells activate the
development of aggregates/spheroids in matrices or media (Figure 2). In spheroid
models, interactions between cell-cell and cell-matrix are not completely mimicking
but, to some degree, these models are convenient to activate the morphology of cells
according to the original state in the body. In addition, there are several phases of cells
that are related to oxygen and nutrition levels (Khaitan et al., 2006). Proliferation
mostly occurs at the outer surface of the spheroids as they reach an adequate number
of nutrients and oxygen from the media. Due to deficiency of nutrients, oxygen and
growth signals, in the inner parts of spheroids cells become hypoxic (Senkowski et al.,
2016) (Figure 3).

2D Cell Culture 3D Cell Culture

Figure 2. Schematic representation of differences between 2D and 3D cell cultures. In
monolayer cell culture, interaction between different cells and stroma is absent. In 3D
cell culture, cell-cell and cell-ECM communication provide cells with growth factors

and cytokines.
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Figure 3.The structure of three-dimensional spheroids. The regions are colored as the

proliferating zone (orange), quiescent zone (red), and necrotic zone (brown).
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CHAPTER 3: MATERIALS AND METHODS

3.1 Cell Culture

Huh7, sorafenib resistant Huh7 (Huh7-SRC5), THP1 and LX-2 cell lines were
used in our study. Huh7, Huh7-SRC5 and THP1 cell lines were cultured with RPMI-
1640 containing a mixture of 10% FBS (Fetal Bovine Serum), 2mM L-Glutamine,
100 / ml penicillin / 0.1mg / ml streptomycin and 1% non-essential amino acid
mixture in an incubator with 5% CO> at 37 °C. The LX-2 cell line was cultured in
DMEM containing 2% FBS (Fetal Bovine Serum), 2mM L-Glutamine, 100u / mi
penicillin / 0.1mg / ml streptomycin and 1% non-essential amino acid mixture in an
incubator with 5% CO> at 37 °C. Sorafenib was used in the maintenance of the

sorafenib resistant cell lines and in the experiments at a final concentration of 5 pM.

3.2 Proliferation Analysis using MTT

MTT is used for measuring cytotoxicity, proliferation and cell viability. In
metabolically active cells, yellow tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide or MTT) transform into purple formazan crystals. MTT
was performed to analyse the effects of Sorafenib and Regorafenib on cell
proliferation. Cells were seeded as 3x10%/100 ul in all MTT analyses. Regorafenib and
Sorafenib were administered the next day after seeding. On the day of analysis, 15 pl
of MTT (5 pg / ml) solution was added to each well. The plate was incubated for 4
hours at 37°C in a CO2 incubator. Then the medium was removed from each well, 100
pul DMSO was added and incubated for 30 minutes in a shaker protected from light.
Measurements were made using a spectrophotometer (Multiscan GO Thermo
Scientific, Porto Salvo) at 570 nm wavelength. Spectrophotometric measurements
were also taken at 720 nm wavelength for the background. The evaluation of cell
viability was calculated using the nonlinear regression method by converting the

values obtained through the Graphpad Prism program to logx format.

3.3 Three-Dimensional Hanging Drop Spheroid Cell Culture
3.3.1 Preparation of a Single Cell Suspension

Adherent cells with 90% confluence were rinsed with PBS. 1 ml of 0.25%
trypsin-EDTA was added and incubated at 37°C until cells detach. Trypsinization was

stopped by addition of 3 ml of complete medium and cells were pipetted gently using
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a 5 ml pipette until cells were in suspension. Cells were then transferred to a 15 ml
conical tube and centrifuged at 1000 rpm for 4,5 minutes. Supernatant was discarded
and cells were suspended with complete tissue culture medium. By using a
hemocytometer, cells were counted. and calculated as required by the experiment. (For
example, Huh7 cells were calculated as 700 cells/30 pl, LX-2 cells were calculated as
200 cells/30 pl and THP-1 cells were calculated as 100 cells/30 pl.)

3.3.2. Formation of Hanging Drops

6 ml of PBS was placed in the bottom of a 10 cm dish. This acted as a hydration
chamber. The lid of the dish was then inverted to deposit 30 ul of cell mixture drops
onto the inside of the lid. Lastly, the lid was inverted carefully again onto the PBS-
filled plate and placed in an incubator with 5% CO2 at 37°C.

3.4. Immunofluorescent Analysis of Spheroids

On Day 1, spheroids were taken into a falcon tube. Medium was removed by
using a pipette and spheroids were washed with 500 pl PBS three times. Spheroids
were then fixed with 4% paraformaldehyde for 1 hr at 4°C. The spheroids were then
washed thrre times with 1XPBS. 500 ul of Permeabilization Buffer (8% SDS in 0.1M
PBS (pH 7.5)) was added onto the spheroids and left at 4°C overnight. On Day 2,
permeabilization buffer was removed and spheroids were rinsed 3 times with PBS for
3 hours, then incubated in blocking buffer (0.5% (v/v) Tween 20 + 0.2% (v/v) Triton
X-100 + 3% BSA)) for 2 hours. After blocking, the primary antibody to be used was
diluted 1:50 in the blocking buffer and added onto spheroids overnight at 4°C. On Day
3, spheroids were washed with wash buffer (0.1% (v/v) Tween 20 + 0.2% (v/v) Triton
X-100 + PBS) for three times, each time for 1 hr at room temperature. Then, a
secondary antibody (1:1000 diluted) and DAPI (1:5000 diluted) was mixed together
in the blocking buffer. Wash buffer was removed and 100 pl of the secondary
antibody/stain mixture was added to each well. Spheroids were incubated overnight at
4°C (without rocking). On Day 4, spheroids were washed with 100 ul of 1xPBS for 1
hr at RT in the dark. 1XPBS was then removed, spheroids were incubated with
Refractive Index Matching Solution (50% formamide/20% polyethylene glycol
(PEG)) for 1 hour. Spheroids were then transferred in a small amount of buffer to a
Superfrost microscope slide. 10 pl of Refractive Index Matching Solution was added

to cover the spheroid, and coverslips were gently placed on top. For sealing the
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coverslips, nail polish was used and prepared slides were left in the dark for
approximately 30 minutes. When slides had dried, image analysis was carried out

using a confocal microscope (Zeiss LSM880, Jena Germany).

