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Summary

Oesophageal squamous cell carcinoma is one of the most frequently occurring cancers in
South Africa, with its highest incidence observed in South African black males. More
efficient anticancer drugs are currently being researched with the aim of discovering new
compounds that will aid in the treatment of cancer. 2-Methoxyestradiol (2MEZ2) is a naturally
occurring estradiol metabolite currently undergoing human clinical trials. 2ME2 exerts
antitumour, antiangionenic and apoptotic effects both in vitro and in vivo. However, due to its
limited bioavailability, analogues are being synthesized and tested in an attempt to improve
this  shortcoming.  2-Methoxyestradiol-bis-sulphamate  (2-MeOE2bisSMATE) is a
bis-sulphamoylated derivative of 2ME2. 2-MeOE2bisMATE has antiproliferative effects
both in vitro and in vivo. Although 2-MeOE2bisMATE is a potential anticancer drug the

exact action mechanism of this compound is still unidentified.

In this study the in vitro effects of 2-MeOE2bisMATE on cell growth, morphology, cell cycle
progression, as well as its potential to induce certain types of cell death and cytotoxicity in

the oesophageal carcinoma (SNO) cell line were investigated.

Cell number determination studies revealed that 0.4uM of 2-MeOE2bisMATE significantly
inhibited growth of SNO cells after 24 hours of exposure. Morphological studies
demonstrated hallmarks of both apoptosis and autophagy such as chromatin condensation,
membrane blebbing, apoptotic bodies and increased presence of autophagosomes. In
addition,  immunofluorescence indicated  microtubule  network  disruption in
2-MeOE2bisMATE-treated cells when compared to vehicle-treated control cells. Fluorescent
microscopy revealed that both apoptosis and autophagy were induced in SNO cells after
24 hours of exposure to 0.4pM 2-MeOE2bisMATE.

Cell cycle progression analysis revealed an increase in the number of cells in the G,/M phase,
as well as in the sub-G; fraction (indicating the presence of apoptosis) of
2-MeOE2bisMATE-treated cells. The annexin V-FITC assay verified the induction of
apoptosis by 2-MeOE2bisMATE. An increase in the number of cells with reduced

mitochondrial membrane potential and an increased caspase 6 activity were observed in
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2-MeOE2bisMATE-treated cells. Autophagy induction was confirmed by flow cytometry
using cyto-1D detection and the conjugated rabbit polyclonal anti-LC3B antibody assays.

This in vitro study demonstrated new insights to the action mechanism of
2-MeOE2bisMATE in oesophageal carcinoma (SNO) cells, since these activities have not
been studied in oesophageal carcinoma cells up to date. Future studies are warranted to
further determine which gene and protein expression changes are induced by
2-MeOE2bisMATE in SNO cells.

Keywords: oesophageal cancer, 2-methoxyestradiol-bis-sulphamate, cell cycle arrest,

apoptosis, autophagy
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Chapter 1
Literature review

1.1.  Oesophageal cancer

Oesophageal cancer is classified as one of the 10 most common cancers in the world [1-4].
There are two main subtypes of oesophageal cancer; adenocarcinoma and squamous cell
carcinoma [1, 3, 4]. Adenocarcinoma usually occurs in the lower part of the oesophagus, near
the stomach, and it is more prevalent in developed countries [3-5]. In contrast, oesophageal
squamous cell carcinoma usually occurs in the upper and mid sections of the oesophagus, but
it can also be found at any other location along the oesophagus and it is more common in

developing countries [3-5].

In South Africa, squamous oesophageal cancer is considered to be more prevalent amongst
black males, with the highest incidence being observed in the Transkei region [2, 6, 7]. The
genetic, as well as the environmental factors that may be linked to the squamous oesophageal
cancer still remain unclear. Several genes that are mainly associated with the regulation of
cell proliferation, cell division or apoptosis have been found and they are believed to play a
role in the development and progression of oesophageal cancer. The fundamental
mechanism(s) by which this disease develops remain unidentified [1, 7]. In addition, there are
some environmental factors that have been identified as possible contributors to the
development of oesophageal squamous cell carcinoma in South Africa [2, 6, 8, 9]. The
consumption of maize that is infected with fungal toxins produced by the Fusarium species as
well as the lack of dietary intake of riboflavin, niacin, vitamin C, zinc, calcium and
magnesium have been identified as some of the major contributors to this type of cancer [2,
7-10]. Other risk factors include smoking and alcohol abuse, as well as infections with
deoxyribonucleic acid (DNA) viruses such as the human papilloma virus (HPV) [1, 4, 8]. In a
study by Wang et al. (2010) a high prevalence of HPV L1 in oesophageal cancer cell samples

was observed [11].

