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ABSTRACT
THE EFFECT OF HISTONE DEACETYLASE INHIBITION
AND AUTOPHAGY MODULATION ON THE
CHOLANGIOCARCINOMA CELLS

Miinevver Yenigil
MSc in Bioengineering
Advisor: Assist. Prof. Dr. Emel Basak Gencer Akgok

June 2022

Cholangiocarcinoma (CCA), also known as biliary tract cancer, is a heterogeneous group
of malignancies formed by the differentiation of epithelial cells in the biliary tract. CCA
is the second most common primary liver tumor and it has both an increasing rate and
high mortality worldwide with its late diagnosis, refractory type, and aggressiveness. The
effects of autophagy modulators and HDAC inhibitors in CCA are not fully known. This
study is proposed a novel treatment approach with the combinational therapy of
autophagy and HDAC inhibitors for CCA patients. In results obtained with alone
HDACIs, alone autophagy modulators, and combinations of HDACis and autophagy
modulators, Nocodazole from autophagy modulators and MS-275 and Romidepsin from
HDAC inhibitors showed a better synergistic effect on the TFK-1 and EGI-1 cell lines of
the cholangiocarcinoma. In cell cycle analysis of the combination, was achieved arrest at
the S phase and G2/M phase. In conclusion, this study highlights the important
combination of HDAC inhibitors and autophagy modulators, which is a promising
therapy in CCA.

Keywords: Cholangiocarcinoma, HDAC inhibitors, Autophagy modulators, Combination

therapy



OZET
HISTON DEASETILAZ INHIBISYONU VE OTOFAIJI
MODULASYONUNUN KOLANJIOKARSINOMA
HUCRELERINE ETKISi

Miinevver Yenigiil
Biyomithendislik Anabilim Dalr Yiiksek Lisans
Tez Yoneticisi: Dr. Ogr. Uyesi Emel Basak Gencer Akcok
Haziran-2022
Safra yolu kanseri olarak da bilinen kolanjiokarsinom (CCA), safra yollarindaki epitel
hiicrelerinin farklilasmasiyla olusan heterojen bir malignite grubudur. CCA, ikinci en sik
goriilen primer karaciger tiimoriidiir ve ge¢ tanisi, refrakter tipi ve agresifligi ile diinya
capinda hem artan orana hem de yiiksek mortaliteye sahiptir. Otofaji modiilatorlerinin ve
HDAC inhibitorlerinin CCA'daki etkileri tam olarak bilinmemektedir. Bu ¢alisma, CCA
hastalar1 i¢in otofaji ve HDAC inhibitorlerinin kombinasyonel tedavisi ile yeni bir tedavi
yaklagimi 6nermektedir. Kolanjiokarsinoma hiicre hatlar1 olan TFK-1 ve EGI-1 hiicre
hatlar1 tizerinde HDAC inhibitorleri, otofaji modiilatérleri ve HDAC inhibitérleri ile
otofaji modiilatorlerinin  kombinasyonlariyla elde edilen sonuglarda, otofaji
modiilatorlerinden Nocodazole ve HDAC inhibitorlerinden MS-275 ve Romidepsin daha
1yi bir sinerjistik etki gdsterdi. Kombinasyonun hiicre dongiisii analizinde, S fazinda ve
G2/M fazinda baskilama saglandi. Sonug olarak, bu calisma, CCA'da umut verici bir
tedavi olan HDAC inhibitdrleri ve otofaji modiilatorlerinin énemli kombinasyonunu

vurgulamaktadir.

Anahtar kelimeler: Kolanjiokarsinoma, HDAC inhibitorleri, Otofaji modulatérleri,

Kombinasyon terapisi
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Chapter 1

Introduction

Cancer is the definition of a disease generated by the caused irregular proliferation
of cells with the accumulation of DNA damages in the normal cells that it is a disease that
reduces the quality of life is a major cause of death [1,4]. It has the highest death rate
around the world after the cardiovascular disease [5]. In cancer, it has been stated that
there are more than 277 and different kinds of cancer types [6]. In particular, the rate of
incidence of cancer types is changing by gender and different age groups. In general,
cancer types such as lung, liver, stomach, breast, and prostate are frequently seen [7].
Among them, liver cancer is the fifth-order around the world but it is the third most
common among those who died of cancer [8]. The primary tumor of the liver that usually
occurs in cirrhosis, viral hepatitis, extreme alcohol intake, and chronic liver disease is
hepatocellular carcinoma (HCC) [9]. PLC (Primary liver cancer) is the second most
common in cancer-related die in the World [10]. Actually, the liver is an organ mainly
composed of special cells called hepatocytes. Terminologically, primary liver carcinomas
have been named hepatocellular-cholangiocarcinoma because of the mixed or combined
presence of both hepatocytes and differentiated cholangiocytes cells (Figure 1.1) [11].
And primary liver cells create a heterogeneous histopathologic spectrum, including HCC,
hepatocellular-cholangiocarcinoma, and intrahepatic cholangiocarcinoma (iCCA) [12].
We will consider the type of cholangiocarcinoma cancer that occurs with the

differentiation of HCCs throughout this thesis study.
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Figure 1.1 Schematic diagram cellular differentiation relations between primary
liver carcinoma. PLC: Primary Liver Carcinoma, HCC: Hepatocellular carcinoma,
ICCA: intrahepatic cholangiocarcinoma, CCA: Cholangiocarcinoma, cHCC:

combined hepatocellular carcinoma (Adapte from [11]).

1.1 Cholangiocarcinoma

Cholangiocarcinoma (CCA), also known as biliary tract cancer, is a
heterogeneous group of malignancies formed by the differentiation of epithelial cells
in the biliary tract [13,15]. CCA is the second most common primary liver tumor and
it has both an increasing rate and high mortality worldwide with its late diagnosis,
refractory type, and aggressiveness [14]. Bile ducts are ducts through which bile is
transported. These channels carry the bile from the liver to the gallbladder and then
transfer to the duodenum (small intestine) from the biliary tract [16]. Anatomically, the
bile ducts are divided into intrahepatic or extrahepatic (Figure 1.2) [17]. Intrahepatic
cholangiocarcinoma (iCCA\) is a type of cancer consisting of epithelial cells of the distal
branch bile duct located in the inner part of the liver [18,19]. Extrahepatic
cholangiocarcinoma (eCCA) is a type of cancer that occurs in the outer part of the liver
[24].
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Figure 1.2 Classification of the bile duct (cholangiocarcinoma) anatomically.
1.1.1 Intahepatic Cholangiocarcinoma

Intrahepatic cholangiocarcinoma (iCCA) is a type of cancer consisting of
epithelial cells of the distal branch bile duct located in the inner part of the liver, and the

majority of the cases are adenocarcinoma as known malignant tumors [18,19].

It is the second most common primary tumor and account for approximately 10%
to 20% of all CCAs [19,20].

In fact, it is a type of cancer that is difficult to diagnose for has no specific
symptoms. However, narrowing and thickening of the bile ducts were observed in patients
of iICCA [21]. Surgical treatment is currently considered the only potentially curative
treatment, but the five-year survival rate, including resected patients, is less than 5%
[22,23].

1.1.2 Extrahepatic Cholangiocarcinoma

Extrahepatic cholangiocarcinoma (eCCA) is a type of cancer that occurs in the
outer part of the liver [24]. eCCA's constitute a large proportion of CCA's and occur in



two different regions of the bile duct called hilar CCA (hCCA) and distal CCA (dCCA)
[25]. While hilar cholangiocarcinoma occurs within 2 cm of the hepatic duct bifurcation
at the end of the liver, distal cholangiocarcinoma (dCCA) occurs outside the liver [26,29].

a. Hilar Cholangiocarcinoma

Hilar cholangiocarcinoma (hCCA), also known as perihilar (pCCA) or Klatskin,
occurs within 2 cm of the hepatic duct bifurcation at the end of the liver [26]. The majority
of eCCA's are approximately 60% to 70% hCCAs [27]. Morphologically, they are
classified as exophytic, mass-forming, and intraductal types. There are three subtypes of
intraductal pCCA: mass pCCA, periductal infiltrate, and nodular pCCA. The most
common of these is periductal infiltrate. Intraductal tubulopapillary tumor is found with
a better prognosis compared to the exophytic type pCCA [28].

b. Distal Cholangiocarcinoma

Distal cholangiocarcinoma (dCCA) is another type of cancer that occurs outside
the liver and develops in the part of the biliary tract close to the small intestine and is in
close association with the pancreas [29]. Patients with cancer of the distal biliary tract are
occurring throughout the common bile duct between the cystic duct and ampulla of Vater
but it differs clearly from ampullary carcinomas [30]. For this reason, cancers of the distal
bile ducts, pancreatic cancers, and ampulla of VVater with similar symptoms are also called
periampullary tumors [31]. dCCA is histologically well to moderately differentiated
adenocarcinoma [30]. dCCAs, which make up 30% to 40% of eCCAs, present similarly
to pCCAs and cause symptoms of cholangitis and cholestasis [30,32]. Also, lymph node
metastases are less common than pCCA [30].

The slowly progressing nature of CCA makes it difficult to diagnose [33]. Since
it is usually diagnosed in advanced stages, the surgical resection which is the only
treatment option can be applied to the patients [34]. It is accepted that treatments such as
radiotherapy, chemotherapy, and photodynamic therapy, improve the quality of life of
patients however, CCA rarely responds to the treatments and progresses with a poor
prognosis [33,35]. Therefore, new treatment strategies are needed. Actually, the main
problem in these therapies is the resistance of CCA to treatment [36]. Systemic

chemotherapy with cisplatin and gemcitabine is standard practice in these patients, but



more effective treatments are needed. New combinations with target drugs continue to be
tested in clinical trials [37].

Cancer originates from the accumulation of genetic and epigenetic changes within
the cell [38]. New approaches that are targeting epigenetic mechanisms besides existing
treatments have been accepted and under investigation in the field of oncology with their
successful clinical application and there is hope for new treatments [37,39]. One of the
aims of this study is to treat and understand the impact of histone modifications on the
CCA.