3.5. Lentiviral Transduction

On Day 0, HEK293T cells were seeded at 3.8x10° cells per plate in high
glucose DMEM (w/ %10 FBS) in 10 cm tissue culture plates. Up to P15 passage cells
were used for transfection. Then, 293T cells were seeded onto gelatin or poly-I-lysine
coated plates and incubated at 37 °C, 5% CO2 for approximately 20 hours. On Day 1,
media was gently aspirated and fresh DMEM (w/ %10 FBS) was added 5 hours before
the transfection. Then a mixture of 3 transfection plasmids (3,4 pg plasmid, 1,7 pg of
psPAX2 and 0,85 pg of PMD2.G) was prepared in 300 pl of 1XPBS. PEI mix (300 pl
of 1XPBS and 30 ul of PEI) was also prepared, vortexed and later added drop by drop
to plasmid mix. The final mix was vortexed and incubated for 15-20 min in RT. This
mix was added onto the 293T cells dropwise in the clock direction while rotating the
plate opposite to clock direction. On Day 3, the medium was replaced with fresh
medium. On Day 4, the virus was harvested (48 hours after transfection). Supernatant
was filtered through a 0.45 um PES filter and filtered viral supernatant was added onto
Huh7, Huh7-SRC5, LX-2 and THP-1 cells with polybrene (8 ug/ul). Next morning
media was aspirated, and 10 mL of fresh RPMI (w/ %10) was added onto cells. Huh7-
mCherry, Huh7-SRC5-mcherry, LX-2 Azurite and THP-1- GFP cell lines were

produced.

3.6. Immunofluorescent Analysis of Activated LX-2 Cells

On the Day 1, for the seeding process; in the class Il biological safety cabinet,
LX-2 cells were seeded on coverslips in a 24-well plate at a density of 4x10* cells/well
using DMEM with 0.5% FBS and incubate cells overnight. On the Day2, medium was
replaced with serum-free DMEM containing TGF-B1 (10 ng/ml) and the cells were
incubated for 24 hours. On the Day 3, medium was removed and cells were washed 3
times with each time 500 pl PBS then removed PBS. Both control and PMA-treated
cells were fixed with 4% paraformaldehyde for 15 minutes at 4°C. Paraformaldehyde
was removed by using a pipette and discarded in a chemical waste bin. Cells were
washed three times with 1X PBS. After this step, a permeabilization buffer (PBS
containing 0.5% (v/v) Tween 20 + 0.2% (v/v) Triton X-100) was added to cells at RT
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for 15-20 min. Then, the permeabilization buffer was removed and 200 pl of blocking
buffer (PBS containing 0.5% (v/v) Tween 20 + 0.2% (v/v) Triton X-100 + 3% BSA)
was applied for 1-2 hrs at RT. Coverslips were transferred to a humidity chamber (150
mm petri dish with moist blotting paper + layer of parafilm + labelled spaces for
coverslips). Coverslips were laid cell-side-up on the parafilm. Primary antibody was
diluted 1:50 in blocking buffer and added 100 pl of the primary antibody dilution and
incubated cells overnight at 4°C. (Primary antibody: a-SMA) On the Day 4, cells were
washed with immunofluorescence wash buffer (0.1% (v/v) Tween 20 + 0.2% (v/v)
Triton X-100 + PBS) three times, each time for 15 min at room temperature. Secondary
antibodies (1:1000) and DAPI (1:5000) were mixed together in the blocking buffer.
Wash buffer was removed and 100 pl/well of the secondary antibody/stain mixture
prepared. The plate was covered with foil and the cells were incubated at room
temperature for 2 hours (without rocking). Cells were washed with 100 pl of 1XPBS
for 1 hr at room temperature in the dark. 1XPBS was removed, cells were incubated
with Refractive Index Matching Solution (50% formamide/20% polyethylene glycol
(PEG)) for 1 hour. Cells were transferred in a small amount of buffer to a Superfrost
microscope slide and 10 pl of Refractive Index Matching Solution was added to cover
cells. hen a coverslip was placed on top and for sealing coverslip on the slide nail
polish was used and left in the dark for approximately 30 minutes. When slides dried,

image analysis was carried out (Zeiss LSM880, Jena Germany).

3.7. Immunofluorescent Analysis of Activated THP-1 Cells

On Day 1, THP-1 cells were seeded on coverslips in a 24-well plate at a density
of 10° cells/well (100 000 cells/500ul). 150 uM phorbol 12-myristate 13-acetate
(PMA, Sigma, P8139) was prepared. For each well 1 pl from 150 uM PMA with 499
pl RPMI Medium were mixed. (Each well already had 500ul Media+ cells, thus the
final dilution was 1:1000 and final PMA concentration was 150nM). Cells were
incubated with PMA for 2 days. Then, fresh medium was added and incubated for
another 24 hours. On the Day 4, for control cells, 5ml fresh THP-1 cell suspension was
taken and counted. Then, 100 000 cells/ 30 pl was prepared and added as a drop of
cells onto a coverslip, dried for 15 min. For PMA treated cells, medium was removed
and cells were washed 3 times with each time 500 pl PBS. Both control and PMA-
treated cells were fixed with 4% paraformaldehyde for 15 minutes at 4°C.