Squamous cell carcinoma of the oesophagus presents a major health problem. It is usually

identified in its late stages because its development is asymptomatic [4, 12]. The 5-year
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survival of patients who have been diagnosed with the disease is about 5-10%, therefore
better diagnostic and therapeutic approaches are required, so as to reduce the elevated

mortality figures that are associated with this disease [1, 4, 12].

1.2.  Overview of cancer treatments

There are many different types of treatments that are used to combat cancer. The three main
types of treatments are surgery, radiation therapy, and chemotherapy [13]. The selection of
treatment dependents on various factors e.g. the type and the stage of the cancer, as well as
the health status of the patient [13, 14]. Surgery is used to prevent, diagnose, stage and cure
cancers [14, 15]. Although it offers the greatest possibility to cure various benign tumours, the
main shortcoming with this type of cancer treatment is that it is unsuccessful in treating

metastasizing tumours [14].

Radiation therapy uses high energy waves that disrupt genes which control cell growth and
division, ultimately leading to killing of the rapidly diving cells [14, 16]. Radiation therapy
can be used in conjunction with the other types of treatments. Although radiation therapy is
intended to kill cancerous cells, it also affects dividing cells of normal tissues [16]. Surgery
and radiation therapy are generally used to treat cancers that are localized within a specific
organ or tissue, whereas chemotherapy is used in both localized and metastasizing of cancers
[14].

In chemotherapy drugs are used to destroy cancer cells [17]. It is at times used together with
the other 2 types of cancer treatments [14, 17]. Chemotherapy works by reducing the growth
and/or Killing of rapidly dividing cells. Such drugs have the potential to harm healthy cells
that divide rapidly, such as those that form the lining of the digestive tract mucosa and those
that are responsible for hair growth [17, 18]. Thus, current research is focusing on improving
the specificity and therapeutic efficacy of chemotherapeutic agents, so that only cancerous
cells will be affected. There are several anticancer agents currently used for chemotherapy,

these agents can be divided into several categories based on their targets (Table 1.1).
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Table 1.1. Groups of agents currently used in chemotherapy.

Group Target End result

Mitosis inhibitors Tubulin/ microtubule systems | Cell cycle arrest in M phase,

leading to cell death

Antimetabolites DNA and Ribonucleic acid | Cell cycle arrest

(RNA)
Alkalators DNA Damage to the DNA
Platinum-based DNA Breaks in the DNA chain

Among the group of mitosis inhibitors are microtubule-targeting compounds, which inhibit
normal progression of mitosis by inhibiting the normal functioning of the microtubules [19,
20]. There are various compounds which have been identified as microtubule-targeting
compounds; these include paclitaxel, epothilones, 2ME2 and podophyllotoxin [19, 20]. These
compounds are grouped into two groups depending on their binding site on the microtubules
[19]. Disruption of the normal functioning of the mitotic spindle results to mitotic arrest and
subsequent induction of cell death [19-22]. Although these compounds have a high efficacy
as chemotherapeutic drugs, they have various side effects which include toxicity to rapidly
dividing normal cells [22]. Thus, research is in progress to identify more selective

microtubule-targeting agents.

The balance between cell growth and proliferation, as well as cell death is of utmost
importance in the growth and maintenance of multicellular organisms. Since these two

processes have been implicated in the development of cancer, they will be discussed below.
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1.3.  Overview of the cell cycle

The cell cycle is a mechanism by which eukaryotic cells grow and proliferate [23]. During
the cell cycle, a cell copies its DNA and then separates into two daughter cells [24, 25]. The
cell cycle consists of four phases which occur in sequence, namely, gapi (Gy), synthesis (S),
gap2 (G2) and mitotic (M) phase [23, 26, 27]. During G; and G, phases the cell ensures that
all is ready for the process of DNA replication and of cell division, respectively [23, 25, 27].
During the S phase, DNA duplication takes place. The G;, S and G, phases are collectively
referred to as interphase [23, 27]. The M phase is the process of nuclear and cytoplasm
division and it can be subdivided into prophase, metaphase, anaphase and telophase [23, 26,
27].

