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ABSTRACT

DETERMINATION OF THERAPEUTIC POTENTIAL OF APIGENIN
ON ACUTE LYMPHOBLASTIC LEUKEMIA CELLS

Acute lymphoblastic leukemia (ALL) is a hematological disorder initiating from
blood-forming cells of bone marrow. ALL is characterized by the Philadelphia chromosome
(Ph) arisen from a translocation between chromosome 9 and 22. This chromosome encodes
BCR-ABL oncogene that is a driver regulator. BCR-ABL based studies improved tyrosine
kinase inhibitors (TKI) including imatinib, dasatinib, nilotinib, and ponatinib to eliminate
this disease. However, the studies on Ph+ ALL patients showed that bioactive sphingolipids
have crucial roles in the elimination of the positive effects of these drugs by activating the
proliferation-associated pathways, inhibition of apoptosis and increasing drug resistance of
the cells treated with these drugs.

In this study, therapeutic potential of apigenin, which is a natural flavonoid obtained
from celery, parsley and chamomile was investigated on Ph+ ALL cell line, SD-1, and non-
cancerous lung cell line Beas-2B. The cytotoxic effects of apigenin on SD-1 and Beas-2B
cells were determined by MTT cell proliferation assay. The cell viability analyses on SD-1
cells were conducted by Trypan blue dye exclusion assay following apigenin treatment. Cell
cycle and apoptosis analyses including Annexin V/PIl-dual staining and JC-1 dye-based
mitochondrial membrane potential were examined by flow cytometry. Expression levels of
bioactive sphingolipids were determined by RT-PCR and western blot.

The cytotoxic analyses indicated that apigenin selectively inhibits the expression of
SD-1 cells whereas the 1C50 value of apigenin for SD-1 cells has the anti-apoptotic roles in
Beas-2B cells. SD-1 cells experience cell death via apoptosis-related pathways and apigenin
might arrest the cells at G2/M phases. Indeed, the changes in the expression levels of
bioactive sphingolipids genes indicated their roles in apigenin-induced apoptosis in SD-1
cells. This study investigated the cytotoxic and apoptotic effects of apigenin on SD-1 cells

and the roles of apigenin in bioactive sphingolipid metabolism for the first time.



OZET

APIGENIN’IN AKUT LENFOBLASTIK LOSEMI HUCRELERI iCiN
TERAPOTIK POTANSIYELININ BELIRLENMESI

Akut lenfoblastik 16semi (ALL), kemik iligi kan hiicrelerini olusturan hiicrelerden
olusan hematolojik bir hastaliktir ve kromozom 9 ve 22 arasindaki karsilikli parga degisimi
sonucu ortaya ¢ikan Philadelphia kromozomu (Ph) ile karakterize edilir. Bu kromozom,
birincil diizenleyici onkogen BCR-ABL’i kodlar. BCR-ABL temelli ¢alismalar bu hastaligi
ortadan kaldirmak i¢in imatinib, dasatinib, nilotinib ve ponatinib gibi tirozin kinaz
inhibitorleri (TKI) gelistirilmistir. Ph+ ALL hastalar1 {izerinde yapilan ¢alismalar, biyoaktif
sfingolipidlerin hiicre ¢ogalmasi ile iliskili yolaklar1 aktive ederek bu ilaglarin olumlu
etkilerinin ortadan kaldirilmasinda, apoptozun inhibisyonunda ve ilaglarla tedavi edilen
hicrelerin direnci artirillmasinda 6nemli rol oynadiklarinin gostermistir.

Bu c¢alismada kereviz, maydanoz ve papatyadan elde edilen dogal flavonoid
apigeninin terapotik potansiyeli Ph+ ALL hiicre hatt1 SD-1 ve kanser olmayan akciger hiicre
hatt1 Beas-2B {izerinde arastirildi. Apigeninin bu hticreler Gizerindeki sitotoksik etkileri MTT
hiicre ¢ogalmasi deneyi ile belirlendi. SD-1 hiicreleri {izerindeki hiicre canliligi analizleri
apigenin uygulamasinin ardindan Trypan mavisi deneyi ile yapilmistir. Aneksin V/PI cift
boyamasi ve mitokondriyal membran potansiyelini belirlemek i¢in kullanilan JC-1 boyas ile
hiicre dongiisli ve apoptoz analizleri akis sitometrisi ile incelendi. Biyoaktif sfingolipidlerin
ekspresyon diizeyleri RT-PCR ve western blotlama ile belirlendi.

Sitotoksik analizler apigenin SD-1 hiicrelerinin ekspresyonunu secici olarak inhibe
ettigini, SD-1 huicreleri igin apigenin IC50 degerinin ise Beas-2B hiicrelerinde anti-apoptotik
rollere sahip oldugunu gostermistir. SD-1 hiicrelerinin apoptosis ile ilgili yollar araciligiyla
hucre 6limind deneyimledigini ve apigenin G2/M evresinde hiicreleri durdurabilecegini
belirlemistir. Gergekten de, biyoaktif sfingolipid gen ekspresyon diizeylerindeki degisiklikler
apigenin uygulanan SD-1 hucrelerinin apoptozdaki rollerini gostermistir. Bu ¢alismada ilk
kez SD-1 hicreleri tzerinde apigeninin sitotoksik ve apoptotik etkileri ve sfingolipid

metabolizmasindaki rolleri arastirilmistir.
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CHAPTER 1

INTRODUCTION

1.1. Acute Lymphoblastic Leukemia

Acute Lymphoblastic Leukemia (ALL) is a hematological disorder initiating from
blood-forming cells of bone marrow and characterized by the growing number of
immature white blood cells®. The word “acute” declares the rapid progression of this
leukemia type resulting in death if it is not treated. The word “lymphoblastic or
lymphocytic” clarifies that the cells of this disease originate from immature B
lymphocytes or T lymphocytes, which are not able to eliminate the infection effectively?.

GLOBOCAN 2018 database has revealed that 18.1 million new cancer cases were
diagnosed worldwide and 9.6 million cancer patients will be died because of cancer in
2018. 437,033 patients of new cancer cases with 2.4 percentage of all cases belong to
Leukemia disease. It is estimated that 3.2% of all sites or 309,006 leukemia patients will
die according to the same database. When male and female patient cases are compared in
this worldwide database, the incidence and mortality cases of male patients are much
higher than female patients’ cases®.

Leukemia between various cancer types comprises a 3.5 percentage of all cancer
cases in the United States. National Cancer Institute estimates that 22,840 patients of
61,780 new patients will die because of leukemia in 2019 *. GLOBOCAN 2018 database
revised in March 2019 reveals cancer cases of Turkey and death numbers or percentages
of cancer types. Leukemia represents 3.09% (6,029 new cases) of all cancer cases and
4.31% of all deaths of this disease® °>. American Cancer Society reveals statistical
information about ALL for 2019 in the United States. It is stated that there will be 5,930
new cases and about 1,500 patients will die because of ALL. The main risk group for this
ALL is children who are younger than 5 years of age. However, 4 of 10 ALL patients are
adults and 4 of 5 deaths occur in adult ALL patients®.

ALL is a well-documented leukemia type and many patients face poor prognosis
and relapse. The patients especially children who are younger than five years of age need

the most effective treatment way®. However, although there are many treatment ways

1



such as chemotherapeutic drugs, specific inhibitors, tyrosine kinase inhibitors (TKIs),
monoclonal antibodies, chimeric antigen receptor (CAR) T cells and hematopoietic stem
cell transplantation for ALL patients, there is no highly effective cure for ALL patients’.
Thus, the discovery of natural products, which selectively eliminate the cancer cells of
patients or have the synergetic effects with current widely used drugs on the cancer cells,

is needed to treat the patients especially children suffering from hematological disorders.

1.1.1. Molecular Biology of Philadelphia Positive (Ph+) ALL

ALL is an aggressive kind of leukemia containing various mutation types such as
deletions of some parts in chromosomes, small DNA rearrangements within the
chromosome and translocations that are the rearrangements of chromosome breaks from
one chromosome to other for becoming active chromosome regions®.

One of the most widespread translocations in ALL is Philadelphia chromosome
(Ph) which arises from a reciprocal translocation of ABL proto-oncogene (Abelson
leukemia virus oncogene) on chromosome 9 to BCR (breakpoint cluster region) gene on
chromosome 22, abbreviated as t(9;22)*°. Ph is found in only 2% to 5% of childhood and
25% of adult ALL8. Therefore, this type of ALL is classified as adult hematological
disorder disparately whereas childhood ALL with 25 percent of all childhood cancers has
a higher incidence rate in childhood cancers'!. The resultant BCR-ABL1 fused gene in
Philadelphia chromosome-positive acute lymphoblastic leukemia (Ph+ ALL) patients,
codes for BCR-ABL1 oncoprotein with a constitutive tyrosine kinase activity that leads
to negatively control of cell growth and increases cellular proliferation®?.

Molecular analyses of BCR-ABL oncoprotein indicates that BCR-ABL takes
action by binding of ATP and transfers a phosphate from ATP to tyrosine residues in the
cytoplasm of cancerous cells thereby resulting in the activation of multiple signaling
pathways. These activated pathways influence the excessive cellular survival and
proliferation of Ph+ ALL cells, increase the resistance ability of the cells to the current
drugs and alter the adhesion properties of these cells for escaping of well-organized
control mechanisms. Besides, BCR-ABL is affiliated with aggressive disease in the
patients especially children younger than five years old and has been shown as the main
cause of death in adult ALL patients. Thus, BCR-ABL is a driver protein in the Ph+ ALL

progression and is a potential switch for molecular-targeted therapies of Ph+ ALL.



1.1.1.1. Molecular Anatomy of the BCR-ABL Translocation

Philadelphia chromosome, a fusion chromosome arisen from reciprocal
translocation was first identified in a patient with Chronic Myeloid Leukemia (CML) in
19603, Molecular analysis of Ph revealed that BCR-ABL1 translocation arises on
chromosome 22 from the head to tail recombination between 3’ end of ABL1 gene on the
long arm of chromosome 9 (9934) and 5’ end of BCR gene on the long arm of
chromosome 22 (22q11)*> 4. Although the positions of genomic breakpoints in this
fusion gene are excessively variable in leukemia types, this translocation usually occurs
within intron 1, intron 13/14 or exon 19 of BCR gene and 140 kb ABL1 gene region
between exon 1b and 212,

The breakpoints of BCR gene determine three frequent types of BCR-ABL fusion
genes'? 1° The most frequent type is consisted of the truncation in 5.8-kb BCR gene
sequence’®. This region is named as the major breakpoint cluster region (M-BCR) which
includes five exons identified as b1-b5 but currently classified as exons 12-16 or e12-e16
of BCR gene® 7. The great majority of BCR breakpoints in the 5.8-kb gene sequence
occur in the introns located after either exon 13 (€13 or b2) or exon 14 (e14 or b3)*°. The
head to tail joining of ABL exon a2 to either 13 or e14 of BCR gene comprises of either
el3a2 (b2a2) or el4a2 (b3a2) BCR-ABL mRNA which is 8.5 kb transcript and encodes
chimeric 210-kD fusion protein also referred as p210BCR4BL 12,15 Moreover, clinical
cases clearly indicated that almost all CML patients transcribe p2108°RBL or M-BCR
mRNA with b3a2 and b2a2 breakpoint cluster-Abelson variants?®,

In addition to Ph-positive CML patients, the breakpoint in BCR sequence which
occurs in two alternative second exons €2’ and e2 of BCR gene arises from a region
upstream of M-BCR and this point named as the minor breakpoint cluster region (m-bcr).
The merging of m-bcr with another breakpoint within introns 1 or 2 of the ABL gene
results in ela2 mRNA of the BCR-ABL fusion gene. This hybrid 7.0-kb in length mMRNA
encodes a 190-kD fusion protein or p1908¢-AY! This BCR-ABL translocation is found in
mostly Ph+ ALL patients and rarely CML patients?®,

The third identified breakpoint cluster region in the BCR gene was classified as
the “micro” breakpoint cluster region (u-bcr)®. The breakpoints arise within BCR gene
sequence between exon 19 and 20 and these breakpoints can merge with others in introns
1 or 2 of ABL gene. This fusion BCR-ABL gene transcribes e19a2 fusion mRNA and
translated into 230-kD hybrid protein or p230BCRABL 15,
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BCR-ABL is a fusion protein in which several breakpoints within BCR gene
merge with the breakpoints in intron 1 and 2 of ABL gene.

1.1.1.2. The Physiological Functions of the Translocation Partners

The BCR gene is found in chromosome 2211 and its entire size is 130 kb in the
genome. The ubiquitously expressed gene with 23 exons results in a 160-kD cytoplasmic
protein with various functional domains and plays a role in the regulation of intracellular
signaling®. The first exon located in the N-terminus of BCR gene comprises of 426 amino
acids found in all isoforms of BCR-ABL hybrid proteins: p190, p210 and p230. This
region includes the serine-threonine kinase domain and two Src Homology 2 (SH2)
domains, which are located within its inside. This kinase domain is auto-phosphorylated
itself and activates Bcr-associated protein-1, Bap-1 a member of 14-3-3 acidic protein
families recruited by binding its own SH2 domain for cell-cycle control, growth
regulation and development?. Furthermore, the phosphorylation on Tyrosine 177 within
this kinase domain influences the binding of an adaptor protein, Grb-2 through its SH2
domain in order to activate the Ras pathway for cellular proliferation. Additionally, a
coiled-coil oligomerisation domain that includes a repeated seven-amino acid pattern to
be allowed for the feasible tetramerization is located in the N-terminus of BCR and
enables the activation of BCR-ABL fusion protein via the ABL tyrosine kinase domain.
Moreover, this oligomerisation domain of BCR helps BCR-ABL localization in the

cytoplasm by rising its ability to bind F-actin in the membrane??.



The central domain of BCR protein occurs within 501-870 amino acids and has
several interaction regions with other proteins. Firstly, BCR central region has domains:
Dbl Homology (DH) and Pleckstrin Homology (PH), which share the highly similar
domains with the members of GEF (Guanine nucleotide Exchange Factor) family?324,
BCR-ABL p210 has these DH-PH tandem domains whereas BCR-ABL p190 lacks these
tandem domains because of the different translocation points in BCR gene. Although
there is contradiction information about the DH domain?®, this domain is functional to
catalyze the conversion of GDP to GTP on the members of small GTPases: RhoA, Racl
and Cdc42%. The PH domain is functional to bind the phosphoinositide lipids in order to
localize the BCR-ABL p210 protein in the plasma membrane?. Due to a lack of PH
domain, the p190B°R“BL protein becomes free to associate with the cytoskeleton?®,
Secondly, xeroderma pigmentosum group B (XPB) is classified as an ATP-dependent
helicase, a member of the TFIIH transcription factor. Binding of XBP to BCR or p210
BCR-ABL regulates the phosphorylation of XBP to prevent the correction of defects in
the DNA repair process unlike p1908R-BL does not have this type of interaction?’.

The C-terminus domain of BCR contains the shared sequences with GAP
homology regulating the conversion of GTP to GDP unlike the GEF domain in the central
region of BCR. This regulation is well-studied in the p217® oncoprotein and is illustrated
that BCR-GAP (GTPase-activating protein) region binds Rac which is found in the Ras
superfamily®®. This binding stimulates the GTP hydrolysis of Rac and thereby resulting
in the downregulation of membrane ruffling?® 2, The studies indicated above demonstrate
that BCR-ABL can regulate the intracellular signaling pathway by accelerating or
decelerating the GTP hydrolysis of the G (guanine nucleotide-binding) proteins.