Paraformaldehyde was removed by using a pipette and discarded in a chemical waste
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bin. Cells were washed three times with 1XPBS. After this step, a permeabilization
buffer (PBS containing 0.5% (v/v) Tween 20 + 0.2% (v/v) Triton X-100) was added
to cells at RT for 15-20 min. Then, the permeabilization buffer was removed and 200
pl of blocking buffer (PBS containing 0.5% (v/v) Tween 20 + 0.2% (v/v) Triton X-
100 + 3% BSA) was applied for 1-2 hrs at RT. Coverslips were transferred to a
humidity chamber (150 mm petri dish with moist blotting paper + layer of parafilm +
labelled spaces for coverslips). Coverslips were laid cell-side-up on the parafilm.
Primary antibody was diluted 1:50 in the blocking buffer and 100 ul of the primary
antibody dilution was added overnight at 4°C. (Primary antibody: anti-CD68) On Day
4, cells were washed with immunofluorescence wash buffer (0.1% (v/v) Tween 20 +
0.2% (v/v) Triton X-100 + PBS) three times, each time for 15 min at room temperature.
Secondary antibodies (1:1000) and DAPI (1:5000) were mixed together in the
blocking buffer. Wash buffer was removed and 100 pl/well of the secondary
antibody/stain mixture was prepared. The plate was covered with foil and the cells
were incubated at room temperature for 2 hours (without rocking). Cells were washed
with 100 pl of 1xPBS for 1 hr at room temperature in the dark. 1XPBS was removed,
cells were incubated with Refractive Index Matching Solution (50% formamide/20%
polyethylene glycol (PEG)) for 1 hour. Cells were transferred in a small amount of
buffer to a Superfrost microscope slide and 10 pl of Refractive Index Matching
Solution was added to cover cells. Then a coverslip was placed on top and for sealing
coverslip on the slide nail polish was used and left in the dark for approximately 30
minutes. When slides dried, image analysis was carried out (Zeiss LSM880, Jena

Germany).

3.8. Flow Cytometry

Spheroids were collected and washed with 1X PBS. Then spheroids were
dissociated with 1 ml of 1X Trypsin for 5-10 minutes using thermoshaker at 37°C. 3
ml of DMEM with 10% FBS was added and single cell suspensions were passed
through a 100 micron cell strainer. Cells were counted using Trypan Blue and prepared
as 10°-106 cells/300 ml. Cells were then stained with the conjugated primary antibodies
for 30 minutes on ice at dark. After being washed 3 times with PBS, cells were
analysed via Flow Cytometry (BD LSR FORTESSA, United States).
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3.9. Cytokine and Kinase Array
3.9.1. Cytokine Array

Proteome Profiler Array Human XL Cytokine Array Kit (Minneapolis US) was
used for Cytokine arrays. Before starting, all array buffers (ABs) were brought to room
temperature. Spheroids cultured as droplets in DMEM (10%FBS) for 7 days. Then
spheroids were transferred into poly-hema coated plates and cultured in low serum
DMEM (2%FBS) for 16 hours. Next day, 1 ml of conditioned medium was collected
from spheroids and was mixed with 500ul of AB6. Each membrane was blocked in 2
ml of AB6 for 1 hour on a shaker. After blocking, AB6 was aspirated from the wells
and 1.5 ml of conditioned media (1 ml of conditioned medium+500ul of AB6) was
added and membranes were incubated overnight at 4 °C on a shaker. Next day, each
membrane was washed three times with 20 ml of 1X Wash Buffer for 10 minutes each
on a shaker. Membranes were then incubated with a detection antibody cocktail for 1
hour on a shaker. Membranes were then washed three times as described above. Then
each membrane was incubated with 2.0 ml of 1X Streptavidin-HRP for 30 minutes at
RT on a shaker. Membranes were then washed three times as described above. Each
membrane was then placed on the bottom sheet of the plastic sheet protector and 1.0
ml of the Detection Reagent Mix (1:1) was evenly pipetted onto each membrane. After
incubation for 1 minute, membranes were visualized using the Vilber Fusion Solo S

system (Vilber Lourmat).

3.9.2. Kinase Array

Proteome Profiler Array Human Phospho-Kinase Array Kit (Minneapolis US)
was used for the Kinase array. Before starting, all array buffers (ABs) were brought to
room temperature. Spheroids cultured as droplets in DMEM (10%FBS) for 7 days
were washed with 1X PBS and immediately lysed in the lysis buffer provided with the
kit (with phosphatase and protease inhibitors added). 334 ul of lysate was mixed with
1.700 pul of AB 1. Each membrane was blocked in 1 ml of AB1 for 1 hour on a shaker.
After blocking, AB1 aspirated from the wells and 2 ml of cell lysate in AB6 (334 ul
of lysate was mixed with 1.700 ul of AB 1) was added and membranes were incubated
overnight at 4 °C on a shaker. Next day, each membrane was washed three times with
20 ml of 1X Wash Buffer for 10 minutes each on a shaker. Membranes were then
incubated with detection antibody cocktails (Cocktail A and Cocktail B) for 2 hours at
RT on a shaker. After the incubation, the corresponding parts (A and B) of the
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membrane were washed separately as described above. Then the membranes were
incubated with 1.0 ml of 1X Streptavidin-HRP for 30 minutes at RT on a shaker.
Membranes were then washed three times as described above. Corresponding Part A
and Part B membranes were placed end-to-end on the bottom sheet of the plastic sheet
protector and 1.0 ml of the Detection Reagent Mix (1:1) was evenly pipetted onto each
membrane. After incubation for 1 minute, membranes were visualized using the Vilber

Fusion Solo S system (Vilber Lourmat).
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 MTT Analysis of Huh7 and Sorafenib Resistant SRC Cells

Sorafenib resistant cell line SRC was previously established in our laboratory
(Firtina Karagonlar et al., 2016). MTT analysis of the Huh7 parental cell line and its
SRC resistant clone was performed using both Sorafenib and Regorafenib (Figure 1).
With these results, the IC50 value of the Huh7 parental cell line for Sorafenib was
determined as 2.38, while the IC50 value of the SRC clone was determined as 6.945.
This analysis confirmed that the SRC clone was a highly sorafenib resistant clone. In
addition, the 1C50 values of the same cells for Regorafenib were determined as 1.732
for the parental and 2.796 for the sorafenib resistant clone SRC, respectively (Figure
4). This indicated that sorafenib resistant cells also acquired Regorafenib resistance.
This finding has not been reported in the literature and supports the main argument of
this thesis.
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Figure 4. MTT analysis of parental Huh7 cells and Sorafenib resistant clones after
Sorafenib (A) and Regorafenib (B) treatment.