The progression from one phase of the cell cycle to the next is mainly controlled by a family
of serine/threonine protein kinases called cyclin-dependent kinases (CDKSs) [23, 27]. CDKs
are present in an inactive form throughout the cell cycle within cells which have the potential
to divide, but only become activated at specific points of the cell cycle [23, 27]. In
mammalian cells, nine CDKs have been identified thus far, of these; the ones that required
during the different phases of the cell cycle are as follows: CDK4 and CDKG6 are active
during the G; phase; CDK?2 is active during the G; phase and S phase, with CDK1 active in
both the G, and M phases [24, 27]. For their specific activation, CDKs require association
with their specific regulatory subunits known as cyclin [24-26]. When activated, CDKs

phosphorylate selected proteins required at specific stages of the cell cycle [23, 25, 26].

Cyclins are proteins whose synthesis is dependent on whether or not they are required at the
specific phase of the cell cycle [28-31]. The activities of the CDKs can also be regulated by
phosphorylation/dephosphorylation events as well as by CDK-inhibitors (CKI) [23, 24].
Phosphorylation of CDKs can either lead to their activation or their deactivation depending

on the CDK amino acid residue that is phosphorylated [23, 24].

1.3.1. Cell cycle phases

1.3.1.1. G; phase

The G; phase is a period in which a cell decides whether it has received the necessary growth

signals to proceed to the S phase [24, 32]. During this phase the cell receives signals from
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both extracellular and intracellular environments. If the cell has not received the appropriate
signals, it will not pass through a point known as restriction point (R-point), it will either
temporally stop or it will exit the cell cycle and enter the phase known as the quiescence
phase [24, 33, 34]. In early G; phase, the levels of D-type cyclins’ increase due to appropriate
growth signals and they bind with and activate CDK4 and CDK®6 [33, 34]. Following their
complete activation (i.e. after cyclin binding and phosphorylation by CDK-activating kinase
(CAK)) cyclin D-CDKA4/6 complexes phosphorylate the retinoblastoma protein (pRb). Rb is a
tumor-suppressor protein, which when unphosphorylated binds to the elongation factor 2
(E2F). E2F controls transcription of several genes implicated in DNA synthesis and in cell
cycle progression [24, 33, 34]. Cyclin E is another cyclin which is induced during the G
phase [29, 33]. Cyclin E binds with CDK2 to form a cyclin E-CDK2 complex. Cyclin E-
CDK2 participate in keeping Rb in the hyper phosphorylated state and are important for
transition from G; to S phase [24, 29].

The activities of CDK4/6 and CDK2 can be regulated by CKIls. Two groups of CKIs have
been defined. The first group, the INK4, consist of p15™<% p16™NK4 n18!NK4c and p19™NK4d
[29, 34]. These proteins function only at the G; phase, they form complexes with CDK4/6
before they bind to cyclin D [23, 24, 29, 34].The second group of inhibitors, the Cip/Kip
family consist of p21Weart G, Sdil - no7kiPl “and p57KiP2 [23, 29]. Contrasting to the INK4
proteins, the Cip/Kip proteins serve as CKI in all phases of the cell cycle [23, 29, 34].
Deregulation of the Rb-cyclinD1-CDK4- p16'™<** pathway has been shown to occur in lung

tumours [35].
1.3.1.2. S phase

DNA replication, which is duplication of the genome, occurs during the S phase of the cell
cycle [24]. During the late M to early G; phases of the cell cycle, the pre-replicative complex
(pre-RC) binds onto the origin recognition complex (ORC) that is bound to chromatin [36,
38].The ORC proteins form a six-membered complex that determines the site of initiation
(i.e. site on the chromosome at which DNA replication begins) on the genome [38]. When
ORC is bound to the replication sites it recruits other factors collectively referred to as pre-
RC. The pre-RC consists of cell division cycle 6 (Cdc)6, cdc-10 dependent transcript (Cdtl)
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and the minichromosome maintenance (MCM) protein complex [36-39]. MCM is a complex

of 2-7 related proteins, whose function is to unwind DNA ahead of each replication fork [24].