The ABL gene is located on chromosome 9934 with more than 230kb in gene
size. This gene shares the human homology of v-abl identified as an oncogene of the
Abelson murine leukemia virus?®. The ubiquitously expressed ABL gene containing 11
exons with 2 alternative first exons results in a 145-kD non-receptor tyrosine kinase with
two alternative ABL proteins: Abl type 1a and type 1b*> 2. Due to the alternative splicing
at the N-terminus of ABL, the ABL type 1b protein containing a myristoylation (myr)
site is able to localize in the plasma membrane with several functions®®.

There are three Src homology (SH) domains proximal to the NH»-terminus
domain of ABL protein: SH1, SH2 and SH3. SH1 domain carries the kinase features of
ABL whereas SH2and SH3 domains function in the interaction with other proteins®. The

SH1 domain functions as a switch between active and inactive kinase conformation
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following the auto-phosphorylation of its activation loop by ATP?*°, SH2 domain of
ABL protein is able to bind the regions containing phosphotyrosine such as the sites in
BCR3! and this domain stimulates the activation of ABL1 by interacting with SH1 domain
in the “open” ABL conformation®. Besides, SH3 domain might regulate the SH1 domain
Kinase activity of ABL protein and a mutation in its myristate-binding site causes a
decline in the tyrosine kinase activity of ABL protein'? 33, Moreover, PxxPs that are
proline-rich sequences are found in the central region of ABL protein in order to interact
with SH3 region of other functional proteins for the phosphorylation®:.

The COOH terminus of mammalian ABL protein contains nuclear localization
signals (NLS), DNA- and actin-binding domains. NLS including the three unlinked
motifs plays a crucial role in the driving of nuclear entry of ABL! %, The ABL protein
in the nucleus decelerates the growth of cells by stimulating cell cycle arrest in the G
phase?®. Conversely, mammalian ABL can be transported outside of the nucleus because
of its unwilling roles in the nucleus. This nucleocytoplasmic shuttle of ABL requires the
binding of NES namely Nuclear Export Signal to exportin-1 protein®’. NES motif located
within the actin-binding domain allows cytoplasmic ABL for the transduction of integrin-
based signals®’. The acting-binding domain is responsible for the localization of ABL
protein by interacting F-actin while the DNA-binding domain includes three HMG-like
boxes (HLB) that regulate ABL interaction with A/T-rich sequences in the genome® %,
A mutation in the F-actin domain can cause a reduction in the oncogenic activity of BCR-
ABL protein due to the lack of interactions with other signaling molecules®. Overall,
ABL plays crucial roles in a cell lifetime by processing intracellular or extracellular

signals and influencing the decisions regarding survival, cell cycle and apoptosis.

1.1.1.3. BCR-ABL1 Signaling Mechanisms

The aberrant tyrosine kinase activity of BCR-ABL fusion protein brings about the
variation in the signaling pathways and thus, the activity of a pathway induced by BCR-
ABL might influence the internal and external signal transductions directly as well. The
presence of BCR-ABL1 implicates leukemogenesis in the primary signaling pathways.

The MAPK/ERK (RAS/RAF/MEK/ERK) pathway is major signal transduction
pathway connecting signals from outside of a cell to nuclear transcription factors, which

are responsible for activation/deactivation of cytoplasmic proteins and expressions of cell
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survival, motility, division and differentiation-related genes as well. BCR-ABL1 bearing
cells experience aberrant proliferation due to over-activation of the MAPK/ERK
pathway*?. The auto-phosphorylation of Tyr177 on the BCR region of BCR-ABL reveals
a binding site for an adaptor protein, Grb-2 and following its binding to BCR-ABL, Grb-
2 interacts with SOS that is a guanine nucleotide exchanger of RAS to activate Ras by
promoting the binding of GTP*!. Additionally, Ras is activated by BCR-ABL substrate
proteins Shcl and Dokl and in the comparison of BCR-ABL isoforms, Shcl is highly
active to interact with p2108RBL while Dok1 is another adaptor protein, which prefers
to bind p190BCR-BL tg activate Ras and its connected pathway for cellular proliferation?®
%2 The activated Ras can induce Raf-1 namely a serine-threonine kinase and thereby
resulting in the activation of the mitogen-activated protein kinase (MAPK) signaling
pathway including three inter-connected kinases. One of these kinases, MEK is
stimulated to activate extracellular signal-related kinases (ERK)-1/2 proteins to promote
the activation of gene expression®°. Furthermore, BCR-ABL positive cells undergo the
over-activation of osteopontin (OPN) recruiting for the stem cell niche of p2108CR-A8L
expressing stem cells via the RAS/RAF/MEK/ERK pathway*®.
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Figure 1. 2. Ber-Abl Signalling

Both BCR-ABL variants can regulate the activation of Janus Kinase (JAK) and
signal transducers and activators of transcription (STAT) proteins directly for stimulating
cell survival and growth**. One of three JAK proteins, JAK 2 is able to phosphorylate the
BCR-ABL fusion protein on tyrosine 177 directly in order to promote the BCR-ABL
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signaling®?. Conversely, p210B°R4BL can activate JAK2 protein and thereby promoting
BCL-XL activation in the nucleus for cell survival through the activation of STAT5
protein*®, When comparing the interactions of BCR-ABL1 variants with STAT
proteins, STAT1 and STATG6 prefer to bind p1908°R-4BL whereas STAT3 and STATS5 are
involved in p210BCRABL regulated signaling pathway?. Moreover, p210B°RABL positive
patients who experience the imatinib resistance have higher activation of phosphorylated
STATS3 protein to maintain the survival of CML cells following the imatinib treatment*’.
Besides, the studies revealed that Src kinase family members are differentially activated
in two BCR-ABL variants. The members of this SRC family: Hck, Lyn, and Fgr are
phosphorylated by p1908CR-4BL1 48 and Lyn kinase is over-activated in p190 positive cells
for cell survival. Thus, the usage of kinase inhibitor induces the survival of Ph+ B-ALL
diagnosed mice but not in CML*®,

Phosphatidylinositol-3 (P13) kinase activity contributes to the proliferation of
BCR-ABL positive leukemia cells. BCR-ABL fusion protein variants activate the PI3
kinase with the help of Crk and Crkl adaptor proteins. Additionally, BCR-ABL protein
can activate PI3 kinase through the binding of GAB2 (GRB-associated binding protein
2) to GRB2 adaptor protein in p210B°R-48L positive cells*®. Then, this activated kinase
promotes Akt, a serine-threonine kinase and then, Akt suppresses p27', a cell cycle
inhibitor and thereby resulting in the acceleration of entering S-phase of the cell cycle®.
Akt functions in the downregulation of the apoptotic signaling pathway by
phosphorylating a pro-apoptotic protein Bad, which stimulates the inactivation of anti-
apoptotic proteins: BCL-2 and BCL-XL*®. Furthermore, the combined deletion of PI3
kinase causes its binding activity to Akt and thereby preventing the p1908°R-ABL_pased
leukemogenesis in mice. The usage of PI3K/ mammalian target of rapamycin (MTOR)
inhibitor (P1-103) inhibits the proliferation of mouse p190-positive ALL cells. The
obtained results indicated that the combination of imatinib and PI-103 has a higher
inhibitory effect on the proliferation of Ph+ ALL cells comparing the rapamycin and PI-
103 combination results®. A similar result was obtained in the treatment of Ph+ ALL
cells with both PI3K and mTOR inhibitors as well as in the ALL cells resistant to TKIs®2,

BCR-ABL1 variants are strong regulators in CML and Ph+ ALL cells and thus,
there are various pathways influenced by BCR-ABL1 directly or indirectly. Although the
signaling pathways mentioned above indicate the primary functions of the BCR-ABL1,
the interactions of both variants in several pathways such as TRAIL-induced apoptosis,

autophagy, genomic instability and adhesion should be revealed 2.



1.1.2. Current Targeted Treatment Strategies for Ph+ ALL

The history of BCR-ABL-positive leukemia cells was started in the 19" century
by using arsenic for CML patients. In spite of serious toxicity on the patients, arsenic was
used for a treatment option of CML patients until the usage of radiotherapy at the
beginning of the twentieth century®®. In the starting of the second half of the twentieth
century, the effective drugs were developed to treat CML patients and then, the allogeneic
stem cell transplantation was introduced to the patients who have the similar tissue
properties in order to improve the survival of CML patients®. Besides, although there is
no clear information about the treatment of Ph+ ALL patients in history, the outcomes of
chemotherapy-treated patients have highly negative results in the overall survival of the
patients. The patients who had the ability to live during the first five years after treatment
is almost 12 percent of Ph+ ALL patients®. Therefore, there is a necessity to develop
targeted agents to kill not only Ph+ ALL cells but also other cancerous cells effectively.

1.1.2.1. Tyrosine Kinase Inhibitors

The lightning of the functions of BCR-ABL fusion proteins in Ph+ leukemia is
bound to discover agents that are able to deactivate BCR-ABL oncoprotein and thereby
resulting in the elimination of cancerous cells in the patient’s blood. The pioneer
developed agent, imatinib mesylate (STI1571, Gleevec, Novartis) is the first-generation
tyrosine kinase inhibitor (TKI) approved by U.S. Food and Drug Administration (FDA)
in 2001°°. Imatinib mesylate has been designed to block the ATP binding site of BCR-
ABL and thereby resulting in the inhibition of downstream signaling pathways related to
Ph+ ALL cell survival and proliferation®”. The combination of imatinib with
chemotherapy leads to an increase in the overall survival of both younger and older
patients in contrast to the single application of either chemotherapy or imatinib®8.

The molecular interaction related studies revealed that imatinib interacts with the
ABL kinase domain of BCR-ABL1 by binding its catalytically inactive structure®. CML-
based studies indicate that imatinib can also lead to inhibition of several receptors such
as platelet-derived growth factor (PDGF) receptor, Kit receptor, and MAPK activation.
%0, The analysis of BCR-ABL1 fusion protein in which patients have resistance to imatinib

treatment revealed that point mutations in the ABL region can result in the reduction
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between imatinib and ABL complex®®. Although imatinib is the first inspiring agent for
both Ph+ ALL and CML treatments, most patients may not give positive respond because
of the drug resistance. This phenomenon leads to the development of second-generation
TKIs, dasatinib and nilotinib for those patients who fail to respond to imatinib treatment.

Dasatinib (BMS-354825, Sprycel, Bristol-Myers Squibb) is the second generation
TKI that inhibits the activities of both Src and ABL kinases®!. Dasatinib also suppresses
the activity of PDGFR-o and B, c-KIT and ephrin receptor kinases®:2. Their inhibition
leads to binding to their ATP-binding site in both active and inactive states with higher
efficiencies compared to imatinib regardless of protein structure®. It was declared that
dasatinib is functional to arrest the cells in the transition from G1 to S phase and thereby
inhibiting the cell growth in CML patients®®. Despite the lack of clear information about
the feasible dose for dasatinib treatment for Ph+ leukemia, FDA approved the dasatinib
application as 70 mg twice per day for CML patients in 2006. Besides, 100 mg dose of
single application per day to the patients has similar efficacy with the approval method®+
65, The application to imatinib-resistant patients with various BCR-ABL mutations is
highly effective to overcome but, the cells carrying T315] mutation (threonine to
isoleucine mutation at codon 315) might prevent the dasatinib activity in the patients®®.

Nilotinib (AMNZ107, Tasigna, Novartis) is a second-generation TKI approved by
FDA in 2007 in order to treat CML patients with resistance to imatinib®®. This TKI was
synthesized followed by properties of the molecular basis and crystal structures of both
wild and mutant ABL kinase domains in imatinib sensitive and resistant CML patients®’.
Therefore, nilotinib is able to bind the inactive form of ABL kinase due to the
topologically better fitting to the hydrophobic domain and thereby resulting in the higher
potency to inhibit its activity®®. At the molecular level, nilotinib causes the inhibition of
BCR-ABL autophosphorylation on Tyr177 in not only wild type but also many mutant
BCR-ABL positive cells. However, there is no clear evidence that this TKI can overcome
the imatinib resistance of the cells carrying T3151 mutation®. Additionally, nilotinib can
inhibit the activities of PDGF and c-Kit receptors’™. A phase 2 clinical study in Korea
revealed that the combination of nilotinib with chemotherapy provides the increase in 2-
year OS of newly diagnosed Ph+ ALL to 72% while complete remission (CR) rate in
these 90 patients was 91% . Collectively, there is a distinct role of nilotinib on not only
CML patients but also Ph+ ALL patients by clearly inhibiting BCR-ABL protein.

It has become obligatory to find an agent that can overcome T3151 mutation for

the patients who relapse after imatinib treatment. Ponatinib is a third-generation TKI,
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which specifically inhibits the BCR-ABL carrying kinase domain mutation, especially
T3151 mutation’®. The discovery of this TKI has revolutionized the treatment ways of a
patient because it is revealed that kinase domain mutations were present in 40% of Ph+
ALL patients who newly diagnosed and were not treated by any agent’®. The pan-BCR-
ABL inhibitor ponatinib is more than five hundred times effective than imatinib for
inhibition of ABL kinase and this inhibitor can suppress activities of several proteins such
as vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF)
receptors, KIT, FLT3 and SRC™. The ponatinib combination with chemotherapy regime
has illustrated the best anti-leukemic activity within the developed agents for Ph+ ALL
patients. The application of this combination to 37 patients had resulted in a good 2-year
survival rate as 81% while 4 patients died because of the treatment-irrelevant reasons’™.
The development of TKIs for CML and Ph+ ALL patients has offered highly
feasible treatment ways for the patients who experience the different levels of the
diseases. Since BCR-ABL positive cancer cells seek the best way to overcome the killing

activity of these drugs, it is a necessity to develop safe and highly effective agents.

1.1.2.2. Immunotherapeutic Approaches

The discovery of genes and proteins in death-causing disease revealed that cancer
cells could express some proteins on their surfaces and these lead to the developments in
immunotherapy for many cancers including ALL. The developed treatment ways mainly
target the cell surface antigens of B lymphoblast that are CD19, CD20 and CD22. These
options can be divided into two classes: antibody-based and cell-based immunotherapies.
While antibody-based therapy is classified based on antibody properties into bare
monoclonal antibodies, bispecific T cell engaging (BIiTE) antibodies, and antibody-drug
conjugates (ADC), cell-based treatment includes CAR-T cells for ALL 76,

1.1.2.2.1. Monoclonal Antibodies

Antibodies are significant members of the immune system, which have higher
specificity and binding affinity to an antigenic epitope. Therefore, they are potent

candidates to eliminate the unwanted cells or molecules by targeting the surface receptors
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suchas CD22, CD20 and CD19 ’" 7. The developed monoclonal antibodies can effectively
promote the complement-dependent cytotoxicity (CDC), antibody-dependent
cytotoxicity (ADCC), and direct induction of apoptosis by binding surface receptors’.

CD22 surface receptor recruited in the differentiation of B-lineage is internalized
following the binding of an antibody’. CD22 directed therapy includes inotuzumab
ozogamicin (InO), moxetumomab pasudodotox, Combotox and epratuzumab, which are
linked with toxin molecules to increase the treatment efficiency of relapsed and refractory
(R/R) ALL. InO has linked calicheamicin, which promotes the apoptosis by binding to
DNA and increasing the cytotoxicity. The obtained impressive results from these ALL
patients pave the way for that FDA approved this agent in 2017 as a treatment option for
these patients’®. However, the studies including Ph+ ALL patients revealed that although
a single application of InO to Ph+ ALL patients needs still development, the combination
study with bosutinib, a second-generation TKI has the promising results with 8.2 months
prolonged OS in R/R Ph+ ALL patients who have not T3151 mutation’®.