4.2. Generation of 3D Tumor Spheroids with Huh7 and Sorafenib resistant SRC
Cells
4.2.1 Growth and characterization of cells

We wanted to co-culture Huh7 hepatocellular carcinoma cells with LX-2
hepatic stellate cells and THP1 monocyte cells in order to mimic tumor heterogeneity.
Firstly, 3 cell lines were cultured and visualized individually in cell culture using the
following media: RPMI with 10% FBS for Huh7, DMEM with 2% FBS for LX-2 and
RPMI with 10% FBS for THP-1 cells (Figure 5).

21



Figure 5. Bright field images of Huh-7, LX-2 and THP-1 cells.

4.2.2 Generation of spheroids

First, spheroid forming capacities of these cells were examined separately. To
form spheroids, the hanging drop method was performed using 10 cm cell plates.
Huh7, LX-2 and THP1 cells were prepared as 1000 cells in a total of 30 ul medium
and were pipetted as 30 ul droplets to the inside of the lid of a 10 cm cell plate. Then,
the lid was turned upside down and slowly closed into a 10 cm dish containing 6 ml
of 1% PBS (Figure 6). The cell plate was placed in the incubator and incubated at
37°C, 5%CO0, the spheroids were visualized on days 1,2,3, 4 and 7 (Figure 7). These
experiments revealed that epithelial Huh7 cells form significantly bigger spheroids
than fibrotic LX-2 cells. On the other hand, THP-1 monocytes which normally grow
in suspension do not form compact spheroids.

Figure 6. Hanging Drop Method used to generate spheroids. (A) Schematic overview
of hanging-drop technique (B) The picture of a 10 cm plate after the pipetting of the
droplets.
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Figure 7. Spheroids formed by the Huh7 cells alone, LX-2 cells alone and THP1 cell
lines alone.

In order to mimic tumor heterogeneity, we decided to co-culture all 3 cell types
(Huh7, LX-2 and THP-1) in a spheroid. Optimization experiments were carried out to
determine how much of each cell type to use. In these experiments the percentages of
cell populations in the liver native cell composition were considered. Liver non-
parenchymal cells (HSCs, macrophages, endothelial cells, etc.) make up about 30 %
of the liver whereas hepatocytes make up 70% of the liver. Thus, in our experiments,
we used non-liver parenchymal cells (stellate + macrophage) around 30 % of the total
cell number. Accordingly, the following cell numbers were tried and the formed

spheroids were visualized (Figure 8-9).
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Figure 8. Spheroids created by mixing Huh7, LX-2 and THPL1 cell lines with
different cell numbers.
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Figure 9. Spheroids created by mixing Huh7, LX-2 and THPL1 cell lines with different

cell numbers.

In these experiments, when the total number of cells used was 2000, the
spheroid diameter was measured above 500 um. Due to deficiency of nutrients, oxygen
and growth signals, in the inner parts of spheroids cells become hypoxic. Therefore,
we decided to reduce the total number of cells to 1000 in the future experiments. In a
total of 1000 cells, we included 700 Huh7 cells, 200 hundred LX-2 cells and 100
hundred THP-1 cells to form spheroids (Figure 10).
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Figure 10. Spheroids formed by mixing with LX-2 and THP1 cell lines, as Huh7 cell
number 1000 (Huh7 spheroid, SRC5 spheroid, Huh7+LX-2 spheroid, SRC5+LX-2
spheroid, Huh7+LX-2+THP1 spheroid, SRC5+LX-2+THP-1 spheroid).
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Figure 11. High resolution images of parental (Huh7+LX-2+THP-1 cells) and SRC5
(SRC5+LX-2+THP-1 cells) spheroids.

4.2.3 Regorafenib treatment of spheroids

In order to analyse the effect of regorafenib on parental and resistant spheroids,
we performed optimization experiments for regorafenib treatment. Firstly, spheroids
were collected from hanging droplets on the 7th day and dispensed into the wells of
96 well plates. The control group was cultured in DMEM-10% FBS without
Regorafenib while the drug group was incubated with 2 microMolar Regorafenib in
DMEM-10% FBS for 14 days. Spheroids were visualized under the light microscope
at day 14, which was after 7 days of Regorafenib treatment and at day 21, which was

after 14 days of Regorafenib treatment (Figure 12).
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Figure 12. Parental (Huh7+LX-2+THP-1 cells) and SRC5 (SRC5+LX-2+THP-1 cells)
spheroids were treated with Regorafenib for 7 days after being transferred to standard
cell culture multiwell plates and were visualized under the light microscope on the
14th and 21st day of culture.

We observed that the spheroids that were transferred to standard cell culture
multiwell plates showed a tendency to spread and stick to the wells again. For this
reason, we decided to try different methods (ULA plate, poly-hema coated plate,
treatment while still suspended in droplet). In addition, since it was observed that the
spheroids that were not treated with Regorafenib began to look unhealthy during the
incubation period of 21 days in total, we decided to end the experiments and perform
the analyses on the 14th day (after 7 days of Regorafenib treatment).

We then tried to transfer spheroids into ULA plates on day 7 (Figure 13).
Spheroids in the ULA plates still showed a tendency to stick to each other and to the
plate edges. In addition, since it was observed that spheroids formed with SRC cells
were not affected, we decided to increase the Regorafenib concentration from 2

micromolar to 4 micromolar.
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Figure 13. Parental (Huh7+LX-2+THP-1 cells) and SRC5 (SRC5+LX-2+THP-1 cells)
spheroids were treated with Regorafenib for 7 days in the ULA plates and were

visualized under the light microscope on the 14th day of culture.