At the beginning of the S phase, cyclin A levels increase and bind with CDK2. Cyclin A-
CDK2 complex phosphorylate components of the DNA replication machinery, leading to the
activation of a pre-RC thereby promoting the initiation of DNA replication [24].

1.3.1.3. G, phase

During the G, phase cells assess whether all the genetic material and cellular structures are
correctly duplicated and they get ready to undergo mitosis [23, 39, 40]. This phase chiefly
involves cyclin A-CDK1 complex [29]. Cyclin A-CDK1 complex promotes progression into
the M phase. Nevertheless, cyclin B has also been shown to slowly increase in this phase and
it binds to CDK1. The cyclin B-CDK1 complex is also known as the maturation-promoting
factor (MPF) [24]. Cyclin B-CDK1 complex is however held inactive by remaining in the
cytoplasm and by inhibitory phosphorylation at its Thrl4 and Tyrl5 amino acid residues by
weel and mytl protein kinases [23, 25, 33]. At the end of the G, phase, when the cell is ready
to go into mitosis, the cyclin B-CDK1 complex is activated by phosphorylation at its Thr161
amino acid residue by phosphatases, Cdc25B and Cdc25C and it is transported into the
nucleus [23, 33].

1.3.14. M phase

In the M phase of the cell cycle the chromosomes are pulled from the equator towards poles
of the cell and cytoplasmic cleavage also takes place. Briefly, in the initial phase of the M
phase, which is prophase, chromosomes condense and the microtubules start to form [26,
41, 42]. In metaphase chromosomes ascribe to the mitotic spindle and line up on the
metaphase plate amongst the two centrosomes [26, 42]. After metaphase, the cell then enters
anaphase, a phase where sister chromatids move to opposite poles [26, 41, 42]. In the last
phase, which is telophase, the chromosomes reach the poles of the cell, a new nuclear
membrane forms and the chromosomal decondensation begins [41, 42]. Then cytokinesis

follows, in which the cytoplasm separates resulting in two daughter cells [41, 42].
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Microtubules are one of the components that make up the cytoskeleton and are made up of
alpha (o) and beta (B) tubulin heterodimers [43, 44]. They have several functions in the cells
including maintenance of the cell’s shape and morphology [44, 45]. During interphase,
microtubules form part of the cellular transport mechanism of organelles and vesicles.
However, when cells enter mitosis the microtubules are reorganized into mitotic spindle
fibers which are required for the separation of chromosomes [46]. Microtubules are highly
dynamic structures that constantly elongate and shorten, a process termed dynamic instability
[46]. This behavior is regulated by various different proteins that bind to the microtubules.

In mitosis, microtubule dynamics increase, the formation and tension of kinetochore
microtubules is important for proper attachment, separation, and segregation of chromosomes
[43]. The kinetochore is a multiprotein complex that attaches the chromatids to microtubules
which are connected to a spindle pole. The kinetochore generates forces that drive
chromosome movement and delay the beginning of anaphase up to when chromosomes are

properly attached to the mitotic spindle fibers [47].

Entry into mitosis is induced by increased activity of cyclin B-CDK1 complex [24, 29].
Activated cyclin B-CDK1 complex phosphorylates numerous proteins essential for the M
phase [24]. Cyclin B-CDK1 complex activates the anaphase-promoting complex/ cyclosome
(APC/C) which is an ubiquitin-protein ligase that regulates sister chromatid separation and
exit from mitosis by targeting key proteins for degradation [24, 48]. APC/C promotes
anaphase by degrading securin, the inhibitor of separase. Separase is a protease which cleaves
cohesion, a protein that bind sister chromatids at the kinetochore thus preventing their
separation [24, 41]. APC/C also targets cyclins A and B for degradation, the degradation of
cyclin B leads to the end of the M phase [24, 33].

1.3.2. Cell cycle checkpoints
1.3.2.1. DNA checkpoint

During the cell cycle, damage to the DNA can lead to the activation of signaling cascade
known as DNA checkpoints [33, 49]. The activated DNA checkpoints activate mechanisms
which either repair the damage or, if the damage cannot be repaired, induce cell death [49,

50]. The cell cycle DNA damage checkpoints occur in the G1/S and in G,/M transitions and
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may arrest the cells in the S or M phase [25, 29]. The G4/S and in G,/M checkpoints prevent
entry into S and M phases respectively [23, 50].