Secondly, the CD20 surface receptor is responsible for the higher relapse and
lower OS because of its role in cell cycle and apoptosis. CD20 linked monoclonal
antibodies are rituximab, ofatumumab, obinutuzumab and REGN1979 causing highly
effective antibody-mediated cytotoxicity for the pre-B ALL, Ph- ALL or chronic
lymphocytic leukemia (CLL) . REGN1979 is engineered to target not only CD20 but
also CD3 surface receptors to activate the immune response of T-cells to B-cells. The first
results revealed that this biallelic antibody stimulates the decline of B-cells™,

Furthermore, CD19 has mostly expressed receptor in the B-lineage family and
recruited for surface immunoglobulin on the B-cell in order to activate proliferation-
related pathways such as P13 kinase, SRC-family kinases and ¢c-myc®°-82, CD-19 targeted
monoclonal antibodies: coltuximab ravtansine (SAR3419), Denintuzumab mafodotin
(SGN-CD19A) and ADCT-402 are developed to treat R/R ALL patients. Additionally,
like REGN1979, blinatumomab may target CD19-positive B-ALL cells leading to
activation of CD3 positive T cells. Besides the significant results on R/R Ph- ALL, the
blinatumomab application to R/R Ph+ ALL patients treated with second and/or third-
generation TKIs revealed similar results with the Ph-negative patients. Four of ten
blinatumomab-treated patients with T315l mutation achieved the complete remission of
the disease and the prolonged OS of them was 7.1 months®®, There are several ongoing

studies, which try to increase the efficacy of this treatment with the effective TKIs &,
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Since antibodies have a higher affinity to bind their specific antigen epitopes,
they can be utilized to target mostly expressed receptors in cancerous cells. R/R Ph- ALL
patients experienced better results instead of classical treatment ways. The recent studies
brought in the influence of monoclonal antibodies on Ph+ ALL patients treated with
currently used TKIs. The future studies will lead to an increase in CR of these diseases.

1.1.2.2.2. Chimeric Antigen Receptor (CAR) T-cells

CAR T cells are the engineered form of T lymphocytes to transcribe the receptors
which are targets of an anti-CD19 segment and fused with activator signaling molecules
of the T-cell receptor. These T-cells are obtained from the patient’s blood and they merge
the cytotoxic activity of T-cells and the antibody’s antigen specificity®®. First generated
CAR-T cells, which have expressed CD19 or CD20 receptors did not achieve the
significant anti-tumor activity while second and third-generation CAR-T cells have the
ability to rise the elimination of cancerous cells due to their co-stimulatory domains. The
fourth and last generation CAR-T cells contain the cytokine-expressing region to increase
the survival and expansion®. The clinical studies including effective CAR-T cell
application for the R/R Ph- ALL patients have increased the OS and life qualities of the
patients. However, this type of study is not frequently used to treat R/R Ph+ ALL due to
the fact that TKIs are highly effective for the treatment of Ph+ ALL patients. On the other
hand, a study about relapsed patients carrying T3151 mutation illustrated that CD19-
targeted CAR-T cells are likely to be applied relapsed patients with ponatinib or alone to
eliminate the BCR-ABL transcripts with higher efficacy®’. Another case study about a
triple combination of third-generation TKI, blinatumomab monoclonal antibody and
CD19-targeted CAR-T cell therapy revealed a promising result contributing the
development of subsequent combinational usage. A Ph+ patient who had relapsed
following by CD19 targeted CAR-T cell treatment had had a quick and considerable
response to ponatinib combination with blinatumomab. However, the patient died after
twelve months of the treatment because of the central nervous system relapse of ALL®,

Although there are many treatment options for R/R ALL patients, the application
of the right combination and time plays a crucial role in their lifetimes and life qualities.
Thus, it is necessary to develop new strategies targeted only cancerous cells with

distinctive features to eliminate them effectively.
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1.2. Sphingolipid Metabolism

Sphingolipids are very common molecules in all eukaryotes and several
prokaryotes®. The sphingolipid family comprises several major classes; sphingoid bases,
sphingomyelins, and glycosphingolipids. The sphingosine bases are the building blocks
of sphingolipids and sphingosine is the mostly seen member in mammals and can be
converted to other lipid molecules®. The sphingoid bases are used to derive ceramide
constructed by using hydrophobic sphingoid bases and fatty acid in the varied chain
length by linking to the backbone through an amide bond. Ceramide has significant roles
in the regulation of permeable eukaryotic membranes and internal cellular signaling for
differentiation, cell adhesion, migration and cell cycle arrest. Besides their messenger

roles, ceramides function in the regulation of proliferation, inflammation and apoptosis®..
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Figure 1. 3. Sphingolipid Metabolism

1.2.1. Bioactive Sphingolipids

The studies about sphingolipids revealed their importance in the regulation of cell
growth in various aspects for the cells and they identified that “bioactivity” of lipid can
be explained that the changes in lipid levels lead to significant results in cellular events®.
The main bioactive sphingolipids including sphingosine, ceramide and sphingosine-1-
phosphate are highly functional in the modulation of proliferation, survival, apoptosis,

migration, inflammation, differentiation, cell cycle and cytoskeleton rearrangement®.
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Ceramides are central lipid molecules for all sphingolipids and generated in
mammals through de novo synthesis, sphingomyelin metabolism or salvage pathway
(Figure 1.3). The first ceramide-generation step includes the reaction of L-serine and
palmitoyl-CoA under the regulation of serine palmitoyltransferase (SPT) in the
endoplasmic reticulum (ER)%. Following several pathways regulated by sphingolipid
metabolizing enzymes, ceramides are synthesized as central molecules and then
metabolized to the sphingolipids in order to function in their specific regions for their
roles®. In the sphingomyelin cycle, ceramide is generated followed by the hydrolysis of
sphingomyelin (SM) located in the plasma membrane through the sphingomyelinase
(SMase) activity®®. These ceramide-generating enzymes also play roles in the regulation
of apoptosis and cell cycle arrest. The reversible reaction, which includes the conversion
of ceramide to SM, takes place in Golgi following by transportation of ceramide by
ceramide transfer protein (CERT) *>%. In the salvage pathway, glycosphingolipids have
lost their hydrophilic portions to produce intermediates; galactosylceramide (Gal-Cer)
and Glucosylceramide (GluCer) that are immediately converted into ceramide with their
specific enzymes®’. Therefore, the ceramide level is regulated by three different ways to
continue the function of the central-piece molecule during the various cellular events.
Furthermore, GluCer is generated by utilizing from ceramide under glucosylceramide
synthase (GCS) enzyme activity. GCS is able to transfer glucose to ceramide by using
UDP-glucose to generate GluCer. The GCS based cancer studies revealed that GluCer
promotes tumor growth® and the elevated GluCer increases the drug resistance level of
melanoma and breast cancer to the drugs of chemotherapy®. The first study about drug
resistance interaction of GCS revealed that imatinib-resistant K562 CML cells have
rocketed mRNA and protein levels of GCS to eliminate the ceramide accumulation®®.
Additionally, GCS overexpression results in a sharp decrease in the cellular ceramide
levels and glucosylceramide accumulation and thereby reducing apoptosis and promoting
survival of drug-resistant MEC-2 CLL cells®®?,

Sphingosine is a pro-survival bioactive lipid molecule derived from ceramide by
ceramidase activity. Sphingosine plays roles in the induction of cell death and inhibition
of cell proliferation. Sphingosine is phosphorylated to convert another major bioactive
sphingolipid, sphingosine-1-phosphate (S1P) by activities of sphingosine kinase-1 and -
2 (SK-1 and -2 or SphK 1/2) %1t is indicated in the literature that unlike sphingosine,
S1P is involved in the modulation of proliferation, survival, cell growth, migration and

inflammation by binding G-protein-coupled receptors (GPCRs) on the cell surface %2,
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These S1P receptors are divided into five groups, S1P1-5 and the binding of S1P to these
receptors depends on the cancer typel®21%, The level of S1P in the cancerous cells are
highly increased and thus, these cells show higher resistance to apoptosis!®*. Sphingosine
and S1P are functional to establish a balance with ceramide in the regulation of cell fate
under both normal and stress conditions. While ceramide is responsible for the

modulation of apoptosis, S1P activates the proliferation and resistance-related pathways.

1.2.2. Roles of Ceramides and Ceramide Synthases in Cancer Cells

Cellular stress is likely to activate several death-related pathways such as
ceramide synthesis and ceramide conversion from sphingosine and/or S1P molecules.
Endogenous ceramide synthesis is carried out by ceramide synthases (CERS1-6) which
are recruited as the rate-limiting enzymes. These enzymes located mainly in near ER also
generate ceramide by using sphingosine as a substrate in the salvage pathway. Ceramides
with various chain lengths from 14 to 26 carbons play roles in varied cellular pathways
of both normal and cancer cells. Thus, they are attractive targets to eliminate their
functions by specific inhibitors in cancer cells. Identification of CerS-regulating pathways
leads to the clarification of various roles of ceramides in cancer metabolism.
Understanding of interactions and functions of CerS (1-6) with other lipids and proteins
in cancer cells is crucial to find better treatment options®,

Ceramide synthase 1 (CerS1) is mainly expressed in the human brain and skin
tissues and plays role in the production of long-chain C18:0-ceramide by de novo
synthesis and salvage pathway!®1%. A study about head and neck squamous cell
carcinoma (HNSCC) states that CerS1 mRNA and C18-ceramide levels are lower in
patients compared to healthy control tissues and CerS1 overexpression induces apoptosis
of these cells in vitro through restoring the C18-ceramide level*®’. The further study
revealed that its suppression is regulated at its promoter region by histone deacetylase 1
(HDAC1)-dependent inhibition of a transcription factor, Sp1°. Additionally, C18-
ceramide generated by overexpressed CerS1 triggers the deacetylation of Sp3
transcription factor by the activity of HDACL. Thus, both molecules to inhibit its
transcription wrap human telomerase reverse transcriptase ("nTERT) promoter region and
thereby resulting in the apoptosis of A549 human lung adenocarcinoma cells® 199,

Emerging evidence states that imatinib-treated K562 cells had experienced an increased
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level of apoptosis due to the higher activity of CerS1 and C18-ceramide level. The drug-
resistance K562 cells increased the S1P generation instead of the ceramide to overcome
the negative effects of the drug on cellular proliferation'®. Furthermore, dasatinib-treated
K562 sensitive cells overexpressed CerS1 mRNA and thereby resulting in the apoptosis
of the cells''’. In addition to drug-related cytotoxicity, acute myeloid leukemia (AML)
cells containing FMS-like tyrosine kinase 3 (FLT3) mutation have been treated with
FLT3 inhibitors and the overexpressed CerS1 and its product C18-ceramide moved to
mitochondria to activate mitophagy, an autophagy subtype with damaged mitochondria.
Interestingly, due to the application of exogenous C18-ceramide analog, the AML cells
experience the ceramide-associated lethal mitophagy*!2. The obtained results indicate that
suppression of CerS1/C18-ceramide after drug treatment causes drug resistance whereas
their higher expression levels result in lethal mitophagy®.

CerS2 is known to be ubiquitously expressed in all tissues among the CerS
enzymes and predominantly expressed in kidney, liver, lung, heart, brain, breast and
adipose tissues®®. The CerS2 expression, which is mainly located in ER increases the
generation of long-chain ceramides ranging from C20 to C26 °. The growing number of
studies suggest that the absence of CerS2 activity is associated with the accelerated
development of varied cancer types and thus, CerS2 is classified as a tumor-suppressor
protein. The level of CerS2 expression and the long-chain ceramide products are crucial
for the coordination of proliferation and growth of hepatocytes. CerS2 lower expression
associated with the poor prognosis and tumor progression of hepatocellular carcinoma
(HCC)!3. CerS2 overexpression causes the migration ability of MDA-MB-231 cells that
have remarkable ability to be invasive and migrate whereas MCF7 cells with CerS2
knockdown have considerably increased ability to migrate and being invasive!'*. In
addition to these results, there was strong evidence indicating the tumor suppressor effect
of CerS2 on ovarian, breast, and lung cancer patients, which restored CerS2 expression
can be ensured by abrogating the miR-9 interaction so that C24 ceramide level was
increased in these cells. Therefore, the proliferation and metastasis abilities of the cell
lines inhibited whereas the apoptosis rates in these cell lines were accelerated!'®. The
detail studies about how CerS2 inhibits the proliferation revealed that CerS2
overexpression stimulates the GO/G1 cell-cycle arrest through the p21/p53-dependent
pathway in papillary thyroid cancer cells'!®. Conversely, CerS2 is mainly expressed and
generated C24 and C24:1-ceramide molecules in some cancer types such as human breast

and colorectal cancer (CRC) tissues. Although studies state that CerS2 inhibits tumor
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progression in several cancer types, CerS2 can contribute to the improvement of chemo-
resistance in various cancers'®. Two studies using different cell lines of bladder cancer
obtained different results. The downregulation of CerS2 mediated by siRNA enhanced
the migration ability of RT4 and T24 cell lines!'” whereas this downregulation declined
the migration ability of UMUC1 cells'!8. The partially resistant p53-deficient and p53-
expressing HCT116 colon cancer cells increased levels of CerS2 and its products after 5-
fluorouracil (5-FU) and oxaliplatin treatments'!®. A study revealed that CerS2
downregulation increased the C16 ceramide level using C24 and C24:1 ceramides so that
the apoptotic rate of cisplatin/UV radiation exposed HeLa cells enhanced'?°. Collectively,
CerS2 has dual roles in several cancers and it can act as either a tumor suppressor or a
driver molecule for enhanced chemo-resistance.

CerS3 is predominantly expressed in testis tissues and mildly in skin whereas its
expression is limited in other tissues. CerS3 might generate varied ceramide molecules
containing a wide range of carbon numbers from C18 to C26%. Despite a lack of
information about its primary function, CerS3 deletion in male mice germ cells increased
their apoptosis and inhibited spermatogenesis*?’. Due to the limited and controversial
results, there is no clear interaction between CerS3 and cancer progression.

CerS4 is mainly found in mice skin tissues and the CerS4 deficiency in adult mice
caused the hair loss*?2. CerS4 overexpressed in nearly all human tissues and its protein
level is highest in testis tissues whereas other tissues such as ovary, lymph nodes, spleen
and vagina have a lower level of CerS4 protein. CerS4 regulates the C18 and C20
ceramide synthesis mainly found in ER within a cell*®®. The cancerous cells have higher
CerS4 expression compared to non-cancerous cells such as liver cancer tissues'? and the
levels of C18 and C20 ceramide are increased in the estrogen receptor (ESR) positive
breast cancer tissues*?*. Conversely, exogenous CerS4 overexpression leads to C18- and
C20-ceramide synthesis and thereby decreasing proliferation and inducing apoptosis of
human colon and breast cancer tissues'?®. During the tumor progression through the
metastatic stage, CerS4 mRNA levels are gradually decreased in HNSCC and renal cell
carcinoma patients and CerS4 knockdown stimulates the migration ability of lung cancer
cells in vitro and induces the metastatic ability of murine mammary cancer cells to the
liver in vivo?®, Collectively, CerS4 has several roles in the regulation of proliferation and
metastasis abilities of cancerous cells.

CerS5 is predominantly expressed in the human brain and in almost all mice

tissues. CerS5 generates mainly C14- and C16 ceramides and less C18 ceramide and
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found -mainly- in the ER and nucleus'®. Drug-induced CerS5 upregulation results in
higher C16- ceramide generation and thereby resulting in apoptosis of MCF7 breast
cancer cells by directing Bax to mitochondrial?’. Moreover, artificial overexpression of
CerS5 and its product C16-ceramide trigger apoptosis of HelLa cells after ionizing
radiation*?®. A high level of CerS5 is found in CRC patients and this higher expression
decreases the overall survival and increases the recurrence rate within 5 years 12, Besides,
CerS5 is also highly expressed in breast cancer tissues and it enhances tumor cell
proliferation with higher estrogen activity**3!, When the literature is checked, there is
a clear correlation between two suppressor molecules; p53 and ceramide 132, The article
states that CerS5 is under the control of p53 to response to the chemotherapeutic
application in HCT116 cells 1'°. The p-irradiation increased the p53 activation in Molt-4
LXSN leukemia cells and thereby resulting in the overexpression of CerS5 mRNA and
higher de novo synthesis of C16-ceramide®*®. Conversely, CerS5 exogenous expression
repressed the p53 promoter activity in HEK293 cells'®** whereas artificial C16-ceramide
application to HCT116 cells enhances p53 transcription®*®. Indeed, endogenously
enhanced C16-ceramide level increases the p53 stabilization by binding and its activation
in varied cancer types**®. The discovery of clear interaction between p53 and CerS5/C16-
ceramide might provide the better treatment way for various cancer types.