As another method, treatment with Regorafenib while the spheroids are in
suspended droplet form has been tried. After the spheroids were formed, on the 7th
day, the droplet was withdrawn as slowly as possible without disturbing the spheroids,
DMEM containing 4 micromolar Regorafenib was added, and the spheroids were
incubated with Regorafenib medium as a suspended droplet. Spheroids in the
suspended droplet were visualized under the light microscope at day 14 after 7 days
(Figure 14). Unfortunately, the effect of Regorafenib was significantly reduced under
these conditions.
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Figure 14. Parental (Huh7+LX-2+THP-1 cells) and SRC5 (SRC5+LX-2+THP-1 cells)
spheroids were treated with Regorafenib for 7 days while they are still in suspended

droplet form and were visualized under the light microscope on the 14th day of culture.

Moreover, we observed that THP1 (monocyte) cells proliferate much faster
than other cell types (Huh7 and LX2) in the spheroids. Also, THP1 cells did not get
into the spheroids well, but rather stayed on the outside of the spheroids. It has been
observed that the presence of proliferating THP-1 cells on the outer surface of
spheroids affected the results of the analyzes with spheroids (Figure 15). Especially by
growing on the spheroid, these cells made both the structural analysis of spheroids and
the effect of drug treatment difficult. In addition, the presence of THP1 cells created a
problem in the preparation of single cell suspension of spheroids for various analyses
such as flow cytometry. For this reason, for some experiments, it was decided to
establish spheroids without THP-1 cells and to perform analyses on spheroids without
THP-1 cells. Firstly, after the spheroids without THP-1 cells were formed, we treated
them with 4 micromolar Regorafenib in poly-hema coated plates for 7 days. They were
then visualized under the light microscope on day 14 (Figure 16). When the THP-1
cells were not included, the spheroids did not have the growth of cells we observed
outside of the spheroids and Regorafenib treatment was more successful.
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Figure 15. Parental (Huh7+LX-2+THP-1 cells) and SRC5 (SRC5+LX-2+THP-1 cells)
spheroids were treated with Regorafenib for 7 days in the poly-HEMA coated plates
and were visualized under the light microscope on the 14th day of culture.
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Figure 16. Parental (Huh7+LX-2 cells) and SRC5 (SRC5+LX-2) spheroids were
treated with Regorafenib for 7 days in the poly-HEMA coated plates and were

visualized under the light microscope on the 14th day of culture.

4.2.4 Labeling of cells using lentiviral plasmids

To visualize HCC and microenvironment cells separately, cells were
transfected with lentiviral plasmids carrying fluorescent tags with different colors.
Huh7 and sorafenib resistant clone SRC cells were transfected with mCherry (red),
LX-2 cells with Azurre (blue) and THP-1 cells with GFP (green). Spheroids were
formed using transfected cells and visualized (Figure 17).
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Figure 17. Transfected SRC5 (SRC5+LX-2+THP-1) spheroids were visualized under
confocal microscopy. Red: SRC-mCherry, Blue: LX2-Azurete, Green: THP1-GFP.

4.3 Analysis of Spheroids
4.3.1 Cell proliferation and viability
4.3.1.1. Ki67 Staining

Ki67 staining was performed for proliferation analysis. Expression of the Ki67
protein is associated with the proliferative activity tumors, it is used as a marker of
tumor aggressiveness. Both parental and SRC spheroids demonstrated a high number

of proliferative cells (Figure 18).
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Figure 18. Ki67 staining was performed with parental (Huh7+LX-2 cells) and SRC5
(SRC5+LX-2) spheroids.

4.3.1.2. Viability Analysis

Calcein AM and Pl staining were performed for viability analysis. Calcein AM
is a cell membrane permeable dye and gives a green fluorescent glow after hydrolysis
by intracellular esterases. Pl, on the other hand, cannot pass through the membrane of
living cells, so it is used to stain cell membrane-damaged necrotic or late
apoptosis/dead cells. Both parental and SRC spheroids demonstrated a high number of

live cells (Figure 19).
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Figure 19. Calcein AM and PI staining was performed with parental (Huh7+LX-
2+THP-1 cells) and SRC5 (SRC5+LX-2+THP-1 cells) spheroids.
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4.3.2. Analysis of f-actin by Phalloidin Staining
To examine the spheroid structure, f-actin staining was performed using
phalloidin. Phalloidin staining also showed that Sorafenib-resistant SRC5 spheroids

had a different f-actin organization than parental spheroids (Figure 20).

phalloidin/DAP!

Huh7-SRC Grup

Parental Grup

Figure 20. Phalloidin staining parental (Huh7+LX-2+THP-1 cells) and SRC5
(SRC5+LX-2+THP-1 cells) spheroids.

4.3.3. Analysis of E-cadherin and 8-integrin Expression
Cell-cell and cell-matrix interactions were analysed by E-cadherin and B1-
integrin staining. SRC spheroids also demonstrated a different pattern of E-cadherin

and B1-integrin staining compared to parental spheroids (Figure 21-22).
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Figure 21. B—integrin staining was performed with parental (Huh7+LX-2+THP-1
cells) and SRC5 (SRC5+LX-2+THP-1 cells) spheroids.

E-cadherin/DAPI

SRC5 Grup

ParentalGrup

Figure 22. E-cadherin staining was performed with parental (Huh7+LX-2+THP-1
cells) and SRC5 (SRC5+LX-2+THP-1 cells) spheroids.

4.3.4 Analysis of MDR1 Expression

4.4.4.1. MDR1 Staining on Basal Spheroids
MDR (Multidrug resistance) is a transporter that promotes failure of cancer

treatment by overexpressing ABC (ATP-binding cassette) transporters to decrease
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drug efficiency. MDR1 staining was performed on basal spheroids to detect MDR1
expression. There was no significant difference in MDR expression of spheroids
(Figure 23).
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Figure 23. MDR1 staining was performed with parental (Huh7+LX-2 cells) and SRC5
(SRC5+LX-2 cells) spheroids.