1.2 Epigenetics and its regulators

Genetics is directly focused on how the differences in the cells occur and thus how
the individuals are formed [39]. While the genes are transferred from the parents, it has
been considered that the stress from the experiences of the parents can pathologically
affect the offspring and a few generations. However, the cause of the occurring
phenomena could not be determined [42]. To understand this situation, they turned to the
concept of epigenetics, which was first introduced by Conrad Waddington in the 1940s
[43]. The area of epigenetic studies the change in gene expression that become inherited
by making structural changes in histones by indirectly interfering without changing the
DNA sequence [44]. Although it forms a hereditary change, the changes that occur could
be reversed [47]. Epigenetic modifications are examined in three main groups as DNA
methylation, histone modifications, and non-coding RNA (Figure 1.3) [48]. DNA
methylation is characterized by the formation of 5-methyl cytosine (5m-C) structure by
attaching a methyl group (-CHs) to the 5™ carbon of the cytosine (C) base [49]. Histones
are basic proteins that package DNA and some post-translational modifications such as
phosphorylation, ubiquitination, methylation, acetylation, sumoylation occur in all
histone proteins. These modifications have major roles such as DNA replication, DNA
repair, transcriptional regulation, chromosome condensation, and alternative splicing
[50]. These epigenetic modifications regulate the accessibility of DNA by changing the
chromatin structure. They modulate the signs of different cell types, different
developmental stages, cancer, and many different diseases in relation with these
modifications [51]. The errors in epigenetic processes lead to an altered gene function
and cellular neoplastic transformation. Also it precedes genetic changes and generally

emerges at an initial phase of neoplastic development [52].
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Figure 1.3 Epigenetic modifications are examined in three main groups. nc-RNA:
noncoding RNA, dsRNA: double strand RNA, miRNA: microRNA.

Since 1990, epigenetic modifications have been recognized as important for the evolution
of all cancer types [45]. In CCA cases generally the reason is unknown. But, it has been
reported that epigenetic regulations lead to the development and improvement of CCA
[53]. Also, epigenetic modifications have been shown to affect nearly all levels of

epigenetic regulation in cholangiocarcinoma (Figure 1.4) [46].
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Figure 1.4 Genomic changes of epigenetic regulations in cholangiocarcinoma
patients [46].



1.2.1 DNA Methylation

DNA methylation is an epigenetic modification that plays an important role in gene
expression and chromatin organization. It is the attachment of methyl groups (-CHzs) to
DNA bases after DNA has been synthesized. Cytosines which take place before guanines
in the DNA chain are especially methylated [54,55]. It is formed by the covalent addition
of a methyl (CH3) group to the 5th carbon of the cytosine ring [56]. CpG island constitutes
50-60% of the gene promoter regions. Most of the CpGs found in the human genome are
in the methylated state [57]. This methylation has been associated with reduced
transcriptional functions of genes with a CpG dinucleotide in the promoter region [58].
The CpG islands are usually unmethylated during development and tissue differentiation
[57].

In DNA methylation, S-adenosine is used as a methionine methyl donor. The
methionine is transferred to the 5. region of cytosine through DNA methyltransferase
enzymes [59]. The methylation that occurs in the promoter region of the gene suppresses
the binding of transcription factors and therefore, the expression of the gene is suppressed.
Repressor proteins bind to methylated DNA, causing repression of transcription [60].
DNA methylation is regulated by the enzyme family called DNA methyltransferases:
DNMT1, DNMT2, DNMT3a, DNMT3b, and DNMT3L [61]. Once the genes are
methylated, they have been continued to methylated in the same way throughout
successive cell divisions [54,55]. In this way, the methylation pattern is maintained.

It has been reported that DNA methylation is important during normal
development, in biological processes such as X inactivation, genomic imprinting, and
retrotransposon silencing [62]. Last 40 years, alterations in DNA methylation have been
seen particularly in cancer and many diseases [63]. Additionally, CpG islands in cancer
cells histone hypoacetylation and hypermethylation have been observed to be related to
each other [64]. Global DNA hypomethylation (demethylation) is associated with
genomic instability and activation of protooncogenes such as c-MYC, and c-H-Ras
[65,66]. Hypermethylation of CpG islands, on the other hand, in the promoter regions of
tumor suppressor genes has provided transcriptional silencing and genomic instability
[66].



1.2.2 Histon Modification

In eukaryotes, genomic DNA is packaged in the form of chromatin with histone
proteins. The nucleosome is the structure that is formed by wrapping DNA onto histone
structures. It consists of 147 DNA base pairs tightly wound around an octamer structure,
each of the nucleosome structure consist of H3, H4, H2A, H2B histone proteins [67].
Each histone core within the nucleosome has a 25-30 residues long amino-terminal end,
composed of basic amino acids, called the histone tail. They mediate histone-histone
interaction and extend outward from the core structure. Also, H2A also has a 37 amino
acid long carboxy-terminal region extending out of the nucleosome structure [68].
Arginine and lysine residues, which are basic aminoacids in histone proteins, are present
and highly modified post-translationally [69]. Histone tails, which have a highly basic
structure, are the DNA binding regions. They also have essential roles in histone-histone

interactions between nucleosomes.

Chromatin allows decondensation and rearrangement in the processes of
replication, transcription, and DNA repair. It is regulated by two classes of enzyme
families called chromatin-regulating proteins, histone-modifying enzymes and
chromatin-modeling enzymes. Post-translational modification (PTM) of histones directly
affects the structure and accessibility of chromatin. Acetylation, methylation,
phosphorylation, sumoylation, ubiquitylation are well-known PTMs [67]. DNA
methylation and post-translational histone acetylation are the major mechanisms in the
epigenetic regulation of gene expression [70]. Among these modifications, we focused
on histone acetylation, which is the binding of acetyl groups (-COCHz3) to amino acids of

histone proteins.

1.2.3 Histone Acetylation

In the cell acetylation and deacetylation process of amino ends of histone proteins
in nucleosomes occur throughout its life. Histone acetylation and deacetylation affect
many mechanisms by regulating the expression level of genes in the organism [71,72].
Histone acetylation is a dynamic process and it is regulated by histone acetyltransferase
(HAT) and histone deacetyltransferase (HDAC) enzymes (Figure 1.5) [73].
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Figure 1.5 HAT (Histone Acetyltransferase) and HDAC (Histone Deacetylase) are
balance of histone acetylation on gene expression. HDACi (Histone Deacetylase
inhibitor) inhibits HDAC.

Histone acetylation plays an important role in cell cycle progression and
differentiation. Besides, it is a critical epigenetic modification that regulates gene
expression by opening or closing the chromatin structure [74]. Histone acetylation
neutralizes the positive charge of the nucleosome structure and causes the weakening of
the bonds between negatively charged DNA and histone proteins. Specifically, selected
lysine residues such as Lys9, Lysl4 are acetylated [75,76]. Furthermore, histone
acetylation is involved in the regulation of many cellular processes such as gene
transcription, DNA replication, and DNA repair. Acetylation changes the chromatin
structure and provides to access the target DNA of the transcription factors. It is extensivel
observed in transcriptionally active regions such as promoters and enhancers in the
genome [77-79]. HAT are the enzymes that binds to histone protein and transfers the
acetyl group from the acetyl coenzyme-A (Co-A). Until today, at least 25 HAT and 18
HDAC enzymes have been identified in humans. In the process of histone acetylation,
HATSs remove an acetyl group from acetyl coenzyme A and the acetyl group is bound to
the amino group of histone lysine residues with covalent bonds. In this way, it causes the
relaxation of the chromatin structure and the chromatin becomes transcriptionally active
[80-82].

HAT enzymes have been conserved from yeasts to humans in evolutionarily. They
are categorized into various groups according to their structural features, functional roles,
and sequence homology. Thus, they form different histone substrate binding and catalysis
mechanisms. There are two different types of HAT enzymes; Type A HAT enzymes are

heterogeneous enzymes in the nucleus and are involved in the transcription of genes and
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regulation of chromatin folding. There are five different Type A HAT ezymes with
different goals and functions: GNAT, p300/CBP, MYST, TF, and NRCF. Type B HAT
ezymes are cytoplasmic proteins responsible for the acetylation of newly synthesized
histone proteins. They are classified as HAT1, HAT2, HatB3.1, Rtt109, and HAT4
[76,80,83,84].

HDAC enzymes are involved in many biological processes that takes place in our
body with transcription-suppressing effects. HDAC enzymes remove acetyl groups from
histone proteins. In this way, the chromatin structure becomes more condensed and causes
the suppression of gene expression. HDACs are separated into four groups. Class |
HDACSs consist of HDAC (1, -2, -3, -8) and are located in the core. Class 1l HDACs
migrate between the nucleus and cytoplasm, so they can deacetylate non-histone proteins
found in the cytoplasm. Class Il HDAC is divided into two subclasses based on sequence
homology and domain organization; lla (HDAC-4, -5, -7, -9) and Ilb (HDAC-6, -10).
Class 11 HDACs (SIRT1-7) require NAD+ as a co-factor for activation. Class IV HDACs
(HDAC 11) have the same homology as Class | and Il HDACSs. Besides histones,
acetylation of non-histone proteins is also regulated by HAT and HDAC enzymes.
Furthermore, these acetylations regulate gene expression levels through signal
communication pathways (STAT etc.) [76,85-88].

Cancer is associated with abnormality of cell functions such as DNA repair,
apoptosis, autophagy and, cell motility. These cell functions are partially regulated by
HDACSs [70]. Because the HDAC enzymes regulate tumor suppressors and specific cell
cycle genes, overexpression of HDAC enzymes lead to hypoacetylation and cause the
formation of cancer [87,89]. Mutations or changes in expression of HDAC genes affect
tumor development by inducing aberrant transcription of genes that regulate cell cycle,
proliferation, differentiation and apoptosis [90]. HDAC enzymes suppress the expression
of tumor repressor genes or regulate oncogenic cell signaling pathways [91]. In some
studies, it has been proven that HDAC enzymes play an active role in many cancer types
such as breast, gastrointestinal, lymphoblastic leukemia, pancreas, stomach, and lung [92-
98].

The reversible nature of epigenetic modifications in cancer has revealed the
epigenetic treatment option and the reversal of aberrant epigenetic changes could be
targeted in epigenetic therapy. HDAC inhibitors have been shown to reverse the
transformed cell phenotype and they appear to be promising therapeutic agents in cancer
[99,100].
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1.3 HDAC inhibitors

The reduced histone acetylation in the cell is has been prevented by the use of
HDAC inhibitors (HDACIs) [101]. HDAC inhibitors are natural or synthetic chemical
compounds that reverse the activity of HDACs. They are used as promising anti-tumor
agents in the treatment of various solid and hematological malignancies [102]. It has been
reported that HDAC inhibitors induce cell cycle arrest, differentiation, and cell death in
cancer cells, and reduce angiogenesis [103]. According to the findings of gene expression
studies, it has been shown that the expression of more than 5% of genes changes after
treatment with HDAC inhibitors, and these genes have been observed directly liable for
the biological effects of HDAC inhibitors [104].