At the G1/S checkpoint, p53 is required for cell cycle arrest. p53 is a tumour suppressor
protein that is phosphorylated by protein kinases such as ataxia-telangiectasia mutated
(ATM), ataxia and rad3 related (ATR) in response to DNA damage [29, 33, 51]. When p53 is
activated it stimulates the transcription of various genes such as p21, Mdm2 and Bax [29].
p21 is one the Cip/Kip family members and as already mentioned, it blocks cyclin-CDK
activities, this prevents replication of damaged DNA [29, 33]. Mdm2 is a negative regulator
of p53; it inhibits p53 transcriptional activity and facilitates its ubiquitination [24, 37].
Overexpression of mdm2 has been shown to lead to enhanced tumorigenic potential [24]. If
DNA damage cannot be repaired, p53 can induce cell death by activating apoptosis

promoting genes such as Bax [29].

When DNA damage occurs in G,/M, cells can initiate cell cycle arrest irrespective of whether
or not p53 is present [29, 33]. Entry into mitosis is prevented by keeping CDKL in its inactive
form. This can be done by phosphorylation or by sequestration of components of the cyclin
B-CDK1 complex. Two protein kinases that facilitate these processes are protein kinases
Chkl and Chk2, which are triggered when there is DNA damage [29]. Chkl and Chk2
phosphorylate a phosphatase Cdc25, thus resulting in the inhibition of Cdc25 activity and its
binding to 14-3-3 proteins [29, 33]. 14-3-3 protein keeps the phosphatase in the cytoplasm
and stops the removal of the inhibitory phosphorylation on Thrl4 and Tyrl5 of CDK1,
thereby maintaining cyclin B-CDK1 in an inactive form [29, 33].

1.3.2.2. Spindle checkpoint

The spindle assembly checkpoint inhibits the commencement of anaphase until all
kinetochores are attached properly to the mitotic spindle [29, 33, 41]. The proteins that are
activated during this checkpoint include the mitotic arrest deficient 2 (Mad2) and the budding
uninhibited by benomyl (bub) proteins [29, 33]. Mad2 prevents transition from metaphase
into anaphase by binding to kinetochores thus preventing activation of APC/C [24, 29, 33].
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1.4.  Types of cell death

To date, there are several types of cell death that have been identified, such as mitotic
catastrophe, oncosis, necrosis, apoptosis and autophagy. In this dissertation, only the two
types of programmed cell deaths i.e. apoptosis and autophagy will be discussed in detail since
they have been shown to be closely related to anticancer therapy. Mitotic catastrophe is a cell
death pathway that occurs during mitosis as a result of errors in the cell cycle checkpoints and
cellular damage [52, 53]. It is associated with morphological features such as the presence of
multinucleated and micronucleated cells, with all these characteristics occurring prior to cell
death [53-55]. Therefore mitotic catastrophe guards cells against unnecessary

aneuploidization [53].

Oncosis (i.e. swelling, Greek origin) is a passive form of cell death [56, 57]. Oncosis occurs
due to severe cellular damage as a result of cytotoxicity or failure of plasma membrane ion
channels [56, 58]. It is characterized by cellular and organelle swelling, membrane blebbing,
as well as increased permeability of the plasma membrane, which leads to cell lysis [57-59].
The lysed cell releases signaling molecules which in the end induce inflammation [56, 58,
59].

Necrosis is a type of cell death that is commonly referred to as an accidental type of cell
death [52, 53, 60, 61]. The morphological features of necrosis include an increase in cell
volume, enlargement of cytoplasmic organelles, severe plasma membrane damage and loss of
intracellular contents [53, 60]. Recent studies have however suggested that the necrotic cell
death may be a regulated cell death mechanism [52, 61, 62]. Death domain receptors and toll-
like receptors (TLR) such as TNFR1, TNF-related apoptosis inducing ligand receptor
(TRAIL-R), TLR3 and TLR4 are suggested to be involved in necrosis [62-64]. These
receptors recruit a specific kinase known as the receptor interacting protein 1 (RIP1) and its
activation leads to the induction of necrosis [62, 63]. Various cellular processes have been

implicated in necrotic cell death; however the exact mechanism is still uncertain [63].