4.4.4.2. MDR1 Staining with Control and Regorafenib Treatment Transfected
Spheroids

We also used transfected cells in order to see MDR1 expression in different
cell types. In both parental and SRC spheroids MDR1 expression is associated with
HCC cells. After regorafenib treatment while Huh7 cells in parental spheroids are
greatly lost, thus the MDR1 expression. On the other hand in SRC spheroids, after
regorafenib treatment the number of Huh7-SRC cells and the amount of MDR-1
expression still stays high (Figure 24).
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Figure 24. MDR staining was performed with transfected parental (Huh7-
mCherry+LX-2-Azzure cells) and transfected SRC5 (SRC5- mCherry+LX-2-Azzure

cells) spheroids.

4.4. Analysis of TME Activation
4.4.1 Alpha-sma Staining of Activated LX-2 Cells
In this experiment, it was aimed to determine the activation states of
microenvironment (LX-2) cells in Huh7 Parental and SRC sorafenib resistant
spheroids. a-sma protein was chosen as a marker for the activation of LX-2 cells.
Immunostainings were first tested in classical 2-D cell culture using positive
controls. As a positive control, LX-2 cells were incubated with 1 ng/ml TGF-§ for 24
hours. While a-sma expression was very low in control LX-2 cells, a large increase in
a-sma expression was observed as a result of TGF-f treatment. This indicates that LX-

2 cells are activated upon TGF-p treatment (Figure 25).
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Figure 25. Immunofluorescent analysis of activated LX-2 cells using a-sma antibody.

Red-a-sma, blue- DAPI.
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a-sma staining was tested on 3-D spheroids to determine basal activation states
in parental and SRC spheroids. Confocal microscope examinations detected a-SMA
staining in SRC spheroids, indicating that LX-2 cells in SRC spheroids were activated
(Figure 26).

Parental Grup

SRC5 Grup

Figure 26. a—sma staining was performed with Parental (Huh7+LX-2 cells) and SRC5
(SRC5+LX-2 cells) Spheroids. Red-a-sma, blue- DAPI.
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4.4.2 Analysis of ECM production in Spheroids
4.4.2.1 Collagen | and Laminin Staining

Collagen 1 and Laminin stainings were performed to determine if there was
increased ECM secretion as a result of LX-2 activation. As a result of confocal
analysis, more Laminin was detected in Huh7 parental and SRC spheroids formed with
LX-2 cells compared to spheroids formed with a single cell group. In addition, the

amount of Collagen 1 was increased in SRC spheroids (Figure 27-28).

Huh7 Sferoid

Parental Group

SRCS Sferoid

SRC5 Group

Figure 27. Laminin staining was performed with Huh7 only, Parental (Huh7+LX-2
cells), SRC5 only and, SRC5 (SRC5+LX-2 cells) Spheroids.
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Figure 28. Collagen 1 staining was performed with Parental (Huh7+LX-2 cells) and
SRC5 (SRC5+LX-2 cells) spheroids.

4.4.3 Immunofluorescent Analysis of Activated THP-1 Cells

In this experiment, it was aimed to determine the activation states of THP-1
cells in Huh7 Parental and SRC spheroids. CD68 protein was chosen as a marker for
the activation of THP-1 cells. THP1 cells treated with Phorbol-12-Myristate-13-
Acetate (PMA) were used for positive control. THP1 monocyte cells growing in
suspension were treated with 150 nM PMA for 48 hours to allow cells to differentiate
into macrophages. Control THP-1 cells that were not stimulated with PMA continued
to grow in a round shape and suspended form without adhering to the plastic surfaces
of the culture plates, whereas THP1 cells differentiated by PMA treatment flattened
and adhered to the plastic surfaces of the culture plates. These adherent cells also

showed increased CD68 expression in the cytoplasm and membrane (Figure 29).
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Figure 29. Immunofluorescent analysis of activated THP-1 cells with CD68 and DAPI.

CD68 staining in 3-D spheroids gave high background staining due to the
density of THP1 cells in both parental and SRC spheroids. However, their confocal
images showed a lower and more punctual CD68 staining in parental THP1 cells than

in control THP1 cells, whereas THP1 cells in SRC spheroids showed higher and
diffuse CD68 expression (Figure 30).
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Figure 30. CD68 staining was performed with Parental (Huh7+LX-2 cells) and SRC5
(SRC5+LX-2 cells) spheroids.
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4.5. Analysis of Cancer Stem Cell Marker Expression

We aimed to analyse stem cell markers by flow cytometry. EpCAM, CD133
and CD24 membrane proteins were used for this experiment. The flow cytometer
analysis demonstrated that CD24+ and EpCAM+ stem cell population was increased

in sorafenib resistant spheroids (Figure 31).
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Figure 31. Stem-cell marker expression (CD24+, EpCAM+ and CD133+) was
analyzed in Parental (Huh7 + LX-2) and SRC (SRC5+LX-2) Spheroids.

4.6 Cytokine Array and Kinase Array

We aimed to determine the differences in terms of cytokine secretion and
activated kinases in parental and SRC spheroids. For this, we analyzed the conditioned
medium of spheroids incubated for 16 hours in 1% FBS medium for the determination
of cytokines. To analyse 105 cytokines simultaneously, a cytokine array (R&D
Systems, ARY022B, Table 1) containing antibodies dotted on a nitrocellulose
membrane was used as specified in the instruction manual. Briefly, the medium
collected from the spheroids was placed on the nitrocellulose membrane that was
previously blocked for 1 hour and incubated at +40C overnight. Detection and analysis
were then performed as described above. The first analysis was performed using the

density reference points and the image analysis program (Figure 32).
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Figure 32. Cytokines detectable with the Human XL Cytokine Array (R&D Systems,

ARY022B)

For the kinase array, the spheroids were immediately washed with 1XPBS after

the medium was taken, and lysates were prepared using the lysis buffer provided in



the kit after the addition of protease and phosphatase inhibitors. The lysates were then
incubated at +40C overnight on the nitrocellulose membranes contained in the Human
Phospho-kinase assay (R&D Systems, ARY003C, Table 2) kit. Detection and analysis

were then performed as described above (Fig. 33).