HDAC inhibitors are generally designed by targeting the zinc cofactor active site
of HDAC enzymes. Thus, it has been aimed to reactivate the silenced genes by changing
the chromatin structure [105,106]. Currently, more than 20 HDAC inhibitors are
investigated at different stages of clinical trials for cancer treatment [91]. According to
chemical structures HDACIs, they are divided into five different groups as hydroxamates,
short-chain fatty acids, benzamides, cyclic tetrapeptides, and miscellaneous (Figure 1.6)
[107,108].
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Figure 1.6 Schematic representation of structural classes and target selectivity of
histone deacetylase inhibitors (HDACIs). NAD*, nicotinamide; Zn?* zinc (Adepted
from [111, 181]).
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Hydroxamate-based HDACis (Hb-HDACIs) have been shown to have activity in
hematological malignancies such as multiple myeloma and cutaneous T-cell lymphoma.
Hb-HDACIs have shown effects synergizes on solid tumors, such as lung, ovarian,
pancreatic, breast, and prostate cancer. Currently, types of Hb-HDACIs are approved for
clinical use by the Food and Drug Administration (FDA) belinostat, vorinostat (SAHA),
romidepsin (FK228), and panobinostat. Vorinostat (SAHA or suberoylanilide
hydroxamic acid) that approved by FDA inhibited effectively class | (HDAC1, HDAC?2,
HDAC3, HDACS) and class Il HDACs (HDAC4, HDAC5, HDAC6, HDAC7, HDACY,
HDAC10). While Belinostat and Romidepsin are used to treat T-cell lymphoma,
panobinostat is used for the treatment of myeloma [109,110, 150].

Short-chain fatty acid (SCFA) has been proved for anti-neoplastic therapeutic cell
cycle arrest, apoptosis, differentiation in the tumor cells. The molecular effect pathways
of butyrate have not been fully explained, however, HDAC inhibitions have been
connected with of important cell cycle regulators, such as p27(KIP1), p21(CIP1/WAF1),
and cyclin D. The best examples of SCFA are sodium butyrate and valproic acid
[111,112].

Benzamide is a class of HDACis and they are demonstrated to be better when
compared with hydroxamate HDACis. MS-275 has been used for the treatment of solid
tumors and hematologic malignancies as monotherapy or in combination with other
drugs. C1-994, which is a benzamide from derivative HDACI, has been observed good
efficacy in the clinical study [113].

Cyclic tetrapeptide has shown a perfectly HDAC inhibitory potential and isoform
selectivity. Romidepsin and Apicidin are examples that belong to this group. Romidepsin
has been tested in cutaneous and peripheral T-cell lymphomas (PTCL). Besides,
Romidepsin was FDA-approved has been studied in clinical trials as monotherapy as well
as in combination with gemcitabine [114,115].

Lastly, miscellaneous HDACIis are given as examples of diallyl trisulfide and
tubacin. Diallyl trisulfide (DATS) has been proven to cause upregulation of the tumor

suppressor p53 and of the cell cycle inhibitor p21Waf1/Cipl in glioblastoma [116].

1.4 Autophagy

Autophagy is generally controlled and balances the destruction, synthesis, and
recycling of substances within the cell. In 1990, Oshumi et al. defined 30 ATGs
(autophagy-related genes) in their study in yeast [117]. Autophagy means self-eating, and
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when the cell is deprived of nutrients, it obtains nutrients by breaking down its structures
inside the cell. In the grand scheme of things, the most evident morphological change in
this type of cell death is the presence of vesicles formed in the cytoplasm surrounded by
two or more layers of membranes that contain fragments of intracellular organelles such
as mitochondria, endoplasmic reticulum (ER). These vesicles combine with the lysosome
to be broken down by lysosomal enzymes. While proteins are degraded in the ubiquitin-
proteosome system, on the contrary, intracellular organelles and some proteins are
degraded by the autophagy system and reform building blocks for cell use [118,119].
Compared to cell death such as apoptosis and necrosis, the most evident feature of
autophagy is its ability to break down nearly everything in the cell, including
biomolecules, organelles, and microbes [120]. Accumulation of ubiquitinylated proteins
and deformed organelles in autophagy deficiency leads to the cellular degeneration [122].
Autophagy is also known as a defense mechanism for cell survival. In recent studies, it
has been shown that complex connections have been demonstrated between autophagy,
cell survival, and death [117,123,125]. In general, the studies done on autophagy; have
shown that it plays a role in physiological events such as morphogenesis, regulation of
metabolism, aging, cell differentiation, and the destruction of intracellular pathogens
[121,123,127]. The defects in organelle clearance could damage the health of cells, thus
causing cancer, neurodegeneration, and inflammation [124]. Autophagy is known that be
stimulated with especially nutrient deficiency, radiation, metabolic stress, ER stress, and
chemotherapeutic agents [126].

Three different mechanisms of autophagy have been identified. These are
macroautophagy, microautophagy, and chaperone-mediated autophagy (Figure 1.7). The
three types of autophagy mechanism, although the cell contents are destroyed by
lysosomes, they have different biological properties. Macroautophagy is the most
extensively studied type of autophagy and it plays an important role in the breakdown of
protein fragments and damaged organelles which occurs in many cells.
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Figure 1.7 Three different mechanisms of autophagy [128].

Macroautophagy is described as the formation of double-layered membrane
systems (autophagosomes) that separate its contents from other cytoplasmic ingredients
around target molecules. Organelles that target protein, carbohydrate, lipid, RNA,
mitochondrion, and peroxisome are taken up into autophagosomes and transported to
lysosomes, and degraded by lysosomal enzymes. Autophagosomes are formed by the
assembly, elongation, and the closure of membranes rich in PI3P (Phosphatidyl inositol
3-phosphate) in the endoplasmic reticulum. When autophagosomes transport their
contents to and combine with the lysosome, they are called autolysosomes. Its contents
are broken down by acidic lysosomal hydrolases [123,128-130].

Microautophagy is the pinocytosis of the lysosome directly by cytoplasmic
contents. The cytoplasmic content is taken up into the lysosome with the collapse of the
lysosome membrane [123,129].

Chaperone-mediated autophagy, on the other hand, is more selective than other
types of autophagy. It is the type of autophagy in which proteins containing KFERQ-like
motifs are degraded. Chaperone complexes containing HSC70 recognize KFERQ motif
proteins in the cytoplasm, bind to these proteins, and transport them to the lysosome
membrane. It recognizes the LAMP-2 chaperone-KFERQ motif protein complex in the
lysosomal membrane. The protein is degraded in the lysosome by passing through the

lysosomal membrane with the help of lysosomal HSC70. In chaperone-mediated
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autophagy, there are no steps such as membrane formation and confinement into the
membrane [123,129,130].

Autophagy formation are thought to be centered are thought to be between the ER
the Golgi junction in mammals [132]. Autophagy occurs form in stages such as initiation,
nucleation (formation of the membrane), elongation (elongation of the membrane),
maturation (completion and transport of the autophagosome), fusion (fusion and joining
of the autophagosome and lysosome), and degradation (destruction of cargoes within the
autolysosome) (Figure 1.8) [131,135].
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Figure 1.8 Autophagy occurs from stages initiation, nucleation, elongation,

maturation, fusion, and degradation [135].

In the nucleation stage; the ULK1 complex, which regulates autophagy and forms
a tetrameric complex with FIP200, ATG13, ATG101, stimulates the vesicle formation by
activating Class 111-PI3K complex | (VPS34, VPS15, ATG14, Beclinl, AMBRAL). With
the aggregation of ATG complexes in PAS (phagophore formation site), PAS localizes
to the proximal region of the ER and it is named omegasome. More extension and closure
of the phagophore occur via two ubiquitin-like conjugation systems (ATG5-ATG12 and
LC3). LC3 (LC3A/B/C, GATE-16, and GABARAP 1/2/3, all referred to as LC3) is an
ATGS8 ortholog that is used as a marker for the identification of phagophore and
autophagosomes. After the closure of the phagophore, autophagosomes mature with the
removal of ATG proteins [131,133-135].
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After autophagosomes are closed, they are transported via microtubules to the
perinuclear region where lysosomes are located. The dynein protein helps to mediate the
central movement of autophagosomes. Loss of dynein function causes a decrease in
autophagosome-lysosome junction. Also, actin-based proteins (MYOSIN1 and
MYQOSING) play a role in autophagosome-lysosome. In general, factors that enable
binding are divided into 3 classes: HOPS complex, RAB7, adapters that bind lysosome
or autophagosomal components for attachment, and union mechanism. The HOPS
complex is the binding factor for autophagosome-lysosome junction and consists of the
proteins VPS11, VPS16, VPS18, VPS33A, VPS39, and VPS41. In the transport of
autophagosomes, RAB7 connects a microtubule motor to the autophagosome by FYCO1
and facilitates Kkinesin-based movement towards the cell environment. The
autophagosome then fuses with the late endosome or lysosome and is degraded by the
cargo lysosomal enzymes it carries [136-142].

Two important signaling pathways, class Il and class | phosphoinositol 3
phosphates (PI3P) play a role in autophagy control. Class Ill phosphoinositol 3
phosphates (PI3P) kinase initiates the formation of the autophagic vesicle. Class |
negatively controls autophagy. Class | phosphatidylinositol 3-kinase (PI3K)/protein
kinase B (Akt/PKB) is one of the signaling pathways that are activated with mitogenic
stimuli and stimulate cell growth. Class | PI3K provides the formation of PI (3,4) P2
phosphate and Pl (3,4,5) P3, and these products cause the activation of the Akt/PKB
pathway. Class | phosphatidylinositol 3-kinase (PI3K)/protein kinase B/Akt pathway is
known to suppress autophagy. The reason is that active Akt activates the TOR protein
complex, which plays an important role in the inhibition of autophagic activity. PTEN is
a tumor suppressor gene that inhibits the PI3K/Akt/mTOR signaling pathway. PTEN
leads cells to autophagy by inhibition of the PI3BK/Akt/mTOR signaling pathway [143-
146].