CerS6 is mainly localized in the ER and is found in almost all human tissues. This
enzyme plays a role in the synthesis of C14- and C16-ceramide molecules'®. CerS6 is
predominantly expressed in EsR-positive breast cancer compared to negative breast
cancer cells and the levels of C16-ceramide and CerS6 expression are higher in the
metastatic breast cancer tissues*?*. The enhanced CerS6 expression in human non-small-
cell lung cancer (NSCLC) results in the increase of their invasive and metastatic abilities
by decreasing the miR-101 level in these tissues®’. Another study revealed that
knockdown of CerS6 decreases proliferation, invasion and migration of gastric cancer
cells in in vitro and in vivo experiments. A mechanism was demonstrated that CerS6
overexpression in these cells downregulates the upregulation of SOCS2 (suppressor of
cytokine signaling 2) that belongs to the SOCS family of JAK-STAT signaling inhibitors.
Thus, the cells may not activate JAK-STAT signaling and enhance the expression levels
of cell cycle-related genes cyclins A and B and metastasis-associated genes MMP-2 and
-9 13 Additionally, CerS6 expression gradually decreased during Epithelial-
Mesenchymal Transition (EMT) in various cancers and an artificial increase of C16-

ceramide level results in the decreased fluidity of plasma membrane and inhibition of
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migration ability of mesenchymal breast cancer tissues'®°. CerS6 expression increases the
chemosensitivity of cancer cells through drug-based activation of death-related receptors
such as Fas receptor (CD95). CD95 that is a member of tumor necrosis factor (TNF)
receptor superfamily is activated by drug-induced CerS6 expression and thereby resulting
in the apoptosis of liver, pancreatic and ovarian cancer cells 4% The exogenous
overexpression of CerS6 is likely to interact with CD95 to inhibit its assembly with Fas-
associated protein with death domain (FADD) and thereby preventing the drug-triggered
apoptosis through the extrinsic pathway in ALL cells. The downregulation CerS6 causes
the increased sensitivity of these cells to a drug, ABT-737 through increased
CD95/FADD interaction'#. Collectively, CerS6 plays roles in the enhanced proliferation

and migration abilities of various cancer cells.

1.2.3. Roles of Sphingosine-1-Phosphate in Cancer Cells

Following the excess ceramide synthesis or completing the function, it is
converted into sphingosine through ceramidases (CDases) and then sphingosine is
phosphorylated by SK-1 or SK-2 to yield sphingosine-1-phosphate (S1P)*. S1P plays
roles in the autocrine or paracrine signaling secreting outside from cancerous cells by
ATP-binding cassette sub-family C member 1 or 2 (ABCC1 or ABCC2) (such as in breast
cancer cells) and activating five specialized GPCRs, also named as S1IPR1-5 142143,

SK-1 and-2 are the members of diacylglycerol kinase family and SK-1 is localized
generally in the cytosol whereas SK-2 is found predominantly in the nuclear membrane
and in the cytoplasm. The clinical and in vitro studies declared that both SK-1 and -2 play
crucial roles in the stimulation of cell survival and oncogenic signaling pathways
depending on their subcellular localization for S1IP generation**. S1IPR signaling has
important roles in several cancer types including the inhibition of apoptosis, induction of
proliferation and migration'*®4°, Similarly, this signaling enhanced the drug resistance
through the inhibition of caspase-3 signaling and serine/threonine-protein phosphatase
2A (PP2A) and increasing stability of BCR-ABL in the drug resistance CML cells 146,

S1P secreted from SPNS2 (protein spinster homologue 2) in endothelial cells
increases tumor metastasis by decelerating the cytotoxic T cell function through
regulating S1IPR functions on the cancer cells and/or these immune cells 47148,

Furthermore, SK-1-associated S1P in MB49 murine bladder cancer cells activates S1IPR2
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signaling and thereby resulting in the inhibition of breast cancer metastasis-suppressor 1
(BRMS1) expression, namely a master suppressor of metastasis. Thus, S1P-triggered
S1PR2 brings about enhanced lung metastasis of these cells. As a treatment option, a
monoclonal antibody Sphingomab that directly interacts with S1P to prevent its signaling
inhibits the lung metastasis of these murine bladder cancer cells. This study revealed that
S1P has a crucial role in providing communication way between cancer cells and immune

cells to escape from their regulation and cancer cells, therefore, become metastatic 148,
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Figure 1. 4. Sphingosine-1 Phosphate Signalling

On the other hand, S1P produced by SK-2 can function in the cytoplasm by
binding to TNF receptor-associated factor 2 (TRAF2) to induce NF-«xB signaling in HeLa
and HEK293 cells for proliferation and immune responses'4°. SK-2 generated S1P near
the nuclear envelope inhibits TERT degradation by directly binding to its catalytic subunit
and increases the TERT stability by mimicking the TERT phosphorylation. The inhibition
of SK-2 causes the suppression of cancer growth through TERT degradation®°.

1.2.4. The Sphingolipid Rheostat: Ceramide vs S1P

The sphingolipid rheostat provided by ceramide and sphingosine-1-phosphate as
biological balance in a cell determines the fate of either cancerous or normal cells. The

dynamic balance can shift through the increase in the ceramide or S1P levels. If the
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balance goes towards ceramide due to enhanced cellular stress caused by radiation or
chemotherapy application, the cells experience the apoptosis. Conversely, the shifting
towards S1P increases the cellular proliferation, chemo-resistance and anti-apoptotic
abilities of the cells'®*. Following the increase or decrease of ceramide and/or S1P in the
cytoplasm and environment of the cells, they experience some changes in the several

cellular events, which are mentioned above in this chapter.

1.3. Natural Products: Flavonoids

The traditional plants, vegetables and fruits are known to be sources of numerous
compounds, which are likely to use for the treatment of several death-causing diseases
including cancer. The scientific in vitro and in vivo studies demonstrate that flavonoids
are ubiquitous polyphenols naturally occurred in the plants and they might have crucial
roles including the prevention and inhibition of the progression of many diseases.
Flavonoids are the secondary metabolites in the plants, which have several features such
as anti-oxidant, anti-inflammatory, anti-viral/bacterial, anti-cancer and anti-aging.
Apigenin is a member of this family, which has strong features in the inhibition on varied

cancer types with different functions!®>-1%3,

1.3.1. Structure and Metabolism of Apigenin

Apigenin is the most abundant natural flavonoid found in several dietary plants
such as fruits and vegetables. Apigenin is named as 4°,5,7-trihydroxyflavone with the
chemical structure CisH100s and its molecular mass is 270.24 g/mol 4%, |ts 2D
chemical structure is demonstrated in Figure 1.5 %,

The “apigenin” name originates from Apium genus in Apiaceae family that is a
sub-family of aromatic flowering plants such as carrot, parsley and celery **’. Apigenin
is found as a secondary metabolite in dietary plants, which contain the glycosylated site
in its original form. Thus, it becomes more soluble and stable in organic solvents %,
Apigenin is mainly found in significant amounts in various dietary vegetables and fruits
such as parsley, celery, chamomile, oranges, thyme, onions and honey ** 1%, Tang et al.
have determined the apigenin distribution in the plants in detail with their common and

scientific names and content as mg/kg dry weight *%°,
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Figure 1. 5. 2D chemical structure of Apigenin

The first study about apigenin in the literature stated its positive effect on
histamine release within the 1950s %4160, The anti-mutagenic and tumor inhibitory effects
were reported for the first time by Birt et al. 12, In the following years, apigenin has been
widely investigated in numerous studies as a potent chemo-preventive agent against

various cancers.
1.3.2. Apigenin and Cancer

The effects of apigenin on cell lines, mouse models or human tumor tissues of
various cancer types have been studied in a wide range. The recent studies about the anti-
cancer effects of apigenin on different cancer types were reviewed in this part.

Apigenin which is a natural compound found in several plants triggers the
oxidative stress and shows anti-cancer effects on hepatocellular carcinoma through
regulating reactive oxygen and nitrogen species*®? as well as apigenin promotes oxidative
stress in several types of cervical cancer cells %3, Nevertheless, apigenin regulates the
glucose metabolism in cancer cells through inhibiting Glucose transporter 1 (GLUT1)
expression that improves the better response in treatment 16416,

Several studies stated that apigenin inhibits the cell proliferation and growth of
various cancers; breast cancer®’, prostate cancer®®, CRC!° choriocarcinomal’®,
malignant mesothelioma®’, glioblastoma!?, bladder cancer'’3, HCC"* colon cancer!’®,
osteosarcomal’®, and melanoma'’’ in dose and/or time-dependently. A recent study
demonstrated that apigenin inhibits the proliferation of HCC HepG2 and renal cell
carcinoma cells in a dose and time-dependent manner and apigenin also inhibits tumor

growth and the tumorigenesis in xenograft mice models respectively 178-17°,
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Apigenin induces directly apoptosis regulating signaling pathways in breast
cancer'®-18! colon cancer'®?18 NSCLC 8 and esophageal carcinomal®. It is recently
shown that apigenin induces ROS generation and activating caspases in HCC cells.
Indeed, it promoted death receptor 5 (DR5) expression and enhanced TRAIL-mediated
apoptosis in a dose-dependent manner!®. Another study showed its apoptotic and
autophagic effects on HCC cells by regulating PI3K/Akt/mTOR signaling pathway.
Apigenin enhanced apoptosis decreasing the phosphorylation levels of Akt and mTOR
and promoting the cleavage of PARP, caspase-3 and -9, increasing Bax gene expression
whereas decreasing Bcl-2 expression'’®,

Several studies demonstrated that apigenin induces cell cycle arrest in prostate
cancer!®®, bladder cancer 1”3 and melanomal’’. Apigenin enhances cell cycle arrest at the
G2/M phase through regulating cell cycle-related factors: ATM, Chk2, Cdc25c, Cdc2,
Cyclin B1 in renal cell carcinomal’®. Other studies also indicated that apigenin induces
cell cycle arrest at the G2/M phase in MDA-MB-231 breast cancer cells*®” as well as in
glioblastoma cells!’2.

In addition to its cytotoxic, cytostatic and apoptotic effects, apigenin inhibits the
migration, invasion and metastasis abilities of several cancer cells including prostate
cancer'®’, CRC!®° osteosarcoma cells'’®, lung cancer*® and melanoma cells'’”. Dai J et
al. showed that apigenin inhibited invasion, migration and metastasis in CRC cells by
repressing Neural precursor cell expressed developmentally down-regulated 9
(NEDD®9)/Src/Akt signaling pathway in both in vitro and in vivo!8®, Other studies showed
that apigenin inhibited invasion, EMT and metastasis of HCC and colon cancer cells via
downregulating NF-xB and Snail signaling in both in vitro and in vivo studies *"# 1%,
Indeed, apigenin inhibits SPOCKZ1-snail/slug axis in both in vitro and in vivo to prevent
these abilities in prostate cancer cells®?,

It has been proved that apigenin inhibits the stem cell features of cancer cells
through regulating related signaling pathways such as Wnt, YAP/TAZ, cMet and
PI3K/Akt/Nf-kB1%%1%  For instance, a study demonstrated that apigenin inhibits the
tumorigenic properties and stem cell features of triple-negative breast cancer cells
through disrupting the YAP/TAZ signaling pathway and its protein-protein interaction
with TEAD, which is crucial for maintaining of cancer stem cells °. Another study
indicated that apigenin abolishes the expression of hypoxia-induced stem-cell markers

such as CD105, CD44, and VEGF in head and neck squamous cell carcinoma %,
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Huge pieces of evidence demonstrate the apigenin either overcomes the drug
resistance in several types of cancer cells or enhances the therapeutic effects of
chemotherapeutic drugs. Combination treatment of apigenin and cetuximab was more
effective than only chemotherapy drug application in both nasopharyngeal carcinoma
cells and mice 1%. Apigenin and gefitinib treatment can be a promising strategy in NSCLC
due to the fact that apigenin inhibits several oncogenic signaling pathways'®*. Apigenin
elevated the anti-cancer effects of cisplatin in different cancer cells through modulation
of p53 by ERK/MAPK pathway'®’. Indeed, studies showed that apigenin enhances 5-FU
in HCC and solid Ehrlich carcinoma!®®1%, Besides, studies showed that apigenin
sensitizes the resistant HCC cells to doxorubicin through suppressing the miR-101/Nrf2
pathway 2%, Gao et al. also showed that apigenin enhances doxorubicin sensitivity in
HCC cells via regulating miR-520b/ATG7 axis in both cells and xenograft mice model
201 In addition to this, apigenin overcomes the drug resistance in adriamycin-resistant
breast cancer cells through regulating the STAT3 signaling pathway 2°2 and apigenin also

enhances the effects of cisplatin on prostate cancer stem cells 2%,

1.4. Aim of the Study

Ph+ ALL is a type of ALL which is a hematological disorder characterized by the
Philadelphia chromosome and its product BCR-ABL oncoprotein that mediate the crucial
roles in the determination of cellular fate. In spite of the fact that there are current targeted
treatment strategies for Ph+ ALL patients, the overall survival of these patients is still
worse. Therefore, novel strategies combined with current targeted treatment ways are
necessities not only for Ph+ ALL patients but also for whole cancer patients. Besides, the
bioactive sphingolipids participate in the regulation of several biological processes to
determine the responses against cellular stress. Thus, these sphingolipids are considered
as therapeutic targets to overcome their anti-therapeutic responses.

In addition to the roles of both BCR-ABL and sphingolipids during the
tumorigenesis, the studies indicated that flavonoids might contribute to the bioactive
sphingolipids-associated cell death in varied cancer cells. Take an example for this
interaction; resveratrol is likely to trigger cell death elevating the levels of ceramide
compounds in prostate cancer 24 while it modulates the bioactive sphingolipid genes in

order to stimulate apoptosis in AML HL-60 cell line dose-dependently 2%°. As expected,
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resveratrol has the ability to promote apoptosis via modulation of the SK-1 pathway in
Ph+ K562 cells 2%, There has been only one study, which indicates the interaction of
apigenin with SK-1 generated S1P signaling pathway through inducing apoptosis in vitro
and in vivo studies of rat heart tissues 2°’. According to the background information, we
hypothesized that apigenin might have cytotoxic, cytostatic and apoptotic effects on
Philadelphia chromosome-positive acute lymphoblastic leukemia SD-1 cells whereas the
lower effect of apigenin on non-cancerous lung Beas-2B cells. Apigenin has a great
potential to induce the apoptosis of SD-1 cells and it will cause to stop their proliferation
abilities arresting them at G2/M transition. Furthermore, apigenin might have possible
therapeutic potential to modulate the bioactive sphingolipids genes. Drug-induced
overexpression of them will elevate the levels of ceramide molecules and thereby
resulting in the apoptosis of SD-1 cells with the higher rates in a dose-dependent manner.

In this study, the cytotoxic, cytostatic and apoptotic effects of apigenin on Ph+
ALL cells will be determined by MTT cell viability assay, Trypan blue dye exclusion
assay, Annexin V/PI dual staining, JC-1 dye-based measurement of mitochondrial
membrane potential loss and cell cycle analysis for the first time. Moreover, the possible
interaction between BCR-ABL and bioactive sphingolipids in apigenin treated SD-1 cells

will be investigated for the first time as well.
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CHAPTER 2

MATERIALS AND METHODS

2.1. Materials

The materials including cell lines, chemicals for the propagation of cells and
apigenin whose therapeutic potential was investigated, primers and antibodies to be used
in this study were listed below by making them in a proper group to follow easily.