Simultaneously detect the relative phosphorylation of these proteins in a single sample.
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Figure 33. Kinases detectable by the Human Phospho-Kinase Assay (R&D Systems,
ARY003C).
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Figure 34. Cytokine profiles of Parental and Sorafenib resistant 3-D tumor spheroids.
A. Heatmap reflecting cytokine expression by hierarchical cluster analysis. B.
Cytokine array membrane (left) and pixel density analysis (right). Protein Array
Analyzer (ImageJ) (Carpantier and Henault, 2010) was used for pixel density analysis,
and Morpheus software (Broad Institute) was used for hierarchical cluster analysis and
heat map creation. In hierarchical clustering analysis, the distances between genes was

calculated by 1-Pearson Correlation, the mean was used as the linkage method, and

the clusters were constructed as row (gene)-based.
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Figure 35. Kinase profiles of Parental and Sorafenib resistant 3-D tumor spheroids. A.
Heatmap reflecting kinase expression after hierarchical cluster analysis. B. Kinase
array membrane (left) and pixel density analysis (right). Protein Array Analyzer
(ImageJ) was used for pixel density analysis, and Morpheus software (Broad Institute)
was used for hierarchical cluster analysis and heat map creation. In hierarchical
clustering analysis, the distance between genes was calculated by 1-Pearson

Correlation, the mean was used as the linkage method, and the clusters were

constructed as row (gene)-based.

45



Upregulated Kinases with FC>4

Huh7 vs SRC Huh7+LX2 vs SRC+LX2

o AKT1A213
(3473)

s GSK-3ab

s ERKIN2

* CREB

¢« GSK-3b

* RSKi/2/3
* RSK1/2

5

oLy
o INKTR2A3
o STATS (Y705)
* PRASH0

o STATH
2 EGFR

*ps3
{s392)

« PYK2

. p3ba

* STATE
o lek

+ p70 86 Kinase
(T389)

« STATS

« B-Catenin

® o-Jun

_.~7  =mHuh7 v SRC BTN
_- mHUh7+LX2 vs SRC+LX2 ~

43

Fold Change

Lyn JNK1/2/3  STAT3  PRAS40  STAT EGFR p53(39R)
(Y7095

Figure 36. Differential kinase expression of Huh7 vs SRC5 and Huh7+LX-2 vs
SRC5+LX-2 spheroids.

The results of the cytokine array showed that compared to Huh7 only
spheroids, spheroids formed with 3 cell types had an increased in the secretion of IFN-
v, MCP-3, FGF-7, FGF Basic, Dkk-1, Fas Ligand and IL-5. In SRC spheroids when
LX-2 and THP1 cells are present, there was a higher activation of IL-1a, MIG,
Myeloperoxide, Serpin E1, Vitamin D BD, CD31 and Leptin. When comparing the
SRC spheroids and SRC+LX-2 spheroids to Huh7 spheroids and Huh7+LX-2
spheroids, there was a higher activation of IL-3, IL-11, IL-4, IGFBP-2, IL-17A,
Angiogenin, PDGF-AA, PDGF-AB/BB, RBP-4, MMP-9.

The results of the kinase array showed that compared to Huh7 spheroids, in
SRC spheroids, there was higher activation of AKT 1/2/3, p38a, Lck, STAT6 and other
kinases shown in Figure 35. When comparing SRC+LX-2 spheroids to Huh7+LX-2
spheroids, there was a higher activation of GSK-3 ab, ERK 1/2, GSK-3b and other
kinases shown in Figure 35. Moreover, Lyn, INK1/2/3, STAT 3, PRAS 40, STATL,
EGFR and p53 (s392) both showed higher activation in SRC spheroids and SRC+LX-
2 spheroids when compared to Huh7 spheroids and Huh7+LX-2 spheroids.
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CHAPTER 5: DISCUSSION

The pre-clinical studies evaluating the efficacy and cytotoxicity of cancer
treatment drugs such as sorafenib and regorafenib are vital before treatment in the
clinic. However, in vitro drug studies are commonly based on 2D cultures and 2D
cultures are not successful enough to mimic tumor microenvironment. In this thesis,
parental and sorafenib resistant 3D HCC tumor spheroids were generated using 3D
hanging drop method. These models offer similarities to tumor microenvironment in
terms of cell-cell communications, extracellular matrix interaction and oxygen and
nutrient gradient. Thus, drug studies done using 3D models produce results that can
better translate into clinic and thus are more valuable.

To our knowledge, there is no 3D model with sorafenib resistant cells in the
literature. In this thesis, we developed a sorafenib resistant model that demonstrated
high cell survivals and they had large diameter and acceptable growth area. When we
compared parental spheroids with sorafenib resistant spheroids, immunosuppression
was increased in the sorafenib resistant spheroids because of higher IL-8 levels, also,
sorafenib resistant spheroids showed higher tumor-related genes and liver-related
genes (B-catenin, p53, Lyn, STAT, EGFR, VEGF, PDGF-AA and PDGF-AB/BB) that
take part in metastasis, proliferation, drug resistance, immunosuppression and
epithelial to mesenchymal transition of tumor cells. The stem cell markers such as
EpCAM and CD24 were also found at higher levels in sorafenib resistant spheroids
which indicated that sorafenib resistant tumors have higher potential for invasion,
metastasis and recurrence compared to parental spheroids.

Immune-checkpoint inhibitors (ICIs) have been approved as second-line or
first-line therapies for a list of malignancies including liver cancer (Gong et al., 2018).
However, tumor response rates for these ICls are low, being less than 20% in HCC
(ElI-Khoueiry A.B. et al., 2017), (Zhu, A. X. et al., 2018), (Sangro, B. etal., 2013). The
highly immunosuppressive tumor environment in advanced HCC is believed to
contribute to low treatment response of HCC to ICIs (Prieto, J. et al., 2015). Our results
also suggest that sorafenib resistant tumors have a different immune signature than
parental spheroids and our model can be used to investigate the effect of new therapies

such as ICls.
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CHAPTER 6: CONCLUSION

We aimed to develop parental and sorafenib resistant SRC spheroid models
that can mimic tumor environment in order to better analyse how sorafenib-resistant
cells will respond to regorafenib treatment. First, MTT analysis of the Huh7 parental
cell line and its sorafenib resistant clone was performed using both sorafenib and
regorafenib. According to the results, SRC clone was highly resistant to sorafenib.
Also, the IC50 value of SRC clone was higher than parental clone for regorafenib. This
demonstrated that sorafenib resistant cells also acquired Regorafenib resistance. It
supports the main argument of this thesis.