Unlike normal cells, cancerous cells survive by not responding to normal cell death
signals. Researchers have turned to anticancer drugs that destroy cancer cells by targeting
the autophagy mechanism, which is a cell death mechanism. Anticancer drugs known as

autophagy modulators work by inhibiting or activating autophagy pathways (Table 1.1).
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Table 1.1 Autophagy modulators

Sapanisertib

Drug Name Target
Rapamycin
PP242 o
mTOR inhibitor [171]
AZD8055
Torin 1

Everolimus

mTORCL1 inhibitor [171]

3-Methyladenine

Autophagosome formation [172]

Wortmannin

Autophagosome formation [172]

Ammonium Chloride

Autolysosomal degradation [173]

Nocodazole

Autophagosome-lysosome fusion [174]

Vinblastine

Autophagosome-lysosome fusion [174]

Hydroxychloroquine

blocking the fusion of autophagosomes with lysosomes [175]

Bafilomycin

Autophagosome-lysosome fusion [173]

Chloroquine

Autophagosomal degradation [173]

The clinical trials investigating the effectiveness of different anticancer drugs alone
or in combination are ongoing on CCA patients. However, the clinical studies of
autophagy modulators are not sufficient for
hydroxychloroquine (HCQ) assessed in the clinical studies. Especially the combination
of HCQ with ABC294640 (Opaganib) which is a sphingosine kinase 2 inhibitor (SphK)
has been proven to induce of the autophagy. According to some studies, loss of activity
of HDACs class I-l1la enzymes is related to the expression of autophagy regulators.
Therefore, targeting autophagy can enhance the therapeutic effects of HDACis on cancer
[147,148]. The effects of autophagy modulators and HDAC inhibitors in CCA are not

fully known. This study targeted a novel treatment approach with the combinational

therapy of autophagy and HDAC inhibitors for CCA patients.
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Chapter 2

Materials and Methods

2.1 Maintenance of Cell Lines

Two different types of CCA cell lines, EGI-1 and TFK-1, were chosen to be used
in experiments. These cell lines belong to patients with are dCCA [40,41]. We also used

the HepG2 cell line of hepatocellular carcinoma cell lines as a control.

EGI-1, TFK-1 and HepG2 cell lines were obtained from the German National
Resource Center for Biological Material (DSMZ), and they were cultured under the
recommended conditions. All cell lines were cultured in RPMI medium (Euro Clone)
supplemented with 10 % FBS (Biological Industries, Cat no: 04-127-1A) and 100 U/mL
penicilin/streptomycin (Gibco, Cat no: 15140-122) at 37 C in 5% CO2 incubator.

EGI-1, TFK-1, and HepG2 cells were seeded out as 3x 10%/10cm. The confluent
cultures of EGI-1, TFK-1, and HepG2 were split 1:2 every 3 or 4 days. For passaging, the
medium was collected and 1X PBS (Gibco) was used in order to remove the dead cell
and cell debris. Afterwards, 1X trypsin (Euro Clone) (5 min for TFK-1 and HepG2, 15
min for EGI-1) was used for trypsinization. Then the cells were collected with a culture
medium up to three times of trypsin in order to inactivate the trypsin enzyme and then the
cells were centrifuged at 900 rpm for 5 min. The pellet dissolved with fresh media and

the cells were seeded out into 10cm dishes.

2.2 Drug Preparation

In order to inhibit HDAC enzyme, SAHA (Sigma, SML0061), Romidepsin
(Selleckchem, S3020), MS-275 (Sigma, EPS002), Tubastatin A (Sigma, SML0044), and
PCI-34051 (Cayman chemical, 950762-95) were dissolved in DMSO (Panreacapplichem,
67-68-5) and their main stock solutions were prepared. While the inhibitors of the
autophagy pathway Nocodazole (Sigma, M1404), Ammonium chloride (millipore,
1.01145.1000), and PP242 (Sigma, P0037) were dissolved in DMSO, Chloroquine
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(chemcruz, sc-205629) and Vinblastine (Sigma, VV1377) were dissolved in water and their

main stock solutions were prepared.

2.3 Cell Viability Assay

The cell viability of cells was calculated by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-2H-tetrazolium bromide) cell viability assay. All cell lines were seeded in
triplicates in 96-well plates as 10.000 cells/100 uL per well. After overnight incubation,
the cells were treated with DMSO, HDAC inhibitors, autophagy modulators, and
combinations of HDAC inhibitors and autophagy modulators in order to check whether
are proliferated in CCA. The cells were treated with DMSO, HDAC inhibitors, and
autophagy modulators for 48 hours. After the incubation period, 10 pl of MTT solution
(Sigma Aldrich, Cat no: M2128) was added to each well and the cells were incubated
between 2 or 4 hours at 37°C in 5% CO; incubator. The cells were centrifuged at 1800
rpm 10min. The formed formazan crystals were solubilized with 100 ul of DMSO. The
plates were incubated for 15 min on the shaker by being covered and the absorbance was
measured with Varioskan™ LUX multimode microplate reader (Thermo Scientific™) at
570 nm. The I1Cso (concentration inhibiting cell growth by 70%) and 1Cso (concentration
inhibiting cell growth by 50%) concentrations were calculated from the cell proliferation

graphs by using Graphpad Prism version 8.0.2 program.

2.3.1 Combinations of HDACIis and Autophagy Modulators

In order to perform the combination studies of HDACIis and autophagy modulators,
the 1Cz0 concentrations of the SAHA, MS-275, Romidepsin, Nocodazole, PP242,

Chloroquine was used.
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Table 2.1 1Cso values of the HDAC inhibitors and autophagy modulators on the

TFK-1 and EGI-1 cell lines.

TFK-1 EGI-1
HDACI Autophagy Modulators HDACI Autophagy Modulators
Chloroquine Chloroquine
(3.94 uM) (5.14 uM)
MS-275 MS-275
Nocodazole (2.89 uM) Nocodazole (2.15 pM)
(3.5 nM) (0.53 nM)
PP242 (1.1 nM) PP242 (9.02 nM)
Chloroquine Chloroquine
(3.94 uM) (5.14 uM)
SAHA SAHA
Nocodazole (2.89uM) Nocodazole (2.15uM)
(2.25 uM) (0.43 M)
PP242 (1.1 nM) PP242 (9.02 nM)
Chloroquine Chloroquine
(3.94 uM) (5.14 uM)
Romidepsin Nocodazole (2.89 pM) Romidepsin Nocodazole (2.15 pM)
(3.7 nM) (0.74 nM)
PP242 (1.1 nM) PP242 (9.02 nM)

2.3.2 Calculation of ClI (Combination Index)

Combination analysis (isobologram analysis) was done by using the constant 1Czo
concentrations of HDAC inhibitors with increasing concentrations of autophagy
modulators. The absorbance values corresponding to each dose of the MTT assay and the
percentages of cytotoxicity calculated using the formula were entered into the Calcusyn
2.0 program (CompuSyn software, Biosoft, Cambridge, United Kingdom). CI values

were calculated by the program.

The effects of the drug combination used in this study were evaluated using the
combination index (CI) based on Chou-Talalay's multidrug effect equation. A CI of <1,

=1, or >1 is indicative of synergistic, additive, or antagonistic effects, respectively [149].
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2.4 Analysis of Cell Cycle Distribution

1 x10° cells/ well TFK-1 and EGI-1 cells were plated and incubated overnight. The
cells were treated by single inhibitors and combination of IC3 doses of the HDACis and
Nocaodazole for 48h. The cells were harvested by using tyripsine and centrifuged at 260g
for 10min at 4°C. The supernatant was removed and the pellet was washed with 1ml cold
PBS and then centrifuged at 260g for 10min. This step was repeated twice. The cells were
dissolved with 1ml cold PBS and added 4ml ethanol (70%) was added on each samples.
The samples were homogenized gently via vortex. The samples were incubated at least
24h in -20 ° C for fixation of the cells.

After the fixation, the samples were centrifuged at 260g for 10min at 4°C and the
supernatant was removed completely. The pellet was homogenized in 1ml cold PBS and
centrifuged at 260g for 10min at 4°C. After the removal of the supernatant 1ml PBS-
Triton X-100 (0.1%) (Sigma, Cat no: T8787) and 100ul RNase-A (200 pg / ml) (Sigma
Aldrich, Cat no: R5503) was added onto the cells. The samples were incubated at room
temperature for 30 minutes. Then, the samples were stained with 100ul PI (Propidium
iodide) (1:1 in 2X PBS) and incubated at room temperature for 15 min. After the
incubation, the samples were analyzed with flow cytometer (BD FACSAria™ III Cell
Sorter).

2.5 Flow cytometric Detection of Apoptosis by Annexin-
V FITC / Propidium lodide Dual Staining

Flow cytometry was used to determine the amount and localization of phosphatidyl
serine (PS) in Romidepsin IC30, MS-275 IC30, Nocodazole 1C30, Romidepsin-
Nocodazole, MS-275-Nocodazole TFK-1 and EGI-1 cells by using Annexin-V FITC -
Propidium lodide (PI) (Biolegend). The CCA cells were seeded as 1x106 cells/mL on the
6-well plate and after the treatment, incubated for 48h with defined doses. Later on, the
cells were collected through trypsinization. After 48 hours of incubation, the cells were
centrifuged at 1700 rpm for 5 min at +4 oC and washed with cold 1X PBS twice. Then,
200 pul of 1X annexin binding solution was added (diluted with ultra-pure water, 1:10),
homogenized with cells, transferred to flow glass and 2 pl of Annexin-V FITC and 4 pl

of propidium iodide were added to the each obtained cell suspension. After the 15 min
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incubation in the dark room, samples were analyzed by flow cytometry (BD FACSAria
I11 Cell Analyzer).

2.6 Western Blot Analysis

TFK-1 and EGI-1 cells were seeded into the 6-well plates (1X106 cells/mL). Later
on the overnight incubation, the cells were treated with drugs containing HDACIis and
Nocadozole for 48h. Following the incubation step, the cells were rinsed with cold PBS.
After removal of the wash solution, the cells were lysed with RIPA lysis buffer (50Mm
Tris-HCI, Ph 8.0, 150Mm Sodium Chloride, 1.0% NP-40, 0.5% Sodium deoxycholate,
and 0.1% Sodium dodecyl sulfate) after addition of Pierce™ Phosphatase Inhibitor Mini
Tablets and Pierce™ Protease Inhibitor Tablets, EDTA-free, and incubated with RIPA
on ice for 5 min.

After collecting cells, cells were taken to an eppendorf tube and sonification at 4
times, 10sec. Later on, the samples were centrifuged at 13000g for 10 min at +40C with
a microcentrifuge. DC protein assay kit (Biorad/USA cat. no. 500-0113, cat. no. 500-
0114, cat. no. 500-0115) has been used to calculate the extracted protein concentration.
Varioskan™ LUX multimode microplate reader (Thermo Scientific™) has been used to
measure the absorption of proteins at 750 nm. The cell lysates were loaded as 20 pg per
well.