2.1.1. Cell Lines

The Philadelphia chromosome-positive cell line SD-1 (ACC-366, DSMZ code)
was obtained from the German Collection of Microorganisms and Cell Cultures (DSMZ),
Germany. Non-cancerous epithelial lung Beas-2B cell line (ATCC® CRL-9609™) which
was obtained before from American Type of Culture Collection (ATCC), USA and stored

in the -80°C stock fridge was used in this project.

2.1.2. Chemicals

Apigenin was obtained from Sigma, USA and its stock solution was prepared by
using Dimethyl sulfoxide (DMSO) which obtained from Sigma-Aldrich, UK as 10 mM
in 1.5 mL Eppendorf tube and this tube was stored at -20°C fridge.

RPMI Medium 1640 (1X), DMEM High glucose (1X), Fetal Bovine Serum
(FBS), Phosphate Buffer Saline (PBS) (10X), and DNAse/RNAse free distilled water
were obtained from Gibco by Life Technologies, UK. Penicillin-Streptomycin (100X),
L-glutamine (100X) and 0.25 mM Trypsin-EDTA were obtained from Euroclone, Italy.

6X DNA Loading Dye, GeneRuler 50bp DNA Ladder and 10mM dNTP Mix were
obtained from Thermo Scientific, USA. Agarose for DNA electrophoresis was obtained
from Genaxxon Bioscience, Germany. 10X Tris-Acetate EDTA (TAE) buffer was

obtained from Vivantis Incorporation, USA.
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Bovine Serum Albumin (BSA) was obtained from ChemCruz, Santa Cruz
Biotechnology, USA. Pierce Bicinchoninic Acid Protein Assay kit was obtained from
Thermo Scientific, USA.

Trans-Blot Turbo Mini-Size Transfer Stacks, Trans-Blot Turbo Mini-Size PDVF
Membrane, 10X TGS Buffer for SDS-PAGE, Trans-Blot Turbo 5X Transfer Buffer, 10%
TGX Stain-Free FastCast Acrylamide Kit, Blotting-Grade Blocker (Non-fat dry milk),
10x TBS (Tris-Buffered Saline), Clarity Western ECL Substrate, TEMED, Ammonium
Persulfate, 4X Laemmli Sample Buffer and 2- Mercapto ethanol were obtained from Bio-
Rad, USA. Tween-20 was obtained from Sigma-Aldrich, USA. Protein markers were
obtained from Euroclone, Italy.

FITC Annexin V Apoptosis Detection Kit | was obtained from BD Pharmigen,
BD Biosciences.

MitoProbe JC-1 Assay (Mitochondrial Membrane Potential Detection) kit for
flow cytometry was obtained from Invitrogen, USA.

2, 5, 10 and 25 mL serological pipettes were obtained from Costar, USA

15 mL and 50 mL Falcon tubes were obtained from Isolab, Germany

6-, 12-, 24- and 96-well plates were obtained from Corning, USA.

25cm? and 75 cm? tissue culture flasks were obtained from Sarstedt, Germany.

10, 200 and 1000 pL tips were obtained from Axygen, Cornin, USA and they

used in the experiments after properly autoclaved at autoclave machine.

2.1.3. Primers

Sphingosine kinase (SK)-1 and 2; Ceramide synthase (CERS)-1, 2, 4, 5, 6 and j-
actin primers shown in Table 2.1 were obtained from Sentebiolab Biotech, Ankara,
Turkey. Following the obtaining of them, they were dissolved in the indicated volumes
of nuclease-free water by the manufacturer to reach 100 uM and then, they were aliquoted

to obtain 10 uM working solution and stored at 4°C in the icebox.

2.1.4. Antibodies

The antibodies used in this study were purchased from various companies and

their brands and dilution ranges were listed in Table 2.2.
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Primer Name

SK-1 Forward
SK-1 Reverse
SK-2 Forward
SK-2 Reverse
CERS-1 Forward
CERS-1 Reverse
CERS-2 Forward
CERS-2 Reverse
CERS-4 Forward
CERS-4 Reverse
CERS-5 Forward
CERS-5 Reverse
CERS-6 Forward
CERS-6 Reverse
p-actin Forward

B-actin Reverse

Primary Brand

Antibody
SK-1 Abcam
SK-2 Sigma
Aldrich
GCS Sigma
Aldrich

GAPDH  ProteinTech

Table 2.1. Primers used in this study

Primer Nucleotide Sequence

5’- AGGCTGAAATCTCCTTCACGC -3°
5’- GTCTCCAGACATGACCACCAG -3’
5’- ATGGACACCTTGAAGCAGAGG -3’
5’- CTGGGTAGGAGCCAAACTCG -3’
5’- ACGCTACGCTATACATGGACAC -3’
5’- AGGAGGAGACGATGAGGATGAG -3’
5’- AGTAGAGCTTTTGTCCCGGC -3’

5’- GCTGGCTTCTCGGAACTTCT -3’

5’- CTTCGTGGCGGTCATCCTG -3°

5’- TGTAACAGCAGCACCAGAGAG -3’
5’- TCAGGGGAAAGGTATCGAAGG -3’
5’- CTGCCTCCCATGTGACCATT -3’

5’- GGGATCTTAGCCTGGTTCTGG -3°
5’- GCCTCCTCCGTGTTCTTCAG -3’

5’- ATTGGCAATGAGCGGTTCC -3’

5’- GGTAGTTTCGTGGATGCCACA -3’

Table 2.2. Antibodies used in this study

Dilution

1:1000 in 5% non-
fat dry milk in 1%
TBST-20
2 ug/mL in 5% non-
fat dry milk in 1%
TBST-20
2 ug/mL in 5% non-
fat dry milk in 1%
TBST-20
1:15000 in 5% non-
fat dry milk in 1%
TBST-20

Secondary
antibody
Goat Anti-
Rabbit,
Bio-Rad
Goat Anti-
Mouse,
Bio-Rad
Goat Anti-
Mouse,
Bio-Rad
Goat Anti-
Mouse,
Bio-Rad

Dilution

1:3000 in 5% non-
fat dry milk in 1%
TBST-20
1:3000 in 5% non-
fat dry milk in 1%
TBST-20
1:3000 in 5% non-
fat dry milk in 1%
TBST-20
1:3000 in 5% non-
fat dry milk in 1%
TBST-20
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2.2. Methods

2.2.1. Cell Lines and Culture Conditions

SD-1 cells were grown in RPMI 1640 medium containing 15% heat-inactivated
fetal bovine serum (FBS), 1% L-glutamine and 1% Penicillin-Streptomycin in 75cm?
tissue culture flasks. The cells were incubated in a CO> incubator (Thermo Scientific,
USA) at 37°C in the presence of 5% CO.. Beas-2B cells were cultured in DMEM high
glucose medium containing 10% FBS, 1% L-glutamine and 1% Penicillin-Streptomycin
in 25 cm? tissue culture flasks. The cells were incubated in a CO- incubator (Thermo
Scientific, USA) at 37°C in presence of 5% CO,. The media were refreshed two days.

2.2.2. Thawing Frozen Cells

Cells were removed from frozen storage and quickly thawed in a palm to obtain
the highest percentage of viable cells. As soon as the ice crystals melted, the content was
taken into a sterile 15 mL-Falcon tube containing 2 mL of complete medium. The
cryogenic vial was washed with 1 mL of culture medium two times and the remaining
content was transferred into this Falcon tube. The cells were centrifuged, and the
supernatant was removed quickly and carefully. The culture medium was added into the

15 mL of Falcon tube and the cells were cultured in the well of 6-well plate.

2.2.3. Maintenance of SD-1 Cell Line

Cell suspension (about 10 mL) was taken from the tissue culture flask into a 15
mL Falcon tube. The cells were centrifuged at 500rpm for 5 min. After centrifugation,
the supernatant was removed, and the pellet was re-suspended in 10mL of RPMI 1640.
30uL of Trypan blue (0.04% in PBS) dye was added into 0.5 mL Eppendorf tubes and
30uL of re-suspended cell medium was transferred into this Eppendorf tube. Next, 10uL
of this cell-dye mixture was placed into the Neubauer Haemocytometer with a coverslip.

Based on its instructions, the cells were counted in the four squares of glass slide
under 10X magnification of Zeiss Light Microscopy and the average of four squares is

multiplied with the dilution factor and 10* from the instruction. The multiplication result
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is the average cell number per mL. The multiplication of this cell number with a total
medium gives the total number of cells. SD-1 culture medium was prepared based on the
cell culture concentration (450.000 cells in 1 mL or 4.5 million cells in 10 mL) and this
medium was transferred into a new 75¢m? tissue culture flask. The cell culture medium

was refreshed every two days and the concentration was kept as 450.000 cells in 1 mL.

2.2.4. Maintenance of Beas-2B Cell Line

Following more than 90% confluence of Beas-2B cells in 25 cm? tissue culture
flask, their medium in the culture flask was removed and cells were washed with 2 mL of
1X PBS. Then, PBS was removed after shaking the culture flask and 1 mL of 0.25 mM
Trypsin-EDTA solution was put into the flask. The cells were incubated at 5% CO; at
37°C in the incubator until they are wholly suspended. The suspended cells were collected
with 2 mL complete medium from the flask to a 15 mL falcon and then, this falcon was
centrifuged at 1000 rpm for 5 minutes. Following the centrifugation, the supernatant was
discarded carefully, and the pellet was re-suspended in 3 mL of fresh complete medium.
30 pL of this solution was placed into 500 pL-Eppendorf tube that contains 30 pL of
Trypan blue dye (0.04% dissolved in PBS). The cells and dye were mixed and 10 pL of
the mixture was put into a Neubauer Hemacytometer to count the cell number.

Based on its instructions, the cells were counted in the four squares of glass slide
under 10X magnification of Zeiss Light Microscopy and the average of these four squares
is multiplied with the dilution factor and 10* from an instruction. The multiplication result
is the average cell number per mL. The multiplication of this cell number with a total
medium of 3 mL gives the total number of cells. After cell counting, Beas-2B cells were

seeded into 25 cm? culture flask as 1x10° in 5 mL complete DMEM high glucose medium.

2.2.5. Freezing Cells

Cells were frozen in case they may be needed for further studies. High numbers
of cells were required for this purpose. The freezing mixes were prepared to freeze these
cells. Freezing mix 1 includes 6 mL of Serum-free media and 4 mL of fetal bovine serum
(FBS) while freezing mix 2 contains 8 mL of Serum-free media and 2 mL of DMSO.

Cells cultured in 75cm? tissue culture flask in 10 mL of complete media were harvested

31



and the content of the flask was poured into Falcon tube. The cells were centrifuged at
500 rpm for 5 minutes. After removing supernatant, the pellet was re-suspended in 1mL
of Freezing mix 1 and counted based on trypan blue counting instructions. For instance,
if the counting number is 10x10°, the cell pellet should be re-suspended with an extra 1.5
mL of Freezing mix 1 because each cryogenic vials contain 2x10° cells in 1mL of freezing
solution. After trypan blue counting, cryogenic vials were labeled with the name of cells,
passage number, and freezing date. Based on the counting results, the cells with 2 x10°
cells in 500uL of Freezing mix 1 were transferred into the labeled cryogenic vials. Next,
500uL of Freezing mix 2 containing FBS and DMSO was added into the cryogenic vials.

These vials were placed into storage boxes and stored in -80°C fridge.

2.2.6. Preparation of Agent and Its Application to SD-1 Cells

25 mg Apigenin (Synonym: 4',5,7-Trihydroxyflavone) powder was obtained from
Sigma-Aldrich, USA. 3.6 mg of apigenin whose molecular weight (MA) is 270.24 g/mol
was dissolved in 1332 pL DMSO to obtain a 10 mM stock solution. The dissolving
volume of DMSO was determined by the general molarity (M) equation using mole (n)
and volume (V). All drug solutions were stored at —20°C and dark. In the application of
the drug, the 10 mM Apigenin stock solution was used to prepare the other concentrations
(10-100 puM) in order to determine the IC50 value. Other concentrations were prepared

by taking determined volume and mixing with the volumes of complete medium.

2.2.7. Measurement of Cell Survival by MTT Cell Proliferation Assay

The concentrations of apigenin that inhibited 50% of cell growth (IC50) were
determined from absorbance values obtained by 3-(4, 5-Dimethylthiazol-2-yl)-2-5-
diphenyltetrazolium bromide (MTT). The cells proliferated during two-day incubation
were counted using Neubauer Hematocytometer and the cells were diluted with the
completed medium based on the calculation for the cell number. The needed cell number
was determined by multiplying the well number while medium volume was determined
by multiplying the well number with 100pL completed medium. Thus, 1x10* cells/well
for SD-1 and 5x10° cells/well for Beas-2B cells were plated into 96-well plates containing

100uL medium and then, apigenin concentrations were prepared with the completed
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medium to obtain the determined concentrations. The prepared agents were applied to
each well and each well plate for each agent was incubated at 37°C in 5% CO> for 48 h.
They were then treated with 20uL MTT (5 mg/ml). After 4 hour-incubation of MTT dye,
the well plates for each agent were centrifuged at 1400 rpm for 10 minutes at 4°C. The
solutions found in each well were discarded directly and sharply. Next, 100 uL of DMSO
was added into each well using multichannel micropipette, the plates were incubated at
room temperature for 10 minutes under shaking conditions. Then, the plate was read in a
microplate reader (Thermo Scientific, Multiskan GO, Finland) at 570 nm and 670 nm.
Finally, 1C50 concentrations of the compounds were determined from cell survival plots.

2.2.8. Determination of Cell Survival by Trypan Blue Dye Exclusion
Assay

After propagation of SD-1 cells for 48h, the cells were collected into the tube and
centrifuged as mentioned above. Next, the cells were counted with the Neubauer glass
slide using the indicated volume of Trypan blue dye. SD-1 cells were taken as 3x10° in
the calculated volumes from the 15-mL falcon bearing the counted cells. These cells were
seeded into the wells of 24-well plate with three replicates for each dosage used in MTT
assay and then wells were fulfilled up to 1 mL of the completed medium. The calculated
volumes of 10 mM of Apigenin were added into the wells of 24-well plate and the well
plate was incubated at 5% CO, 37°C in the CO- incubator for 48 hours. After incubation
time, cells in the wells were suspended at least ten times with 1000mL micropipette and
30 pL of this solution was placed into the 250 pL-PCR tubes which have already filled
with 30 pL of Trypan blue dye. The solution was pipetted several times with 10uL
micropipette and 10 pL of the mixed solution was placed into a hemocytometer. Its four
corner regions were counted under microscope. The triplicate results of each dosage used

in MTT were used to obtain average points for each dosage in one assay.

2.2.9. Detection of Apoptosis by FITC Annexin V Apoptosis Detection
Kit |

The possible apoptotic effect of apigenin on SD-1 cells was determined by using
Annexin-V/PI Double Staining by BD Flow Cytometry. SD-1 cells with 3x10° cells/mL
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concentration were seeded as 6x10° cells in 2 mL of completed RPMI 1640 medium in
the wells of the 6-well plate. Apigenin was applied as 10-, 20-, and 40 uM with double
controls which do not contain any agent. Next, the cells in 6-well-plate were incubated at
5% CO2, 37°C in the incubator (Thermo Scientific, USA) for 24 and 48 hours. Following
the incubation times, agent-exposed cells were collected into the 15 mL falcons and the
falcons were centrifuged at 1000 rpm for 10 minutes. After centrifugation, the supernatant
was discarded carefully and cells were dissolved in 1 mL of cold 1X PBS immediately.
At this point, the control groups were divided into two 15 mL falcon tubes. Then, the
falcons were centrifuged again at 1000 rpm for 10 minutes and the supernatant was
discarded using 1000 pL micropipette. The pellets were dissolved in 200 L of Annexin
binding buffer and 2 uL of Annexin and/or 2 pL of PI dyes were added into the samples
defined below Figure 2.1. Following the 15 minutes incubation of the cells at room
temperature, they were analyzed at flow cytometry (BD FACS Canto, USA).