We decided to co-culture three cell types (Huh7, LX-2 and THP-1).
Optimization experiments were carried out to determine how much of each cell line to
use and percentages of cell populations. When the optimization experiments were
done, we wanted to analyse the effect of regorafenib on parental and sorafenib resistant
spheroids. In this process, spheroids were collected from hanging droplets on the 7th
day and dispensed into poly-HEMA coated plates and treated with 4 micromolar
regorafenib. Our results demonstrated that SRC spheroids are also more resistant to
regorafenib than parental spheroids.

Calcein AM/ PI staining and Ki67 staining was performed for viability and for
proliferation analysis. Both parental and SRC spheroids demonstrated a high number
of proliferative cells and demonstrated high viability. To understand the spheroid
structure, f-actin staining was performed using phalloidin. It showed that Sorafenib-
resistant SRC5 spheroids had a different f-actin organization than parental spheroids.
Cell-cell and cell-matrix interactions were analysed by E-cadherin and B1-integrin
staining, respectively. Compared to parental spheroids, SRC spheroids also
demonstrated a different staining pattern for both E-cadherin and P1-integrin
expressions.

We also transfected cells with lentiviral plasmids carrying fluorescent tags with
different colors (Huh7 cells and sorafenib resistant clone SRC cells (mCherry (red)),
LX-2 cells (Azurre (blue)) and THP-1 cells (GFP (green)) and generated parental and
sorafenib resistant SRC spheroids. By this method, we were able to visualize HCC and
microenvironment cells separately. We performed MDR1 staining on these spheroids.
Although basal MDR1 expression seemed similar, after regorafenib treatment while

Huh7 cells in parental spheroids were greatly lost, in SRC spheroids the number of
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Huh7-SRC cells and the amount of MDR-1 expression still stayed high. Moreover,
flow cytometry analysis of cancer stem cell markers showed that CD24+ and
EpCAM+ stem cell population was increased in sorafenib resistant spheroids
demonstrating that the SRC spheroids have a higher cancer stem cell population than
parental spheroids.

In order to determine the activation states of microenvironment (LX-2) cells in
Huh7 Parental and SRC sorafenib resistant spheroids, we evaluated the expression of
a-sma protein. While a-sma expression was very low in control LX-2 cells, a large
increase in a-sSma expression was observed as a result of TGF-f treatment. This
indicates that LX-2 cells are activated upon TGF-B treatment. a-Sma staining was
tested on 3-D spheroids to determine basal activation states in parental and SRC
spheroids. Confocal microscope imaging detected a-SMA staining in SRC spheroids,
indicating that LX-2 cells in SRC spheroids were activated. Collagen 1 and Laminin
stainings were also performed to analyse ECM productions in spheroids. Confocal
image analysis demonstrated that there was more Laminin in both Huh7 parental and
SRC spheroids formed with LX-2 cells compared to spheroids formed with a single
cell group. In addition, the amount of Collagen 1 was increased in SRC spheroids,
again indicating LX-2 activation.

In order to determine the activation states of THP-1 cells in Huh7 Parental and
SRC spheroids, CD68 protein expression was evaluated. As a positive control, THP-1
cells were treated with PMA. PMA induced THP-1 cells became adherent and
demonstrated increased CD68 expression in the cytoplasm and membrane. When we
performed this staining in 3-D spheroids, CD68 staining gave high background due to
the density of THP1 cells in both parental and SRC spheroids. However, confocal
images showed a lower and more punctual CD68 staining in THP1 cells in parental
spheroids, whereas THP1 cells in SRC spheroids showed higher and diffuse CD68
expression similar to CD68 in activated monocytes.

In addition, we determined the differences in terms of cytokine secretion and
activated kinases in parental and SRC spheroids. The results of the cytokine array
showed that compared to Huh7 only spheroids, spheroids formed with 3 cell types had
an increase in the secretion of IFN-y, MCP-3, FGF-7 and other cytokines shown in
Figure 32. In SRC spheroids when LX-2 and THP1 cells were present, there was a
higher activation of IL-1a, MIG, Myeloperoxide and others shown in Figure 32.

Moreover, in SRC spheroids when LX-2 and THP1 cells were present, there was a

49



higher activation of kinases such as Lyn, EGFR, PDGFR and other kinases shown in
Figure 34. According to results, there are high enzyme linked receptor protein
signalling, transmembrane receptor protein tyrosine kinase signalling pathway and
receptor signalling pathway via JAK-STAT in SRC spheroids.

In conclusion, our 3-D spheroid model represents a feasible, reproducible and
cheaper cell-culture model in which many cell types can be co-cultured together
without a need for adherence. These cells secrete their own ECM and form tumor
spheroids with high viability and active signalling. In this model, we investigated
sorafenib resistant cells. Our results clearly demonstrate that SRC spheroids are
different from parental spheroids in terms of cytoskeletal organization, cell-cell and
cell-matrix interactions, ECM composition and cancer stem cell population. Moreover,
parental and sorafenib resistant SRC spheroids show different regorafenib responses
and their interaction with LX-2 and THP1 cells differ. While SRC spheroids are more
regorafenib resistant, they also have activated LX-2 and THP1 cells. Our results
indicate the importance of including microenvironment cells in cancer research. The
3-D spheroid model established in this thesis offers a cell-culture system for
mimicking the tumor microenvironment using multiple cell types which would be
beneficial in various stages of cancer research including drug screening and

development.
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