Gel electrophoresis (15% acrylamide gels) was performed. The PVDF membranes
were activated using 99.8 % methanol at 5 min, and then in 1X TBS containing and 0.01
% Tween?20, following the transfer, membranes were blocked with 5% dried milk (Serva,
Cat. No: 42590.01) in 1X TBST, 1 hour on the shaker at room temperature and they were
incubated overnight at 4°C with the primary antibodies which are GAPDH (1:2000
Proteintech), H3 (1: 1,000; Cell signaling), Ac-H3 (1: 1,000; Cell Signaling), Ac-H4
(1:1000; Cell Signaling), HDAC1 (1:1000; Santacruz) HDAC2 (1:250; Santacruz)
antibodies.

Following the overnight incubation with primary antibodies that were mentioned
above, membranes were washed with 1X TBST buffer for 5 min 3 times on the shaker at
room temperature. Later on, the membranes were incubated with the secondary antibody
for 1 hour at room temperature: Peroxidase AffiniPure Goat Anti-Rabbit IgG (1: 10,000)
Peroxidase AffiniPure Goat Anti-Mouse IgG (1: 10,000). Subsequently, the washing
steps with 1X TBST buffer were repeated 3 times, and ECL Western Blotting (cat. no:
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K-12045-D50; Advansta) with ChemiDoc™ Imaging Systems (Biorad) was used for the

signals detection.

2.7 Statistical Analysis

By using GraphPad software (8.0.2, San Diego, CA) was analyze the data. All
results were expressed as the mean =+ standard error (SEM) from three independent
experiments. Comparisons among three groups were evaluated using two-way ANOVA

by Dunnett’s test. P<0.05 was considered as a statistically significant difference.
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Chapter 3

Results

3.1 The effect of HDAC inhibition treatment on the
proliferation of CCA and HCC cell lines

More than 20 of the HDAC inhibitors that were designed by targeting the zinc co-
factor active site have been investigated in clinical trials. SAHA is the first inhibitor
approved by the FDA among HDAC inhibitors and it was used as a control in our study.

Firstly, the cytotoxic effects by treating with Romidepsin, MS-275, PCI-34051,
Tubastatin A, and SAHA inhibitors were examined for CCA cell lines, TFK-1 and EGI-
1, for 48 hours.

The dose optimizations of these inhibitors were made for TFK-1 and EGI-1 cell
lines. Afterwards, cell proliferation graphs for TFK-1 and EGI-1 cells were prepared with
3 independent experiments, as shown in Figure 3.1 and Figure 3.2, respectively.

According to the result of this experiment, Romidepsin and MS-275 were

determined to be more effective in TFK-1 and EGI-1 cell lines.
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Figure 3.1 The effect of SAHA(a), PCI-34051(b), MS-275(c), Romidepsin(d),
Tubastatin A(e) treatment on the proliferation of TFK-1 cells for 48h (n=3). Each
set of experiments averaged and statistical analysis was performed using two-way
ANOVA by Dunnett's test. Data are presented as the mean + standard error. (*=P
<0.05, **=P < 0.01, ***=P < 0.001, ****=P < 0.0001).

Considering the increasing doses of MS-275, the viability rate decreased more than

50% at 0.01 uM on the TFK-1 cell. Likewise, with the increasing doses of Romidepsin,
the viability rate decreased 50% at 0.005 uM on the TFK-1 cell.
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Figure 3.2 The effect of SAHA(a), PCI-34051(b), MS-275(c), Romidepsin(d),
Tubastatin A(e) treatment on the proliferation of TFK-1 cells for 48h (n=3). Each
set of experiments averaged and statistical analysis was performed using two-way
ANOVA by Dunnett's test. Data are presented as the mean + standard error. (*= P
<0.05, **=P <0.01, ***=P < 0.001, ****=P < 0.0001).

The proliferation assay performed for EGI-1 cells using the HDAC inhibitors.
Considering the increasing doses of MS-275, the viability rate decreased more than 50%
at 5 nM on the EGI-1 cell. Likewise, with the increasing doses of Romidepsin, the
viability rate decreased 50% at 1 nM on the EGI-1 cell.

The HDAC inhibitors, MS-275 and Romidepsin, were determined to be the most
effective inhibitors on cell viability of TFK-1 and EGI-1 cells.
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Figure 3.3 The effect of SAHA(a), Romidepsin(b), MS-275(c), treatment on the
proliferation of HepG2 cells for 48h (n=3). Each set of experiments averaged and
statistical analysis was performed using two-way ANOVA by Dunnett’s test. Data
are presented as the mean + standard error. (*=P <0.05, **=P < 0.01, ***=P <

0.001, ****=P < 0.0001).

Determined HDAC inhibitors, MS-275 and Romidepsin, for TFK-1 and EGI-1, cell
viability was shown in the HepG2 cell line, which is the hepatocellular carcinoma (HCC)
cell line used for control (Figure 3.3).

Considering the increasing doses of MS-275, the viability rate decreased more than
50% at 5 nM on the HepG2 cell. Likewise, with the increasing doses of Romidepsin, the
viability rate decreased approximately 50% at 5 nM on the HepG2 cell.

According to the results obtained on the TFK-1, EGI-1 and HepG2 cell lines, 1Czo
(inhibition of cell viability by 30% at a particular concentration), and ICso (inhibition of
cell viability by 50% at a particular concentration) values of the HDAC inhibitors chosen

are calculated as follows and showed in Table 3.1.

Table 3.1 1C30 and ICso values of the HDAC inhibitors on the TFK-1, EGI-1 and
HepG2 cell lines.

HDACIs
. MS-275 Romidepsin SAHA

Cell lines

L 3.5nM (ICx0) 3.7 1M (ICx0) 2.25 uM (ICx0)
6.8 nM (|C50) 50 nM (|C50) 3.96 ]JM (|C50)

oLt 0.53 nM (ICx0) 0.74 nM (ICx0) 0.43 M (ICx0)
2.67 M (ICso) 1 nM (ICso) 1.15 uM (ICso)
4,3 nM (|C30) 0.94 nM (|C3o) 1.2 },lM (|C30)

HepG2
5,72 nM (|C50) 6.22 nM (|C50) 1.82 },lM (|C50)




3.2 The effect of autophagy modulators treatment on the
proliferation of CCA and HCC cell lines

After the evaluation of HDACIs, the cytotoxic effect of autophagy pathway
activator PP242, autophagy pathway inhibitor vinblastine, nocodazole, chloroquine, and
ammonium chloride from autophagy pathway modulators were examined on CCA cell
lines for 48 hours.

The dose optimizations of autophagy modulators were done for TFK-1 and EGI-1
cell lines. Cell proliferation graphs for TFK-1 and EGI-1 cells were plotted with 3
independent experiments, as shown in Figure 3.4 and Figure 3.5, respectively.

The results of this showed nocodazole is more effective on TFK-1 and EGI-1 cell
lines. Considering the increasing doses of Nocodazole, the viability rate decreased 50%
at 0.1 uM both on the TFK-1 and EGI-1 cells.
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Figure 3.4 The effect of Vinblastine (a), PP242 (b), Chloroquine (c), Nocodazole (d),
Ammonium chloride (e) treatment on proliferation of TFK-1 cells for 48h (n=3).

Each set of experiments averaged and statistical analysis was performed using two-

way ANOVA by Dunnett’s test. Data are presented as the mean + standard error.
(*=P <0.05, **=P < 0.01, ***=P <0.001, ****=P < 0.0001).
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Figure 3.5 The effect of Vinblastine (a), PP242 (b), Chloroquine (c), Nocodazole (d),
Ammonium chloride (e) treatment on the proliferation of EGI-1 cells for 48h (n=3).
Each set of experiments averaged and statistical analysis was performed using two-
way ANOVA by Dunnett’s test. Data are presented as the mean + standard error.
(*=P<0.05, **=P <0.01, ***=P <0.001, ****=P < 0.0001).
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Figure 3.6 The effect of Chloroquine(a), PP242 (b), Nocodazole (c), treatment on the
proliferation of HepG2 cells for 48h (n=3). Each set of experiments averaged and
statistical analysis was performed using two-way ANOVA by Dunnett’s test. Data
are presented as the mean + standard error. (*=P <0.05, **=P < 0.01, ***=P <

0.001, ****=P < 0.0001).

The most effective autophagy inhibitors were selected as Chloroquine, Nocodazole,
and PP242 (Figure 3.6). Considering the increasing doses of Nocodazole, the viability
rate decreased 50% at 50 uM on the HepG2 cell. On the TFK-1, EGI-1 and HepG2 cell
lines, 1C30, and ICso values of the autophagy modulators chosen are shown in Table 3.2.

Table 3.2 IC30, and 1Cso values of the autophagy modulators on the TFK-1, EGI-1
and HepG2 cell lines.

Drugs
. Chloroquine Nocodazole PP242

Cell lines

TEKA 3.94 uM (ICs0) 2.89 uM (ICx) 1.1 nM (ICx)
6.35 uM (ICsp) 5.2 uM (ICsp) 2.9 nM (ICsp)

EGI-1 5.14 uM (|C30) 2.15uM (|C3o) 9.02 nM (|C30)
8.18 uM (ICso) 5.7 uM (ICs0) 12.04 nM (ICsp)
4.1 uM (ICs0) 4.7 uM (ICs0) 4.4 uM (ICs0)

HepG2
5.71 uM (ICsp) 6.7 uM (I1Cs0) 5.71 uM (ICsp)

According to the results obtained from HDAC inhibitors and autophagy
modulators, the MS-275 and Romidepsin from HDAC inhibitors and Chloroquine,
Nocodazole, PP242 from autophagy modulators demonstrated the more effective on cell
proliferation of the TFK-1 and EGI-1.
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3.3 The effect of combination treatment of HDAC
inhibitors and autophagy modulators on the

proliferation of cholangiocarcinoma cell lines

After determining the IC values of HDAC inhibitors and autophagy pathway
modulators, the combination experiments were continued with the HDAC inhibitors, MS-
275, Romidepsin, SAHA, and the autophagy pathway modulation. Chloroquine,
Nocodazole, and PP242, on the TFK-1, EGI-1, and HepG2 cell lines.

For the combination treatment, the IC3 values of SAHA (2.25 uM), MS-275
(0.0035 uM), and Romidepsin (0.0037 uM), and increasing doses of the autophagy
modulators chosen were applied on the TFK-1, EGI-1 and HepG2 cells for 48 hours.