Q1 Q2
Q1: Pl (+) & FITC-A (-)

Q2: Pl (-) & FITC-A (+)
Q3 Qa4 Q3: Pl (-) & FITC-A (-)
Q4: Pl (+) & FITC-A (+)

PE-A

FITC-A

Figure 2.1. Types of Samples dyed with only Annexin V, only PI, Both or Non-stained
Phosphatidylserine normally localizes in the inner membrane of the cells and
it might go to the outer membrane by flip-flop due to the apoptosis of the
cells. Conversely, DNA fragments in the nucleus due to the cellular stress can
be visualized by the interaction with Pl dye. The results in Q2 indicate the
late apoptosis of the cells while Q4 determines what percentage of the cells
are in the early apoptosis stage. The results in the Q1 states the necroptosis
cell percentage whereas Q3 indicates the percentage of the alive cells.

The cells in the falcon tubes were analyzed in two channels by flow cytometry,
BD FACS Canto, USA in BIOMER subunit of TAM in IZTECH. These cells are analyzed
based on the interactions of the used dyes such as firs interaction between Annexin V dye
(FITC-A) and phosphatidylserine in the outer membrane of the cells and second

interaction between (P1) Propodium lodide dye and DNA fragments in a nucleus of a cell.
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2.2.10. Detection of Mitochondrial Membrane Potential using JC-1 Dye

The possible apoptotic influence of apigenin on SD-1 cells was determined by
using JC-1 Mitochondrial Membrane Potential Kit by flow cytometry. SD-1 cells were
seeded as 6x10° cells in 2 mL of completed medium in the wells of 6-well plate. Apigenin
agent was exposed onto the cells as 0-10-20-40 uM and the 6-well-plate was incubated
at 5% CO», 37 °C in the incubator for 48 hours. After 48 incubation time, 100pL JC-1
staining solution prepared by adding 50uL of JC-1 dye into 450uL of completed medium
was applied to each well and it was mixed gently. The plate was incubated at 5% COx,
37°C in the incubator for 20 minutes. At the end of incubation, cells were collected into
the 15 mL falcon tubes and centrifuged at 1000rpm for 5 minutes. After centrifugation,
the supernatant was discarded carefully, and SD-1 cells were dissolved sensitively in 1mL
JC-1 assay buffer prepared by dissolving one of cell-based assay buffer tablets in 100mL
sterilized distilled water. The falcons were centrifuged again at 1000rpm for 5 minutes
and supernatant was discarded using 1000uL micropipette after centrifugation. The
pellets were dissolved in 500uL JC-1 assay buffer and mitochondrial membrane potential
was detected by flow cytometry (BD FACS Canto).

2.2.11. Determination of Cell Cycle Profile

The cytostatic effect of apigenin on SD-1 cells was determined by using PI
staining by Flow Cytometry. SD-1 cells were seeded as 6x10° cells in 2mL complete
RPMI 1640 medium in the wells of 6-well plates. Apigenin was exposed as 0-10-20-40
UM with DMSO whose volume is the same with the highest apigenin concentration and
this plate was incubated at 5% CO-, 37°C in the incubator for 48 hours. After incubation
time, cells were collected into the falcon tubes and centrifuged at 1000rpm for 5 minutes.
Following the centrifugation, supernatants were discarded, and the pellets were dissolved
in ImL of cold PBS. These tubes were incubated on ice for 15 minutes and then 4mL of
-20°C absolute ethanol was added into each falcon. These falcon tubes were incubated at
-20°C for at least 24 hours. In the measurement day, falcon tubes were centrifuged at
1000 rpm for 10 minutes. Supernatants were discarded sensitively, and the pellets were
dissolved in 5mL of cold 1X PBS. Next, the falcon tubes were centrifuged at 1000 rpm

for 10 minutes again. Then, supernatants were discarded, and the pellets were dissolved
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in ImL PBS-0.1% TritonX 100 using 1000 puL-micropipette. Then, 100uL RNase A was
added into each falcon and these were incubated at 5% CO., 37°C in the incubator for 30
minutes. After completing the incubation time, 100pL of Pl dye was added into each
falcon tube and the falcon tubes were incubated at room temperature for 10 minutes.

Finally, cell cycle profiles of apigenin-exposed cells were examined by flow cytometry.

2.2.12. Determination of Effects of Apigenin on Expression Levels of
Bioactive Sphingolipid Genes

The effect of apigenin on the expression levels of sphingolipid genes in SD-1 cells
was determined by RT-PCR. The sequences of primers were described in Table 2.1.

SD-1 cells were seeded in 8 mL complete medium as 3x10° cells/mL in 100 mm
Petri dishes. Apigenin was applied to the cells as 0-10-20-40 uM and Petri dishes were
incubated at 5% CO», 37°C in the incubator for 48 hours. At the end of incubation time,
agent applied SD-1 cells were collected into 15mL falcon tubes and they were centrifuged
at 1000rpm for 5 minutes. Following the centrifugation, supernatants were discarded
sensitively, and the pellets were dissolved in 1 mL of 1X PBS using 1000uL micropipette.
These solutions were transferred into the Eppendorf tubes and they were centrifuged at
1000rpm for 5 minutes. Finally, the supernatants were discarded immediately and the

tubes with cell pellets were stored in -80 °C fridge for the total RNA isolation process.

2.2.12.1. Total RNA Isolation from Cells

Macherey-Nagel NucleoSpin®RNA isolation kit was used to isolate the total
RNA from Apigenin-exposed and control SD-1 cells as described by the manufacturer's
instruction. All steps in this protocol were performed at room temperature. Following
gathering cells into the Eppendorf tubes, pellets were well dissolved in 350uL lysis buffer
of the isolation kit and 3,5uL B-mercaptoethanol was added into each tube. The mixed
solutions were added into the violet filter placed into the collection tubes and the tubes
were centrifuged at 11,0009 for 1 minute. The flow-through of each tube was discarded
and 350uL of 70% ethanol was added into each tube. Then, lysates were homogenized
by up-down pipetting. The samples were loaded to a new blue filter (spin column) in a

new collection tube and centrifuged at 11,0009 for 30 seconds. The spin columns were
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placed into new collection tubes and 350uL of Membrane Desalting Buffer (MDB) was
added to spin columns. The columns were centrifuged again at 11,000g for 1 minute.
DNase reaction mixture was prepared by mixing 10uL of reconstituted rDNase with 90
pL Reaction Buffer for ready-to-use rDNase. Then, 95uL of DNase reaction mixtures
were added directly to the center of the spin columns. The columns were incubated at
room temperature for 15 minutes. After the incubation process, 200uL of Buffer RAW2
was added to each column and columns were centrifuged at 11,0009 for 30 seconds to
inactivate the rDNase with Buffer RAW2. Next, blue filters were placed into new
collection tubes and 600uL of Buffer RA3 was added into each filter. The columns were
centrifuged at 11,000g for 30 seconds. After centrifuge, 250uL of Buffer RA3 was added
to the center of the columns and columns were centrifuged again at 11,000g for 2 minutes.
The columns were placed into nuclease-free tubes and 50uL of RNase-free water was
added to each column for elution. They were incubated at room temperature for 5 minutes
and then, were centrifuged at 11,0009 for 1 minute to elute total RNAs.

Following total RNA isolation, RNAs were quantified by NanoDrop ND1000
Spectrometer, Thermo Fischer, USA. The ratio between readings at 260 nm and 280 nm
(A260/A280) provides an estimation of RNA samples’ purity. Generally, pure RNA has
aratio of ~2.0. Finally, if RNAs do not use in PCR directly, RNAs can be stored at -80°C.

2.2.12.2. cDNA Synthesis from Total RNA

Total RNAs isolated from Apigenin-exposed and control SD-1 cells were
converted to cDNA through Thermo Scientific RevertAid Reverse Transcriptase Kit, the
USA following the manufacturer’s manual in two steps.

The first step includes the elimination of the secondary structures of isolated
RNAs. Template RNA and primers were added into the nuclease-free tubes on ice as
indicated order and volumes in Table 2.4. The volume of template RNA was calculated
to take 1 pg based on the RNA ratio. The tubes were centrifuged briefly and incubated at
65 °C for 5 minutes in BIO-RAD T100™ Thermal Cycler to become total RNAs linear.

The second step contains the main conversion reaction from linear RNA to cDNA.
Following the incubation, 7.5 pL of master mix prepared according to Table 2.5 was
added into each tube on ice, mixed gently and centrifuged briefly. Based on the

manufacturer instructions, tubes were placed into the BIO-RAD T100™ Thermal Cycler
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and incubated at 25°C for 10 minutes followed by at 42°C for 60 minutes. Then, the
termination reaction was performed at 70°C for 10 min and samples were placed onto ice
immediately. At the end of the incubation process in the thermal cycler, if cDNAs are not
used in RT-PCR directly, cDNAs can be stored at -20°C.

Table 2.3. Components of the first step of the cDNA conversion reaction

Components Final Concentration Volume
Template RNA (Total RNA) 1 g Based on the RNA ratio
Primer (Random hexamer) 0,2 ug (100 pmol) 1 uL
DEPC- treated water to 12,5 uL
Total Volume 12,5 uL

Table 2.4. Master Mix of the second step of the cDNA conversion reaction

Components Final Concentration Volume
5X Reaction Buffer 1X 4 uL
Thermo Scientific™ RiboLock RNase Inhibitor 20U 0,5 pL
dNTP Mix (10 mM each) 1 mM each 2 UL
RevertAid Reverse Transcriptase 200U 1puL
Total Volume 20 pL

2.2.12.3. Real-Time Polymerase Chain Reaction (RT-PCR)

In the beginning, gradient PCR was performed by several temperatures provided
by the manufacturer and then, agarose gel electrophoresis was performed to visualize and
understand the most feasible annealing temperatures for each primer. After an indication
of annealing temperature of each primer, RT-PCR was performed by using the Roche
RT-PCR machine to determine the effects of apigenin on expression levels of CERS 1-6
except CerS-3, SK-1 and SK-2 genes by using Thermo Scientific DyNAmo HS SYBR

Green gPCR Kits, USA. Moreover, B-actin was used as a positive internal control in this
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experiment to determine the changes. Based on the manufacturer's instruction, 20 uL of
the master mix was prepared for each well and placed into the wells of 96-well-plate RT-
PCR plate on ice as indicated order and volumes shown in Table 2.6. Then, RT-PCR was
performed Roche RT-PCR for each gene based on the determined PCR conditions of each
primer shown below in Table 2.7-10. After obtaining the bands in gradient PCR for
several bioactive sphingolipids such as ceramide synthases, Sphingosine Kinase 1 or 2
and glucosylceramide synthase, they are grouped based on their annealing temperatures
for efficient RT-PCR application. First, the primer concentrations and cDNA amount
were investigated by doing several RT-PCR experiments for each pair of primers to
eliminate the primer dimerization of the samples. Then, optimized values shown below
were used to determine the changes in the expression levels of bioactive sphingolipids in

SD-1 cells after 48 hour-treatment of 10-20-40 uM apigenin concentrations.

Table 2.5. Master Mix of RT-PCR

Components Final Concentration Volume
2X Master mix 1X 10 uL
Forward Primer 0.3 uM 0.6 uL
Reverse Primer 0.3 uM 0.6 uL
Template DNA <10 ng/uL 2 pL into “;)elgtse"f%'we”'
Nuclease free water - 6.8 uL
Total Volume 20 uL

Table 2.6. RT-PCR Conditions for CerS-1 and CerS-5

Steps Temperature Time Cycle
Initial Denaturation 95 °C 15 minutes 1 cycle
Denaturation 94 °C 10 seconds
1 0
Annealing 50°C 20 seconds 40 cycles
Extension 72 °C 30 seconds
95 °C 1 minute
o :
Melting Curve 33°C 2 minuites 1 cycle
95 °C Continue
Cooling 40 °C 10 minutes 1 cycle
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Table 2.7. RT-PCR Conditions of CerS-2, CerS-4 and Beta-actin

Steps
Initial Denaturation
Denaturation
Annealing

Extension

Melting Curve

Cooling

Steps
Initial Denaturation
Denaturation
Annealing

Extension

Melting Curve

Cooling

Steps

Initial Denaturation

Denaturation

Annealing

Extension

Melting Curve

Cooling

Temperature

95 °C
94 °C
52 °C
72 °C
95 °C
57 °C
95 °C
40 °C

Temperature

95 °C
94 °C
60 °C
72 °C
95 °C
65 °C
95 °C
40 °C

Temperature

95 °C
94 °C
58 °C
72 °C
95 °C
63 °C
95 °C
40 °C

Time
15 minutes
10 seconds
20 seconds
30 seconds

1 minute
2 minutes

Continuous
10 minutes

Table 2.8. RT-PCR Conditions of CerS-6

Time
15 minutes
10 seconds
20 seconds
30 seconds

1 minute
2 minutes

Continue
10 minutes

Table 2.9. RT-PCR Conditions of SK-1 and SK-2

Time
15 minutes

10 seconds
20 seconds
30 seconds
1 minute
2 minutes
Continue

10 minutes

Cycle
1 cycle

40 cycles

1 cycle

1 cycle

Cycle
1 cycle

40 cycles

1 cycle

1 cycle

Cycle
1 cycle

40 cycles

1 cycle

1 cycle
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2.2.13. Western Blotting Analyses

Western Blotting (WB) was performed in several steps to determine the effects of
apigenin on SK-1, SK-2, and GCS protein levels in apigenin exposed and control SD-1
cells. GAPDH was used as a positive internal control.

2.2.13.1. Total Protein Isolation from Cells

The protein levels of proteins of interest were detected by Western blot analysis.
Firstly, SD-1 cells were seeded into 10 cm? Petri dishes as 10 mL completed medium
with 3x10° cells/mL concentration. Petri dishes were exposed with apigenin as 0-, 10-,
20-, and 40 uM and then incubated at 5% CO2, 37°C in the incubator for 48 hours. The
cells were collected into falcon tubes after incubation. Tubes were centrifuged at 800 rpm
for 5 min and the supernatants were removed. Then, cell pellets were resuspended with 1
mL PBS and cell solutions were transferred into 1.5 mL Eppendorf tubes. These were
centrifuged at 1000 rpm for 5 min and the supernatants were discarded. The cell pellet
volume was indicated by comparing volumes of distilled water samples. Three times
higher of Lysis Buffer were added into cell pellets by pipetting. The samples were
centrifuged at 14.000 rpm for 30 min at 4°C. Then, supernatants were taken into a sterile
1.5 mL Eppendorf tubes and protein concentrations in each sample were determined by
Bicinchoninic Acid (BCA) Protein Assay. The Eppendorf tubes were incubated at -80°C.

2.2.13.2. Determination of Protein Concentration by Bicinchoninic Acid
(BCA) Protein Assay

Bicinchoninic acid protein assay comprises two reagents and its working reagent
was prepared by mixing 50 parts of Reagent A with 1 part of Reagent B in an Eppendorf
Tube. The working reagent was vortexed until it was light green in color. 200 uL of BCA
working reagent was taken into the wells of 96-well plate. 10 pL of protein samples that
are diluted as 1:10 with using Lysis buffer and Bovine Serum Albumin (BSA) standards
were added into the BCA working solution and the 96-well plate was shaken gently. This
well plate was incubated at 37°C for 30 minutes and the well plate was then read at 595

nm. Firstly, the absorbance value-BSA standards graphic was drawn and then, protein

41



samples’ concentrations were calculated according to BSA standard graphic and

absorbance values of protein samples. The concentrations in the samples are in pg/puL.