Significant inhibition on cell viability was observed compared to the control group
when the cells treated with the 1Cso value of HDAC inhibitors and increasing doses of the
Chloroquine, Nocodazole, and PP242 on the TFK-1 (Figure 3.7), EGI-1 (Figure 3.8), and
HepG2 (Figure 3.9) cells for 48 hours.
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Figure 3.7 The combination treatment of constant 1C3o values of HDAC inhibitors
with increasing doses of autophagy modulators were applied on the TFK-1 cell for
48h (n=3). The combinations of Chloroquine doses and a) SAHA 1Czo (2.25 uM), b)
MS-275 1C30 (3.5 nM) ¢) Romidepsin 1Cso (3.7 nM), respectively. The combinations
of Nocodazole and d) SAHA IC30 (2.25 pM), €) MS-275 1C30 (3.5 nM) f) Romidepsin
I1C30 (3.7 nM), respectively. The combinations of the PP242 and g) SAHA 1Cs0 (2.25
uM), h) MS-275 1Cs0 (3.5 nM) i) Romidepsin 1Cso (3.7 nM), respectively. Each set of
experiments averaged and statistical analysis was performed using two-way
ANOVA by Dunnett's test. Data are presented as the mean + standard error. W:
Water (*=P < 0.05, **=P < 0.01, ***=P < 0.001, ****=P <0.0001).
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Figure 3.8 The combination treatment of constant 1Cso values of HDAC inhibitors
and increasing doses of autophagy modulators were applied on the EGI-1 cell for
48h (n=3). The combinations of Chloroquine doses and a) SAHA 1Cs0 (0.43 uM), b)
MS-275 I1Csz (0.53 nM) c) Romidepsin IC3 (0.74 nM), respectively. The
combinations of Nocodazole and d) SAHA 1Cs0 (0.43 uM), e) MS-275 1C30 (0.53 nM)
f) Romidepsin IC3s (0.74 nM), respectively. The combinations of PP242 and Q)
SAHA ICs (0.43 pM), h) MS-275 1Cs0 (0.53 nM), i) Romidepsin 1Cso (0.74 nM),
respectively. Each set of experiments averaged and statistical analysis was
performed using two-way ANOVA by Dunnett's test. Data are presented as the
mean + standard error. W: Water (*= P <0.05, **=P < 0.01, ***=P < 0.001, ****=

P <0.0001).
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Figure 3.9 The combination treatment of constant 1Cso values of HDAC inhibitors
and increasing doses of autophagy modulators were applied on the HepG2 cell for
48h (n=3). The combinations of Chloroquine doses and a) SAHA 1Csz0 (1.2 uM), b)
MS-275 1C30 (4.3 nM) c) Romidepsin 1Cso (0.94 nM), respectively. The combinations
of Nocodazole doses and d) SAHA 1C3z (1.2 pM), e) MS-275 I1C3z (4.3 nM) f)
Romidepsin 1Cso (0.94 nM), respectively. The combinations of PP242 doses and Q)
SAHA 1C3 (1.2 uM), h) MS-275 1C30 (4.3 nM), i) Romidepsin I1C3z (0.94 nM),
respectively. W: water. Each set of experiments averaged and statistical analysis was
performed using two-way ANOVA by Dunnett's test. Data are presented as the
mean = standard error. (*=P <0.05, **=P <0.01, ***=P <0.001, ****=P <0.0001).

3.4 The combination treatment of the 1C3 values HDAC
inhibitors and autophagy modulators and its effect on

the proliferation of cholangiocarcinoma cell lines

As another approach, the IC3o values of the HDAC inhibitors and autophagy
modulators were applied on the TFK-1, EGI-1, and HepG2 cells (Figure 3.10, Figure
3.11, and Figure 3.12).
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Figure 3.10 The combination treatment of 1C3o values of HDAC inhibitors and of
autophagy modulators for TFK-1 cell for 48h (n=3). The combinations of the
Chloroquine 1Cs0 (3.94 uM) and a) SAHA 1C30 (2.25 uM), b) MS-275 IC30 (3.5 nM)
¢) Romidepsin IC3o (3.7 nM), respectively. The combinations of the Nocodazole 1Cso
(2.89 uM) and d) SAHA 1C30 (2.25 uM), e) MS-275 1Cs0 (3.5 nM) f) Romidepsin 1C3o
(3.7 nM), respectively. The combinations of the PP242 1C3 (1.1 nM) and g) SAHA
1C30 (2.25 uM), h) MS-275 1C30 (3.5 nM) i) Romidepsin 1Cs0 (3.7 nM), respectively.
Each set of experiments averaged and statistical analysis was performed using two-
way ANOVA by Dunnett's test. Data are presented as the mean =+ standard error.
W: Water (*=P <0.05, **=P < 0.01, ***=P < 0.001, ****=P <0.0001).
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Figure 3.11 The combination treatment of constant 1Cso values of HDAC inhibitors
and increasing doses of autophagy modulators for EGI-1 cell for 48h (n=3). The
combinations of the Chloroquine 1C3o (5.14 pM) and a) SAHA 1Cs (0.43 uM), b)
MS-275 1Csz (0.53 nM) c) Romidepsin
combinations of the Nocodazole 1C3o (2.15 pM) and d) SAHA 1Cs0 (0.43 uM), e) MS-
275 1C30 (0.53 nM) f) Romidepsin 1Cso (0.74 nM), respectively. The combinations of
the PP242 1C30 (9.02 nM) and g) SAHA 1Cs30 (0.43 nM), h) MS-275 1Cs0 (0.53 nM), i)
Romidepsin 1Cs0 (0.74 nM), respectively. Each set of experiments averaged and
statistical analysis was performed using two-way ANOVA by Dunnett’s test. Data

are presented as the mean + standard error. W: Water (*= P < 0.05, **=P < 0.01,
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Figure 3.12 The combination treatment of constant 1Cso values of HDAC inhibitors
and increasing doses of autophagy modulators for HepG2 cell for 48h (n=3). The
combinations of the Chloroquine 1C3o (4.1 pM) and a) SAHA 1Czo (1.2 pM), b) MS-
275 1C30 (4.3 nM) c¢) Romidepsin 1C30 (0.94 nM), respectively. The combinations of
sthe Nocodazole 1C3o (4.7 nM) and d) SAHA ICs30 (1.2 pM), €) MS-275 I1C30 (4.3 M)
f) Romidepsin I1Cso (0.94 nM), respectively. The combinations of the PP242 1C3o (4.4
nM) and g) SAHA ICso (1.2 pM), h) MS-275 1C30 (4.3 nM), 1) Romidepsin 1Cso (0.94
nM), respectively. Each set of experiments averaged and statistical analysis was
performed using two-way ANOVA by Dunnett's test. Data are presented as the
mean + standard error. W: Water (*=P < 0.05, **=P < 0.01, ***=P < 0.001, ****=
P <0.0001).

According to the results of 1C3 combination therapy experiments, the percentage

of viable cells for all cell lines in the Table 3.3.
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When the cells were treated with single HDAC inhibitors, the growth inhibition of
30% to 55% for TFK-1 cell line and of 20% and 85% for EGI-1 cell line was observed.
While single chloroquine, PP242, and nocodazole were applied and it was observed
growth inhibition 15% to 20% to 50% in TFK-1 cell lines, respectively. In a similar way,
while single chloroquine does not have an impact on EGI-1 cell lines, single PP242 and
nocodazole caused growth inhibition 20% and 35%, respectively.

When compared with single HDACIis and single chloroquine and PP242 on the
TFK-1 cell lines, the combination the chloroquine: MS-275, chloroquine: SAHA,
chloroquine: Romidepsin is not found to be significant effect according to single
treatments. On the contrary, compared nocodazole: MS-275, nocodazole: SAHA, and
nocodazole: Romidepsin with the single HDACis and single nocodazole has seen an

increase in the growth inhibition 12%, 28%, and 13%, respectively.

While Nocodazole has inhibited 30% of the cell in the EGI-1 cell line, was not
observed a prominent effect in single PP242 and especially chloroquine. In combinations
of chloroquine: SAHA, and chloroquine: romidepsin no significant effect was observed
according to the single treatments, but, it is increased 17% the inhibition percentage in
the chloroquine: MS- 275 treatment. Among the HDACIs, and PP242 - HDACis (MS-
275, SAHA, Romidepsin) did not show a distinct effect. The nocodazole: MS-275 and
nocodazole: SAHA combinations showed inhibition increased of 11% and 15%,

respectively.
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Table 3.3 The percentage of the cell proliferation of the 1C3o combinations on TFK-
1, EGI-1 and HepG2 cell lines. On the table identified as MS-275 alone, SAHA alone,
and Romidepsin alone the orange color, Chloroquine alone, Nocodazole alone, and
PP242 alone the green color, and combination of 1C3 HDACIs and 1Cso autophagy

modulators the blue color.

Cell

. TFK-1 EGI-1 HepG2

lines

MS- ) | MS- ) | MS- . )
SAHA | Romidepsin SAHA | Romidepsin SAHA | Romidepsin
275 275 275

o 32 51 40 68 24 77 59 40 27
3 1 15 10 0 0 0 21 | 50 14
o

—

% 33 52 43 85 19 79 72 58 51

40 35 44 73 28 75 57 44 49

D

§ 47 54 50 33 23 30 38 48 44
©

§ 52 63 57 84 43 76 66 58 69
z

39 32 49 79 53 86 43 43 24

§ 8 4 19 12 22 3 21 40 42
N

e 39 44 52 79 49 83 66 59 57

On the other hand, the Nocodazolee: MS-275, Nocodazole: SAHA, and
Nocodazole: Romidepsin 11%, 14%, 20% increase in proliferation on HepG2 cells,
respectively.

The Nocodazole inhibited the cell growth prominently when combined HDACis for
both TFK-1 and EGI-1 cell lines. Therefore, in the further experiments, we focused on
the Nocodazole - HDACis (MS-275, SAHA, and Romidepsine) combinations.

3.5 The synergistic effects of the combinations of the
Nocodazole — HDAC inhibitors

In order to investigate the combinatorial effects of the inhibitors, a method called
CompuSyn analysis was used to detect the synergism, additivity or antagonism. A
combination index (CI) is the indicative of CI<1 - synergistic, CI=1.0-1.1 - additive, or

Cl >1.1 - antagonistic effects.
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Our results showed that the concentration of the 1C3o dose of nocodazole with MS-
275 and Romidepsin have synergistic effects on the EGI-1 cell (Figure 3.13d, and Figure
3.13f). However, the nocodazole: SAHA combination showed antagonistic effects
(Figure 3.13e). All concentrations except higher doses of nocodazole with IC3o doses of
the HDACIis showed synergistic effects on the TFK-1 cell (Figure 3.13a, 3.13b and
3.13c).

a) TFK-1 MS-275 & Nocodazole

71
CI values for actual experimental points:
Total Dose Fa CI Value
ol 0.0135 0.39476 0.15386
0.0535 0.49176 0.09705
0.1035 0.53734 0.08016
0.5035 0.56062 0.25159
5.0035 0.62367 0.73928
10.0035 0.63240 1.24181
0 ) 20.0035 0.63628 2.29697
0 1
b) TFK-1 Saha & Nocodazole
Ir
CI values for actual experimental points:
Total Dose Fa CI Value
2.26 0.55915 1.10215
<l o) 23 0.61183 0.43653
2.35 0.64418 0.25157
2.75 0.69039 0.13268
o 7.25 0.71534 0.23162
o 12.25 0.68392 0.65930
0 G . . . 22.25 0.63678 2.71316
a 0.4 1

Fa
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Cl

¢) TFK-1 Romidepsin & Nocodazole

Cl

d)

0.5 1
Fa

EGI-1 MS-275 & Nocodazole

Cl

0.5 1
Fa

e) EGI-1 Saha & Nocodazole

CI values for actual experimental points:

Total Dose Fa CI Value
0.0137 0.55366 0.00771
0.0537 0.55840 0.02762
0.1037 0.57645 0.03787
0.5037 0.61349 0.08987
5.0037 0.64957 0.43330
10.0037 0.66097 0.68485
20.0037 0.66952 1.14525
CI values for actual experimental points:

Total Dose Fa CI Value
0.63 0.80019 5.90E-4
0.73 0.82683 4.84E-4
1.03 0.80780 8.76E-4
1.53 0.71741 0.00380
3.03 0.84015 0.00166
5.53 0.86204 0.00217
10.53 0.84872 0.00510
CI values for actual experimental points:

Total Dose Fa CI Value
0.53 0.18678 90627.5
0.63 0.26878 1854.71
0.93 0.45935 2.29507
1.43 0.47806 2.04718
2.93 0.45331 8.70976
543 0.45134 17.1652
10.43 0.47159 17.9205
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f) EGI-1 Romidepsin & Nocodazole

T CTI values for actual experimental points:
Total Dose Fa CI Value
0.84 0.78304 0.00643
cl 0.94 0.77591 0.00777
1.24 0.76047 0.01205
1.74 0.73544 0.02172
3.24 0.77637 0.02664
5.74 0.74772 0.06347
o 10.74 0.78129 0.08374

0 I I I I 0:5 I N I 1
Fa

Figure 3.13 Combination Index (CI) Plots of TFK-1 (a, b, ¢) and EGI-1 (d, e, f) cell

lines treated with combination increased doses of the nocodazole with HDAC:s. a,

d) MS-275: nocodazole, b, e) SAHA: nocodazole, ¢, f) Romidepsin: nocodazole. Cl<1

- synergistic, CI=1.0-1.1 - additive, or Cl >1.1 - antagonistic effects.

3.6 Cytostatic Effects of Single Nocodazole and in
Combination with HDAC inhibitors on CCA Cells

In order to evaluate the mechanism behind growth inhibitory effects, we

investigated the impact of single nocodazole and HDAC inhibitors and the combinations
on cell cycle distribution of CCA cells. The cell cycle was assessed by propidium iodide
(PI) staining and analyzed by flow cytometry. The percentages of the cells in GO/G1, S,
and G2/M phases were determined.
When TFK-1 cells were treated with MS-275, no cell cycle arrest was observed when
compared to the control (Figure 3.14a). In response to Romidepsin treatment, the cells
were arrested at the S phase (32.6%) when compared to the control (18.5%) (Figure
3.14b). SAHA treated cells were arrested at the S (19.4%) and G2/M (25.6%) phases
when compared to the control (Figure 3.14c).

The results of the experiment demonstrated that, Nocodazole treatment arrested
prominently at the S and G2/M phases when compared to the control. As a result of these
comparisons, the Nocodazole - HDACis (MS-275, SAHA, Romidepsin) combination
caused the accumulation of cell population at the S (31.4%, 36.8%, 35.7%, respectively)
and G2/M (42.9%, 47.9%, 24.9%, respectively) phases compared to the control S and
G2/M phases (Figure 3.14).
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Figure 3.14 Cell cycle distributions of (a) MS-275 1Cs0 - Nocodazole 1Czo, (b)
Romidepsin 1Cs — Nocodazole 1Cs, and () SAHA 1Cs - Nocodazole 1Cso
combinations in TFK-1 cells for 48h (n=2).

In EGI-1 cells, while single MS-275, and single SAHA caused a slightly cell cycle
arrest at the S phase compared to control (Figure 3.15a, 3.15c), Romidepsin treatment
arrested the cells at S (33.8%) phase compared to the control (12.9%) (Figure 3.15b).
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Single nocodazole was arrested at the S (23.9%) and G2/M (55.2%) phases compared to
the control S (12.9%) and G2/M (8.9%) phases. In conclusion, the Nocodazole - HDACis
(MS-275, SAHA, Romidepsin) combination caused an accumulation at the S (32%,
28.4%, 39.6%, respectively) and G2/M (17.7%, 49.2%, 16.7%, respectively) phases
compared to the control S (12.9%) and G2/M (8.9%) phases (Figure 3.15).
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Figure 3.15 Cell cycle distributions of (a) MS-275 1Cs0: Nocodazole 1Cso, (b)
Romidepsin 1Cso: Nocodazole 1Csz, and (c) SAHA 1Cso: Nocodazole 1Cso
combinations in EGI-1 cells for 48h (n=2).
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3.7 Apoptotic Effects of Combination Nocodazole and
HDACIis on CCA

Phosphatidylserine (PS) molecules are important for apoptotic cell identification,
herewith, in order to determine whether the growth inhibitory effect of this combination
is due to induction of apoptosis, CCA TFK-1 and EGI-1 cells were incubated with single
HDACIs 1C30, single Nocodazole 1C30, and combinations for 48 hours. The percentage
of cells encountering apoptosis upon treatments was determined by flow cytometry using
Propidium lodide (PI)-Annexin-V dual staining.

TFK-1 cells were treated with MS-275 (3,5nM), Romidepsin (3,7nM),
Nocodazole (2,89 uM), and combination; total apoptotic cell population in the
Romidepsine-Nocodazole combination (late apoptotic cells + early apoptotic cells) was
increased as 16,8%, 33,1% respectively, compared to single Nocodazole and Romidepsin
treatment. In the single romidepsin treatment, necrotic cells were increased by 41.1%,
compared to control, whereas in the combination, necrotic cells decreased by 40,8%
compared to single Romidepsin (Figure 3.16a). The total apoptotic population in a single
treatment of the MS-275, and Nocodazole was increased by 16,6% and 16%, respectively,
compared to control. But, the combination increased the necrotic cell population

approximately 5-fold compared to the control and single treatments (Figure 3.16b).
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Figure 3.16 Apoptotic effects of Romidepsin - Nocodazole (a) and MS-275
Nocodazole (b) on TFK-1 cells (n=2).

EGI-1 cells were treated with MS-275 (0,53nM), Romidepsin (0,74nM),
Nocodazole (2,15 pM), and combination; total apoptotic cell population in the
Romidepsine-Nocodazole combination (late apoptotic cells + early apoptotic cells) was
increased as 13,8%, 19,9% respectively, compared to single Nocodazole and Romidepsin
treatment (Figure 3.17a). The total apoptotic and necrotic populations in a single
treatment of the MS-275 wasn't shown a significant change compared to the control. In
the combination, necrotic and total apoptotic cell populations increased approximately 5-
fold and 3-fold, respectively, compared to the control (Figure 3.17b). In the single
romidepsin treatment, necrotic cells were observed similarly TFK-1 result. Also, the MS-

275-Nocodazole combination wasn't seen to increase compared to single Nocodazole.
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Figure 3.17 Apoptotic effects of Romidepsin - Nocodazole (a) and MS-275
Nocodazole (b) on TFK-1 cells (n=2).

3.8 HDACIis and Nocodazole combinations induced the
acetylation and HDAC levels in CCA cells

To understand the roles of Ac-H3, Ac-H4, total H3, and HDAC1/2 in HDACis
and Nocodazole combination-mediated growth inhibition in CCA cells, we checked the
alterations in Ac-H3, Ac-H4, total H3, and HDAC1/2 protein levels in TFK-1 and EGI-1
cells in response to 1IC30 concentration of HDACIis and Nocodazole. TFK-1 and EGI-1
cells are treated with a single MS-275 (3,5nM / 0,53nM), a single Romidepsin (3,7nM /
0,74nM), a single Nocodazole (2,89uM / 2,15uM), and HDACIs - Nocodazole
combination for 48h, respectively. The expression of Ac-H3, Ac-H4, total H3, and
HDAC1/2 were analyzed by western blot.

MS-275 and Romidepsin significantly increased Ac-H3 and Ac-H4 levels in TFK-
1 cells, compared to control, respectively (Figure 3.18a). Although MS-275 HDAC 1
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inhibitor, it is increased 6-fold compared to control. Similarly, Nocodazole increased 14-
fold at the HDAC 1 level according to the control. In addition to these, in the MS-275 -
Nocodazole combination, the HDAC 1 level was reduced compared to the single
Nocodazole. Also, the AcH3/H4 levels in this combination were significantly reduced
compared to single MS-275. In the Romidepsin - Nocodazole combination, HDAC 1 /2
levels decreased compared to the single treatments, and the AcH3 level didn't change
compared to Romidepsin. But Ac-H4 level was significantly reduced compared to the
Romidepsin.

MS-275, Romidepsin, and Nocodazole significantly increased the Ac-H3 levels
in EGI-1 cells, compared to control (Figure 18b). But HDAC 1/ 2, and H3 didn't show
significant a change compared to control. Contrary to these, the Ac-H3 level for all single
treatments was extremely increased compared to control. Despite this increase,
Romidepsin - Nocodazole combination reduced of Ac-H3 level compared to the single
Romidepsin. But Ac-H3 level of the MS-275 - Nocodazole combination increased

compared to the single MS-275 and single Nocodazole.
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Figure 3.18 Changes in AcH3/H4, total H3, and HDAC 1/2 (a) in TFK-1, (b) in EGI-
1 cells. Gapdh was used as a loading control. Experiments were replicated
independently (n=2) and a representative western blot image was used for each set.
The protein expression of each group was normalized to Gapdh. For TFK-1
HDAC1, H3, AcH3, Ac-H4 (n=2), HDAC2 (n=1). For EGI-1 HDAC1, HDAC2, H3
(n=2), Ac-H3 (n=1)
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Chapter 4

Conclusion and Future Prospects

4.1. Conclusion

Cholangiocarcinoma is a malignant tumor originating from the biliary tract and is
relatively less common than hepatocellular carcinoma, which is another primary tumor
of the liver. CCA is categorized as intrahepatic (iCCA) and extrahepatic (eCCA)
according to their anatomical localization. There are clinical, pathological, and
epidemiological differences between these two groups [151]. Mortality is high because
the diagnosis is usually made at advanced stages, radiological imaging is difficult, and
due to the lack of an effective non-surgical treatment [33,35].