Table 2.10. Standard BSA curve for the determination of protein concentrations.

Bovine Serum Albumin  Required Volume (pL) Required Volume
Standards (mg/mL) From Main Stock (2 mg/mL ) (pL) from dH20

2 25 0

1.5 18.75 6.25

1 12.5 12.5

0.75 9.38 15.62

0.5 6.25 18.75

0.25 3.13 21.87

0 0 25

This table indicates the required volumes of stock Bovine Serum Albumin and distilled

water for the preparation of Bovine Serum Albumin standards indicated on the left.

2.2.13.3. SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE)

The protein concentrations of all unknown samples were calculated based on the
standard curve of BSA protein. The protein samples were then diluted by lysis buffer to
prepare 20 pug in the 15 pL of lysis buffer. The samples were completed with -
mercaptoethanol added 4X Laemmli Buffer (1:9 dilution rate) up to 20 pL of volume, so
that the final concentration of protein is the same for all samples. Next, the protein
samples were denatured at 95 °C for 10 minutes by using Dry Block Heating temperature.

Bio-Rad 10% TGX Stain-Free FastCast Acrylamide kit was used to make SDS-
PAGE in order to separate the proteins. In this separation process, resolver solution
(separating gel) and sealing gel were prepared following the instruction manuals with
some changes. 3 ml of Resolver A solution and 3 ml of Resolver B solution were added
into the 15 ml falcon tube and mixed well. 500 pL of this solution was transferred into
the 1.5 ml Eppendorf tube for sealing gel preparation. 10 pL of 10% APS which is stored
at 4oC was added into this Eppendorftube. Next, 1 uL of TEMED was added immediately

into this tube. Because TEMED increases the polymerization rate, this whole solution for
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sealing gel was added into WB System, which is already assembled immediately. 30 puL
of 10% APS which is stored at 4°C was added into the remaining resolver A and B mixture
for separating gel. 3 uL of TEMED was added immediately into this falcon tube. In this
step, the solution was mixed by 5 ml serologic pipette and approximately 6 mL of resolver
solution was transferred into the WB system immediately until the first line of the system.

Stacker solution or collecting gel was prepared with adding 1 mL of Stacker A
solution and 1 mL of Stacker B solution into the 15 ml falcon tube. 10 pL of 10% APS
which is stored at 4°C was added into the 15 ml falcon tube. 2 uL of TEMED was added
immediately into this falcon tube. In this step, the solution was mixed by a 5 ml serologic
pipette and 2 mL of Stacker Solution was transferred into the WB system immediately
until the border of the WB system. Finally, 10 wells comb (1 mm comb; Well width: 5.08
mm) was inserted into the WB system and it was allowed for 30 minutes polymerization.

The gel within two glasses was placed into the WB system carefully and this WB
system was placed into the Mini Tank of WB. Mini Tank was fulfilled with 1X Bio-Rad
(Tris/Glycine/SDS) running buffer until the chamber assembly and 10 wells comb was
removed without disrupting gel area. 5 pL of Euro-Clone Pre-stained Standard protein
marker and 20 of yL protein samples were loaded into the wells. It was checked whether
the inside of WB system is full of 1X (Tris/Glycine/SDS) running buffer. Finally, the gel

with company recommendation: 200V for 45 minutes was started to separate the proteins.

2.2.13.4. Transfer of Proteins from Gel to PVDF Membrane

Proteins separated in SDS-PAGE were transferred from Bio-Rad 10% SDS-
polyacrylamide gel to Bio-Rad PVDF membrane using a machine named Bio-Rad Trans-
Blot Turbo Transfer System. The membrane was wetted with absolute methanol for 5
minutes and washed with 1X Transfer Buffer under shaking conditions at room
temperature. Two pieces of transfer stack (slightly bigger than gel) were washed with 1X
Transfer Buffer for 5 minutes. Then, the first transfer stack was placed into the cassette
and this transfer stack was smoothened by using a cylindrical tube. The activated PVDF
membrane was placed onto the transfer stack and then, SDS-PAGE was placed onto the
PVDF membrane. The gel and membrane were smoothened by using the cylindrical tube.
The last transfer stack was placed onto the PVDF gel carefully. The upper part of the

cassette was placed on this “sandwich” and locked carefully for Bio-Rad’s Trans-Blotting
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process. The suitable program was chosen for both higher and lower molecular weights
of interested proteins. The whole proteins were transferred to P\VDF membrane for 10
minutes at 1.3 mA at room temperature. When the transfer was finished, the membrane
was immersed in 5% non-fat dry milk solution at room temperature for 1 hour. After
blocking proteins, the membrane was washed with 1X TBS-Tween 20 solution for 10
minutes at room temperature under shaking conditions. The washed membrane was
placed into a box and the primary antibody with specific dilution in non-fat dry milk was
added into this box. Finally, the box with its own cap was placed into the shaker and

incubated with the primary antibody at 4°C overnight under shaking conditions.

2.2.13.5. Detection of Desired Proteins by Specific Antibodies

After completed incubation time for the first primary antibody, this antibody
solution was poured into its 15 mL falcon tubes directly. The membrane was washed three
times with 0.1% TBS-Tween20 and each washing takes 10 minutes under shaking
conditions. Then, 5 mL of secondary antibody prepared with 1:3000 dilution in 5% non-
fat dry milk in 0.1% TBS-Tween20 was applied to the membrane. After 2 hours of
incubation at room temperature, the membrane was washed again three times with a 10-
minute washing process under shaking conditions. Following the last washing of the
membrane, 75 pL of ECL Solution A and ECL Solution B with the same volume were
mixed into an Eppendorf tube. The membrane was placed onto a tray without any bubbles
and then, the prepared solution was poured onto the specific protein whose location is
estimated based on the marker lines and the observed molecular weight as kD provided
by the manufacturer. The tray with the activated membrane was placed into the Fusion
SL Vilber Vourmat machine and the view of the membrane was snapped immediately.
Next, the bands of proteins of interest were visualized under chemiluminescence lights
after waiting for the required time for the visualization. Following the obtaining of the
bands of related proteins, GAPDH solution prepared as 1:15000 dilution in 5% non-fat
dry milk in 0.1% TBS-Tween20 was applied to the membrane as an internal control of
the samples. The process for the visualization of GAPDH protein in the sample was the
same as the whole process for proteins of interest. Finally, the membrane was wrapped

with aluminum folio and stored at -20°C.
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CHAPTER 3
RESULTS AND DISCUSSION
3.1. MTT Cell Proliferation Assay in Apigenin Exposed SD-1 and

Beas-2B Cells

The cytotoxic effect of apigenin on Ph+ ALL SD-1 cells was investigated by
gradually increasing concentrations (10-100 uM) with non-treated control groups at 24

and 48 hours using MTT dye.

SD-1

-~ 48h
__100
Q - 24h
2> 754
%
S 50-
8 25

0 T T T T T

10 20 30 40 50 100
Concentration (uM)

o

Figure 3.1. The cytotoxic effect of apigenin on SD-1 cell viability at 24 and 48h. SD-1
cells were seeded into the wells of 96-well plate as 1x10* cells per 100 pL in
a well. The prepared drug solutions with increasing concentrations were
applied to the cells. The experiment was repeated independently three times
and statistical analysis was done using a paired t-test, p<0.05:*; p<0.01:**
were considered significant whereas ns is abbreviated from non-significant.
The error bars represent the standard deviations (SD).

Apigenin has a significant role in the inhibition of the proliferation of SD-1 cells.
Step-wise increasing concentrations of apigenin leads to the determination of the half-
maximal inhibitory concentration (ICso) of apigenin at 24 and 48 hours. The IC50 values
of apigenin were calculated as 60 UM and 21.5 uM for SD-1 cells at 24 and 48 hours,
respectively. The 1Cso for 24 hour-drug application is approximately 2-fold higher than
ICso value for 48 hour-application. Furthermore, the cytotoxic effect on non-cancerous

45



Beas-2B cells was investigated by gradually increasing apigenin concentrations (10-100
M) at 48 hours using MTT dye with 5mg/mL main stock concentration.

The cytotoxic effect of apigenin on both cell lines indicates that apigenin is likely
to inhibit the proliferation of cancerous cells with the application of low drug
concentration. The ICso for SD-1 cells is around 21.5 pM whereas the 1Cso value for Beas-
2B cells could not be determined even though the highest concentration of apigenin for
SD-1 cells was applied to non-cancerous Beas-2B cells. Besides, it is clearly seen in
Figure 3.2 that the application of 21.5 puM apigenin promotes the proliferation of Beas-
2B cells. More than 30 uM apigenin applied Beas-2B cells for 48 hours experienced the
elevated apoptosis in Figure 3.2. The 100uM apigenin application that is the highest
concentration within the applied doses resulted in the death of approximately 40% of cells
compared to the control group.
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Figure 3.2. The cytotoxic effect of apigenin on Beas-2B cells at 48h. Beas-2B cells were
seeded into the wells of 96-well plate as 5x103 cells per 100 pL in a well. The
prepared drug solutions with increasing concentrations were applied to the
cells. The experiment was repeated independent three times the error bars
represent the standard deviations (SD).

In the comparison of cytotoxic effects of apigenin on cancerous and non-
cancerous cells, approximately 20 uM are crucial points for each figure of apigenin
application. When exact 20 uM is applied to cancerous cells, this concentration causes
the death of nearly half-percentage of SD-1 cells whereas this value induces the
proliferation of non-cancerous cells to reach their highest value in Figure 3.2 when 20

1M of apigenin is applied to Beas-2B cells for 48 hours.
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3.2. Trypan Blue Dye Exclusion Assay to Count SD-1 Cell Viability

The cytotoxic effect of gradually increasing apigenin concentrations (10-100 puM)
on SD-1 cells was investigated by counting the alive cells using the Neubauer

Hematocytometer based on the instructions of Trypan blue dye exclusion assay.
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Figure 3.3. The cytotoxic effect of apigenin on cell number of SD-1 cells at 48h. SD-1
cells were seeded into the wells of 24-well plate as 3x10° cells per 1 mL in a
well. Then, the increasing drug concentrations were applied to the cells using
a 10 mM apigenin stock solution. The experiment was repeated independently
three times and statistical analysis was done using an unpaired t-test and one-
way ANOVA, p<0.05:*, p<0.01:** and p<0.0001:**** were considered
significant whereas ns is abbreviated from non-significant. The error bars
represent the standard deviations (SD).

The cytotoxic effect of gradually increasing apigenin concentrations on SD-1 cells
was investigated by counting the alive cells under a light microscope by using Trypan
blue dye (0.04%) dissolved in PBS. Following the centrifugation of whole cells, the alive
cells were collected at the bottom of the tubes and they were dissolved with 1mL complete
medium. The cell suspension was diluted in a 1:1 dilution with the 0.4% Trypan Blue
stock solution. The mixture comprised of trypan blue dye and cells was placed into the
specific hematocytometer. Thus, the viability of the cells, which have been treated with
different concentrations were determined by counting bright-uncolored cells under a 10X
magnified microscope image. The viability of the cells decreased significantly following
the drug application for 48 hours. Unlike the results of the MTT cell viability assay, the

number of alive cells has rapidly decreased in Figure 3.3 indicating 10 UM apigenin.
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3.3. Effects of Apigenin on Apoptosis of SD-1 Cells

The apoptotic effect of increasing apigenin concentration on SD-1 cells was
investigated using Annexin V dye for measuring the phosphatidylserine percentage in the
outer membrane and PI dye for DNA fragments by flow cytometry.

The apoptotic effect of apigenin on SD-1 cells was investigated by the upward
several concentrations of apigenin, which are determined by MTT cell viability assay
results following the 24 and 48 hour-drug applications. The used drug concentrations 10,
20 and 40 puM indicate the approximately 1C30, 1C50, IC70 values of apigenin whose
dosages indicate the death percentages of the SD-1 cells compared to the control group.
The viability or apoptosis of cells was determined based on the interactions between
Annexin V and phosphatidylserine and DNA fragments and propidium iodide. The
viability of the cells treated with these determined concentrations decreased significantly
as indicated in the Q3 of each quadruplet on the left panel of figure and their apoptotic
rates, which are the addition of Q2 and Q4 of each quadruplet raised dramatically

following both 24 and 48 hour-apigenin applications in Figure 3.4 and Figure 3.5.
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Figure 3.4. The apoptotic effect of apigenin on SD-1 cells at 24h. SD-1 cells were seeded
into the wells of the 6-well plate as 6x10° cells per 2 mL in a well. The
increasing drug concentrations were applied to the cells using a 10 mM
apigenin stock solution. The cells were incubated with the drug concentrations
for 24 hours. The experiment was repeated independently three times and
statistical analysis was done using a paired t-test and one-way ANOVA,
p<0.05:* and p<0.01:** were considered significant whereas ns is abbreviated
from non-significant. The error bars represent the standard deviations (SD).
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Figure 3.5. The apoptotic effect of apigenin on SD-1 cells at 48h. SD-1 cells were seeded
into the wells of the 6-well plate as 6x10° cells per 2 mL in a well. The
increasing drug concentrations were applied to the cells using a 10 mM
apigenin stock solution. The cells were incubated with these drug
concentrations for 48 hours. The experiment was repeated independently three
times and statistical analysis was done using the paired t-test and one-way
ANOVA. p<0.05:*; p<0.01:**; p<0.0001: **** were considered significant.
The error bars represent the standard deviations (SD).
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Figure 3.6. The whole and dose-based comparison of time-dependent apoptotic effects of
apigenin on SD-1 cells. The experiment was repeated independently three
times and statistical analysis was done using paired t-test and one-way
ANOVA. p<0.05:*; p<0.01:**; p<0.001:*** were considered significant
whereas ns is abbreviated from non-significant. The time-dependent obtained
results were compared based on the general trend of result (Figure 3.6A) and
dose-by-dose manner of these general trends (Figure 3.6B) by using one-way
and two-way ANOVA. The error bars represent the standard deviations (SD).

Collectively, apigenin might participate in the elevated apoptosis rate of SD-1
cells time-and dose-dependent manner. Apigenin may inhibit the cell proliferation within
24 hours instead of 48-hour drug incubation. The time-dependent comparison indicates

the significant changes in 24-hour application compared to 48-hour treatment. Moreover,

the applied concentrations have similar effects on the apoptosis percentages of cells.
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3.4. Effects of Apigenin on Mitochondrial Membrane Potential of SD-1
Cells

The apoptotic effect of increasing apigenin concentrations on SD-1 cells was

investigated using JC-1 dye for the measurement of the loss of their mitochondrial

membrane potentials (MMPSs) by flow cytometry.
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Figure 3.7. The effect of apigenin on the loss of mitochondria membrane potential of SD-
1 cells at 48 h. SD-1 cells were seeded into the wells of the 6-well plate as
6x10° cells per 2 mL in a well. The increasing drug concentrations were
applied to the cells using a 10 mM apigenin stock solution. The experiment
was repeated independently two times and statistical analysis was done using
a paired t-test and one-way ANOVA. p<0.05:*, p<0.01:** and p<0.0001:****
were considered significant whereas ns is abbreviated from non-significant.
The error bars represent the standard deviations (SD).