The TFK-1 and EGI-1 cell lines used in this study belong to distal
cholangiocarcinoma which is a subgroup of the extrahepatic cholangiocarcinoma type.
Distal cholangiocarcinoma (dCCA) is seen outside the liver which makes up 30% to 40%
of eCCAs, and it is histologically well to moderately differentiated adenocarcinoma [29-
32].

In recent years, the modifications of histone proteins, which form the basic structure
of the nucleosome, have been demonstrated thet they have a role in the control of
biological processes such as aging and development. Although it has been shown that
many genes are silenced with promoter methylation in the hepatocarcinogenesis process,
the role of histone code changes is not yet known [153-155]. Histone deacetylase
inhibitors (HDACIs), which inhibit histone deacetylase enzymes cause the accumulation
of acetylation in histone proteins and become defective by changing cellular processes in
cancerous cells. High acetylation has been shown to inhibit tumors [152].

In this study, we aimed to investigate the effects of combination of HDAC
inhibitors and autophagy modulators on TFK-1 and EGI-1 CCA cell lines. HDAC
inhibitors of different classes such as MS-275, Romidepsin, SAHA, Tubastatin A, PCI-
34051 for the treatment of CCA cell lines. The growth inhibitory effect of HDACIs and
autophagy modulators on TFK-1 and EGI-1 cells were evaluated by MTT assay.
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Among the inhibitors, SAHA, which was used as a control in our study, was
approved by the FDA for the treatment of cutaneous T-cell lymphoma patients. SAHA is
known to inhibit the activity of all 11 HDACs classified as class I - I HDACs. Some
findings have demonstrated that single SAHA or combination inhibited cells proliferation
for various cancer types such as larynx [159], lung [158], breast [156], and different
cholangiocarcinoma cell lines [157]. In line with previous studies, SAHA results
demonstrated the inhibition of proliferation of TFK-1 and EGI-1 cell lines of the CCA.

Romidepsin, which is another FDA-approved inhibitor, reduced proliferation in the
treatment of TFK-1 and EGI-1 cells and of different CCA cell lines shows that our results
are in line with the findings in the literature [161]. Another synthetic HDAC inhibitor,
MS-275, potently inhibits histone deacetylases in several human tumor cells which
supports our findings that are showing reduced cell proliferation TFK-1 and EGI-1 cells
treated with MS-275 alone and some combinations [160]. In TFK-1 and EGI-1 cells, the
selective HDACS inhibitor, PCI-34051, and the selective HDACG inhibitor, Tubastatin
A, showed a significant reduction at 10 uM and 50 uM in both cell lines. As a result of
these findings, MS-275 and romidepsin showed the best effect at low micro and
nanomolar levels in our cells.

Cancer cells have evolved to adapt to themselves to survive by autophagy, which is
a multistage death mechanism. Also, it has been reported that autophagy modulators used
in CCA cells promote cell death. [162, 163]. The best activity obtained by using the
following autophagy modulators in TFK-1 and EGI-1; Chloroquine and Ammonium
chloride for autophagosomal degradation, Nocodazole and Vinblastine for
autophagosome-lysosome fusion, and PP242 for mTOR inhibitor.

As a result of combinations of the HDACis with increasing doses of autophagy
modulators, and of HDACis with autophagy modulators, the best combinatorial effect
was observed in Nocodazole combinations. According to the isobologram analysis, we
propose, that using a high concentration in combination Nocodazole and HDACis (MS-
275, SAHA, and Romidepsin) is not recommended. Because it seems to have an
antagonistic effect to treat with SAHA for the EGI-1 cell. These findings are consistent
with research showing that the combination of HDACis and autophagy modulators
provide a synergistic effect [164, 165].

The cell cycle studies were performed to reveal how MS-275, SAHA, and
Romidepsin with Nocodazole suppressed the cell proliferation and regulated cell cycle in
TFK-1 and EGI-1 cells.
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Nocodazole which is a prototypic microtubule inhibitor, has been shown to
suppresses the G2/M phase. The results in our study are consistent with the results
obtained in lung and different cholangiocarcinoma cell lines [166-168].

When the EGI-1 cells are treated with MS-275 inhibitor doses between 0.1 uM/ 1
uM the cells accumulated significantly in the GO/G1 phase and an increase in the cell
population was observed in G2/M phase. It has shown that accumulation in the G0/G1
phase for TFK-1 cells under the same conditions but showed more prominent suppression
at the G2/M phase compared with the EGI-1 [160]. However, in our study, MS-275
arrested slightly in S and G2/M phases in EGI-1 cells compared to control, TFK-1 and
EGI-1 cells treated with 3.5 nM/ 0.53 nM, respectively. It did not show any change in the
TFK-1 cell. In the combination of MS-275 and Nocodazole, S and G2/M phases were
suppressed compared to the control group in both cell lines. When the two studies were
compared, they showed that differences could happen in cell lines that belong to the same
cancer type. In addition, using higher doses treatment of MS-275 showed that more
significant results can be achieved.

It was observed that the percentage of suppression in the G2/M phase increased
with increasing concentrations with Romidepsin (0-20nM) on different CCA cell lines
[161]. Our results demonstrated the accumulation of the TFK-1 cells in S and G2/M phase
(0.0037uM) compared to the control and there was accumulation in the S phase and
slightly in the G2/M phase in the EGI-1 cell (0.74nM). The increased percentage of the
G2/M phase in the treatment of Romidepsin in CCA cells were observed with increasing
doses. In the combination of Romidepsin: Nocodazole, there was an increase in the
percentages of the S and G2/M phases compared to single Romidepsin.

According to the results obtained in response to SAHA treatment, there was
suppression at the S and G2/M phases for both cell lines, however in the EGI-1, the arrest
at the G2/M phase was more prominent. Studies the SAHA therapy showed suppression
in the G2/M phases in lung, prostate, and breast cancer types [169,170].

Single Romidepsin treatment was shown to lead to a dose- and time-dependent
induction of total apoptosis and necrosis [176-178]. Romidepsin increases necrotic
population levels on TFK-1. Contrary to the findings in the Romidepsin apoptosis result
of the TFK-1 we did not observe an increasing necrotic population on the EGI-1.
Nocodazole showed apoptotic cell death on the CCA cell lines like in different cancer
types [179]. Du et all, MS-275-treatment was shown to induce dose-dependent apoptosis

on the malignant ascites cells [180]. But in our study, MS-275 did not cause remarkable
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apoptosis. However, in the literature studies, in line with the ideas of increased dose and
time-dependent, it can be concluded that can induce apoptosis on the TFK-1 and EGI-1
cell lines.

In clinical or laboratory studies, the role of Romidepsin and MS-275 has been
shown in peripheral blood mononuclear cells, one marrow mononuclear cells, and many
cancer types. In these studies, they showed an increase in the protein acetylation level
Ac-H3 and Ac-H4. And a similar conclusion was reached by our results [182-184]. On
the other hand, we purpose to observe an increase in the level of acetylation with the
combination of nocodazole, but our results were not observed an increase outside the
combination with MS-275.

In conclusion, the limited treatment options in CCA shows that investigating new
approaches is necessary. In summary, combinations study of different HDAC inhibitors
and autophagy modulators has been shown in this study. Our results show that HDACis
and autophagy modulators have proliferation inhibitory effect on CCA cell lines. This
study creates a new and unique approach for CCA targeting thanks to the synergistic
effect that will emerge with the combination of autophagy and HDAC inhibitors. The
importance and impact of this study is that we showed for the first that the fine-tuning of
autophagy and HDACIs can specifically target cancerous cells.

4.2 Societal Impact and Contribution to Global
Sustainability

Cholangiocarcinoma (CCA), also known as biliary tract cancer, is a heterogeneous
group of malignancies formed by the differentiation of epithelial cells in the biliary tract.
CCA is the second most common primary liver tumor and it has both an increasing rate
and high mortality worldwide with its late diagnosis, refractory type, and aggressiveness.
CCA is categorized as intrahepatic (iCCA) and extrahepatic (eCCA) according to their
anatomical localization. There are clinical, pathological, and epidemiological differences
between these two groups. It is not easy to treat cholangiocarcinoma due to of late
diagnosis, refractory type, and aggressiveness even though approved targeted therapies.
Mortality is high because the diagnosis is usually made at advanced stages, radiological
imaging is difficult, and due to the lack of an effective non-surgical treatment. Therefore,
it is important to find a novel integrative solution to treat the disease.

HDACIs are currently under investigation in phases I, I, and 111 of clinical trials

for many cancer types. Their effects are connected to autophagic cell death. Nevertheless,
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their role as autophagy activators or blockers has been uncertain. The expression of
histone deacetylases (HDACs) has been associated with poor prognosis and survival in
patients of cholangiocarcinoma. HDAC inhibitors are sensitizing CCA-resistant cell lines
to chemotherapeutic drugs. Furthermore, CCA has manipulated autophagy and utilized it
as an escape mechanism against chemotherapeutics. Thus, given the controversial effect
of HDACIs on autophagy, it is essential to understand the molecular mechanism and the
effects of HDACIs in the context of CCA.

Combination of the HDAC inhibitors and autophagy modulators have resulted
shown that has an effect on CCA cell lines. This study, thanks to the synergistic effect
that will emerge with the combination of autophagy and HDAC inhibitors, creates a new
and unique approach for CCA targeting. The importance of this study is that we showed
for the first that the fine-tuning of autophagy and HDACIis can specifically target

cancerous cells.

4.3 Future Prospects

Further studies are required in order to achieve a more mechanistic understanding
of the effect of HDAC inhibition and autophagy modulation. This study could be a good
starting point to investigate the crosstalk between HDAC inhibitors and autophagy
modulators would be investigated in more detail by using in vitro and in vivo models of
Cholangiocarcinoma. The effects determined in this study could be investigated at the

molecular level.
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