The flow cytometry results indicated that loss of mitochondrial membrane
potential of SD-1 cells gradually increased while elevating the apigenin concentrations,
which are 1Cso, 1Cso and 1C7o values determined by the results of MTT cell viability assay.
Indeed, the DMSO applied category has a similar loss of MMP compared to the control
group even if DMSO volume per 2mL is the same with 40uM apigenin applied cell
category. The graph shows the percentage of mitochondrial membrane potential loss of

SD-1 cells according to the statistical analysis of two independent experiments.
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Loss of mitochondrial membrane potential significantly increased in SD-1 cells
following the step-wise increase of apigenin concentration (Figure 3.7F). Control and
DMSO applied groups have approximately 9% of mitochondrial membrane potential loss
whereas the other drug applied categories have experienced the elevated percentages of
the MMP loss. It can be stated that this data correlates with the Annexin V-PI dual staining
assay results of apigenin exposed SD-1 cells and apigenin has an apoptotic effect on
several cancer types including Ph-positive ALL SD-1 cell line.

3.5. Effects of Apigenin on Cell Cycle Profiles of SD-1 Cells

The cytostatic effects of increasing apigenin concentrations on the cell cycle
profile of the SD-1 cells were investigated using Pl staining protocol for the measurement
of the changes in the cell cycle phases by flow cytometry.

The cytostatic effect of apigenin on the cell cycle phases of SD-1 cells was
investigated by the upward several concentrations of apigenin, which are 1C30, IC50 and
IC70 values determined by the results of MTT cell viability assay following the 24 and
48 hour-drug applications. This investigation states that increasing drug concentrations
have potential effects on 48 hour-drug incubated SD-1 cells in terms of the arresting of
them in the different cell cycle phases.

In addition to the effects of apigenin on cell proliferation and apoptosis of SD-1
cells, apigenin has also the ability to change their cell cycle profiles by arresting them at
the G2/M phase. Control cells without any treatment are arrested at the G1 phase with
57.56%, at the G2 phase with 0.29 % and S phase 42.13%. (Figure 3.8.A) while DMSO
applications with the same volume of 40 uM apigenin application has the cell cycle arrest
at G1 stage with 59.55%, at G2 phase with 3.48% and at S phase 36.97% (Figure 3.8B)
at the end of 48-hour drug application. 10 uM apigenin can affect the cell cycle profile of
SD-1 cells more than DMSO does by increasing the G2 phase percentage to 10.65% and
decreasing the G1 phase to 56% and S phase to 33.35%. Indeed, 20 uM apigenin applied
SD-1 cells are mostly arrested at the G1 phase with 63.08 while G2 phase with 15.09%
and S phase with 21.83% respectively (Figure 3.8C). Moreover, 40 uM apigenin exposed
SD-1 cells are primarily arrested at the G2 phase of the cell cycle with % 27.53 while SD-
1 cells were found at G1 and S phase with 60.39% and 12.08% (Figure 3.8D).
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Figure 3.8. The effect of apigenin on cell cycle profile of SD-1 cells. SD-1 cells were
seeded into the wells of the 6-well plate as 6x10° cells per 2 mL in a well.
The determined drug concentrations that are 1Csg, ICso and 1C7o values were
applied to the cells using a 10 mM apigenin stock solution. Moreover, DMSO
was added to the analyses to compare the effects of drugs and DMSO. The
experiment was repeated independently three times and the error bars
represent the standard deviations (SD).

The overall results of three independent experiments demonstrate that a 48-hour
apigenin application enhances the cell cycle arrest in SD-1 cells in a dose-dependent
manner significantly at the G2 phase. The graph demonstrates the changes in the
percentages of cell cycle phases in response to the increasing concentration of apigenin
(Figure 3.8F). Additionally, there is no significant change in response to the DMSO
application which is the same with the DMSO volume of the highest drug application.

3.6. Expression Analyses of Bioactive Sphingolipids in Apigenin
Exposed SD-1 Cells

After determination of cytotoxic, cytostatic and apoptotic effects of apigenin on
SD-1 cells, its effects on the expression levels of bioactive sphingolipids were
investigated by RT-PCR followed by the total RNA isolation and cDNA conversion of
whole RNAs. The isolation method for total RNA from the indicated apigenin

concentrations-applied SD-1 cells was followed and cDNA conversion was done using
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the reverse transcriptase enzyme. The expression levels of CerS-1, -2, -4, -5 and -6 and

SK-1 and -2 genes were determined by three repeats on each RT-PCR experiment, which

are normalized to the internal positive control Beta-actin gene.
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Figure 3.9. The expression levels of Ceramide Synthase genes following apigenin

applications. The effects of apigenin on the expression levels of CerS-1, -2,
-4, -5 and -6 genes of Ph+ ALL SD-1 cells were determined by RT-PCR.
The experiments were performed as two different experiments (n=2)
including three technical replicates. The beta-actin gene was used as a
positive internal control. The error bars represent the standard deviations
(SD). Statistical analysis was done using ordinary one-way ANOVA for
each CerS gene, p<0.05:* and p<0.001:*** were considered significant for
the changes in CerS-1, CerS-4 and CerS-5 expression levels respectively
whereas the changes in CerS-2 and CerS-6 expression levels were non-
significant. Figures 3.9A, B, C, D and E indicate the expression levels of
CerS-1, -2, -4, -5 and -6 genes in apigenin applied SD-1 cells for 48 hours.

The recent studies reviewed in the section of bioactive sphingolipids state that
exogenous expression of ceramide synthase genes is crucial to modulate the apoptosis-
related pathways. Ceramide synthases are highly expressed and cause drug resistance in
various cancer cells. Therefore, they are considered as targets for the treatment of the
patients. Their apigenin-induced expressions in SD-1 cells might cause an elevated level
of apoptosis in these cells. At this point, the increased levels of CerS genes may lead to
overexpression of ceramide molecules which are synthesized by these Ceramide synthase
enzymes. Secondly, the increase in the MRNA levels of these enzymes may cause the

activation of the apoptosis-associated pathways. In this regulation, CerS-1, -4 and -5 are
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highly expressed in order to increase the de-novo synthesis of ceramide chains compared
to other Ceramide synthase genes. Their elevated levels in stepwise increased apigenin
concentrations reach nearly 24-, 2.84- and 6-fold increase in 40 uM applied SD-1 cells
relative to Beta-actin expression levels respectively. The increase in these CerS genes is
statistically significant compared to other CerS-2 and -6 genes.
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Figure 3.10. The expression levels of Sphingosine Kinase 1 and 2 genes. The effects of
apigenin on the expression levels of Sphingosine Kinase 1 and 2 genes of
Ph+ ALL SD-1 cells were determined by RT-PCR. The experiments were
performed as two different experiments (n=2) including three technical
replicates. The beta-actin gene was used as a positive internal control. The
error bars represent the standard deviations (SD). Statistical analysis was
done using ordinary one-way ANOVA for SK-1 and -2 genes. p<0.05:* was
considered significant for the change in SK-1 expression level whereas the
change in SK-2 was non-significant. Figures 3.10A and B indicate the
expression levels of SK-1 and -2 genes respectively in apigenin applied SD-
1 cells for 48 hours.

The studies reviewed in the section of bioactive sphingolipids state that SK-1 and
-2 expressions are crucial to modulate the drug resistance and inhibit the apoptosis-related
pathways. SK-1 and -2 are liable to prevent the ceramide-based apoptosis by balancing
ceramide-S1P levels so that cancerous cells can overcome the drug-induced apoptosis.
Therefore, their apigenin-induced expressions in SD-1 cells might cause an elevated level
of drug-resistance in these cells. At this point, the increased levels of CerS genes may
lead to overexpression of ceramide molecules whereas SK-1 and 2 enzymes have been
converting this ceramide to S1P in order to trigger proliferation-associated pathways. In
this regulation, SK-1 and 2 have been expressed approximately 3 and 2.5 fold more
respectively (relative to Beta-actin expression levels) in 40 uM applied SD-1 cells to

decrease the detrimental effects of apigenin on SD-1 cells.
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3.7. Protein Levels of Bioactive Sphingolipid Genes in Apigenin
Exposed SD-1 Cells

Following the determination of the expression levels of ceramide synthase and
sphingosine kinase genes at the mRNA level, the effects of apigenin on the protein levels
of bioactive sphingolipids were investigated by western blotting analyses.
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Figure 3.11. The protein levels of Glucosylceramide synthase (GCS). The effects of
apigenin on the expression levels of GCS protein of SD-1 cells were
determined by western blotting. The experiments were performed as two
different experiments (n=2) and GAPDH was used as a positive internal
control. Statistical analysis of dose application compared to control was
done using a paired t-test while statistical analysis of whole columns was
done using ordinary one-way ANOVA for GCS. The error bars represent
the standard deviations (SD). Figures 3.11A indicates the experimental
view of the GCS levels while Figure 3.11B illustrates the statistical changes
in GCS protein levels of apigenin applied SD-1 cells for 48 hours.

The protein isolation from the indicated apigenin concentrations-applied SD-1
cells was followed as indicated above and SDS-PAGE gel was prepared based on the
instruction’s order with some changes. Although the protein levels of CerS-1, -2, -4, -5
and -6 were not visualized because of the lack of specific antibodies in the market for SD-
1 cells, the protein levels of GCS and SK-1 and -2 were determined by two repeats on
each western blotting normalized to the internal positive control GAPDH protein. Figure
11 indicates the effect of apigenin on the protein level of GCS in apigenin exposed SD-1
cells after 48 hours. There is a slight increase in the protein levels of GCS in 10 and 20
UM apigenin applied SD-1 cells. However, this increment is no statistically meaningful.
According to the studies; Baran et al., 2011 and Huang, Tu, and Freter, 2018, GCS
overexpression is related to the proliferation and drug resistance of cancer cells. The
probable increase in the protein level of GCS after 48 hour-application might be

eliminated by apigenin so that SD-1 cells underwent the programmed cell death.
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Figure 3.12. The protein level of Sphingosine Kinase-1 and -2. The effects of apigenin on
the protein levels of SK-1 and -2 of SD-1 cells were determined by western
blotting. The experiments were performed as two different experiments
(n=2) and GAPDH was used as a positive internal control. Statistical analysis
of dose application compared to control was done using a paired t-test and
the changes in protein levels were ns; p<0.05:*; p<0.01:**. Statistical
analysis of whole columns was done using ordinary one-way ANOVA for
SK-1 and -2 and the changes in the protein level were non-significant. The
error bars represent the standard deviations (SD). Figures 3.12A-B indicate
the experimental and statistical changes in the SK-1 level while Figure
3.12C-D illustrates the experimental and statistical changes in the SK-2
protein level in apigenin applied SD-1 cells for 48 hours.

In addition to the investigation of the protein levels of GCS after 48 hour-apigenin
application, the effects of apigenin on the protein levels of SK-1 and -2 were determined
using the western blotting analysis. In these experiments, there is no significant change
in their protein levels when the overall results are compared to each other. Although there
is a significant change in the expression level of SK-1 at the mRNA level, there is no
significant change in its protein levels. On the other hand, there is no statistically
significant change in the expression levels of SK-2 at the mRNA level as well as in the
protein level of SK-2. In spite of the fact that the protein level of SK-2 was decreased
significantly in 10uM apigenin application and it was increased in 20uM apigenin

application compared to 10uM apigenin application.
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CHAPTER 4

CONCLUSION

ALL is a hematologic disorder characterized by an elevated number of immature
lymphoblasts in peripheral blood and bone marrow. ALL has several genetic
abnormalities and one of them -mostly observed- is BCR/ABL translocation arisen from
reciprocal translocation of the regions within chromosome 9 and 22. This fusion protein
has several abilities such as auto-phosphorylation and the aberrant tyrosine kinase activity
to regulate various pathways associated with proliferation, anti-apoptotic and drug
resistance. In spite of the fact that current targeted treatment strategies include the
elimination of BCR/ABL activity or increase the effectiveness of monoclonal antibodies
and CAR-T cells, complete remission, overall survival and mortality of Ph+ ALL patients
are still challenging compared to other cancer patients. Therefore, new strategies
combined with current targeted treatments are a necessity for Ph+ ALL patients who are
categorized as a high-risk group of ALL.

The bioactive sphingolipids that are highly effective class of lipids in cancer
studies have been investigated in detail. Since these bioactive sphingolipids are likely to
regulate crucial biological processes for cell fate, they gain importance as a therapeutic
target to eliminate or accelerate their functions. The chemotherapeutic agents or inhibitors
of bioactive sphingolipids have been improved for novel cancer treatment strategies. The
traditional culture-based studies revealed that the dietary foods and their contents are
highly effective to pull through the worse stage of cancer. The flavonoids, which are plant
metabolites in these cousins contribute to the induction of bioactive sphingolipids-related
cell death, inhibition of cell proliferation and suppression of metastatic cells in tumor
progression. Only one study showed that apigenin triggers apoptosis by increasing de
novo synthesis of ceramide in rat heart tissues. Furthermore, apigenin may inhibit cellular
proliferation by increasing the endogenous ceramide level and decreasing the sphingosine
kinase activities to reduce S1P production.

According to this background information, we hypothesized that apigenin might
have anti-proliferative and pro-apoptotic effects on Ph+ ALL SD-1 cell line without

diminishing the non-cancerous cells such as lung Beas-2B cell line. In this hypothesis, it
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is stated that apigenin may increase the de novo synthesis of bioactive sphingolipid genes
to elevate the ceramide level in the cytoplasm for a possible therapeutic potential.

To begin with, the cytotoxic effects of apigenin on SD-1 and BEAS-2B cells were
determined by MTT cell proliferation assay and it was found that step-wise increase of
apigenin concentration had a detrimental effect on SD-1 cells in time and dose-dependent
manner. However, apigenin has a proliferative effect on Beas-2B cells. Next, Trypan blue
dye exclusion assay revealed that apigenin influences the proliferation rate of SD-1 cells
negatively and it gives rise to a rapid decrease in the viability of cells. Moreover, Annexin
V-P1 dual staining and JC-1 dye-based loss of mitochondrial membrane potential analyses
correlated with other results and indicated that the apoptotic effect of gradually increasing
concentrations stimulates the apoptosis percentages of SD-1 cells for 48 hours. Besides,
the investigation of cytostatic effects of apigenin on Ph+ ALL cells using PI staining
brings about that apigenin functions in the cell cycle arrest of these cells at G2 phase
while these cells were also arrested at S phase by a high dose of apigenin.

In addition to these cytotoxic, cytostatic and apoptotic studies, the roles of
bioactive sphingolipids in the cellular fate of SD-1 cells following the 48 hour-drug
application were determined by RT-PCR. The results state that apigenin has the
therapeutic potential to increase the expression levels of ceramide synthase genes and
their end-products various carbon-bearing ceramides which are functional to balance the
proliferation and apoptosis. RT-PCR results revealed that apigenin triggers the artificial
expression of sphingolipid genes especially CerS-1, CerS-4 and CerS-5 to elevate

apoptosis in SD-1 cells during the 48-hour incubation.
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Figure 3. 13. The overall effect of apigenin on bioactive sphingolipid genes

The mRNA level expressions of bioactive sphingolipids were determined by RT-

PCR and the protein levels of some bioactive sphingolipids were confirmed by western
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blotting analysis. The protein levels of SK-1 and -2 and GCS were investigated after 48-
hour apigenin treatment to SD-1 cells in Petri dishes. When the protein levels of drug
applied SD-1 cells are compared to the control columns, there is no statistically significant
change in their protein levels though there are slight increases or decreases in Figures 11
and 12.

Collectively, apigenin has cytotoxic effects on SD-1 cells by increasing apoptosis-
related ceramide synthase genes including CerS1, 4 and 5 expression levels at mMRNA
level and suppressing the activities of the proliferation-related sphingolipid metabolizing
molecules including SK-1 and -2 at both mRNA and protein levels and GCS genes at its
protein level.

To put on a nutshell, the cytotoxic, apoptotic and cytostatic effects of apigenin on
Ph+ ALL SD-1 cells were investigated for the first time in this study. Furthermore, the
regulatory functions of bioactive sphingolipid genes on the apigenin applied Ph+ ALL
SD-1 cells were determined for the first time as well.
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