Apoptosis and autophagy are referred to as programmed cell death types, because they are

genetically controlled. Programmed cell death (PCD) has significant role in numerous
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biological events in multicellular organisms such as homeostasis, morphogenesis and in

getting rid of damaged cells [64, 65].

1.4.1. Apoptosis

Apoptosis is a cellular mechanism by which cells undergo death in response to signals
originating from inside or outside the cell without eliciting an inflammation [66, 67].
Apoptosis plays a significant role in cell growth during development and in homeostasis [68,
69]. For example during embryogenesis, cells located in-between the toes and fingers
undergo apoptosis, resulting in free digits [70]. Too much or too little of the apoptosis
pathway can result in diseases such as cancer, autoimmune diseases and neurodegenerative
disorders[71, 72].

Cells undergoing apoptosis can be recognized by the following morphological features: cell
shrinkage, chromatin condensation, nuclear fragmentation, plasma membrane blebbing and
formation of apoptotic bodies [66, 73, 74]. During apoptosis phosphatidylserine
(a phospholipid found in the inner surface of the plasma membrane) becomes exposed on the
outer surface of the plasma membrane, resulting in the recognition and elimination of the cell
by macrophages, therefore causing no inflammatory response [66, 71, 75, 76]. The
morphological characteristics observed on cells undergoing apoptosis are due to the activities
of a family of intracellular cysteine proteases known as cysteine-dependent aspartate-specific

proteases (caspases) [77-79]

Caspases are a group of proteases that cleave their substrates specifically after the aspartate
residues on the substrates [71, 72, 80]. Caspases are synthesized in an inactive form termed
procaspases, and they contain a prodomain followed by large and small subunits. During
apoptosis, a procaspase is cleaved to produce small and large subunits, which are the active
forms of the caspase enzymes [71, 79, 81, 82]. Caspases can be categorized into two groups;
the initiator caspases (which are involved in the starting the proteolytic cascade) and the
effector caspases (involved in most of the cleavages that disassemble the cell). The initiator
caspases includes caspase 2, 4, 8, 9 and 10 while the effector caspases includes caspases 3, 6
and 7 [71, 81].
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Apoptosis can be activated by pathways that are dependent on caspases or by those
independent on caspases. Three mechanisms are known to be involved in the caspase-
dependent apoptotic process: extrinsic pathway (receptor-ligand mediated mechanism),
intrinsic pathway (mitochondrial mediated pathway) and endoplasmic reticulum (ER)-

mediated pathway [59].

14.1.1. Caspase-dependent signaling pathways

1.4.1.1.1. Extrinsic pathway (receptor-ligand mediated apoptosis)

The extrinsic pathway involves the binding of specific ligands to cell surface receptors,
known as death receptors (DRs). Death receptors are members of the tumor necrosis factor
(TNF) receptor superfamily which have apoptosis inducing activities [67, 69, 82, 83]. The
best described ligands and their matching death receptors comprise of FasL/FasR,
TNF-a/TNFR1, Apo-3 ligand (Apo-3L)/DR3, Apo-2 ligand (Apo-2L)/DR4 and Apo-2L/DR5
[69, 82]. Signaling of the apoptotic signal is facilitated by a cytoplasmic domain of the death
receptors called the death domain (DD) [69, 83, 84]. After binding of a ligand to receptor, the
DD of the receptor recruits adaptor proteins such as Fas-associated DD (FADD) or TNF
receptor associated DD (TRADD) that also have a DD at their C-terminus and a second
domain, called a death-effector domain (DED) at their N-terminus [83, 85]. The DED of the
adaptor protein binds to the DED of an inactive initiator caspase (procaspase 8/10) forming a
complex termed the death-inducing signaling complex (DISC), which leads to the activation
and release of an active initiator caspase [69, 83, 84, 86, 87]. The activated initiator caspase
then activates a series of effector caspases (caspase 3/6/7) resulting in the cleavage of caspase
substrates (e.g. structural and proapoptotic proteins), which in the end leads to apoptosis
(Figure 1.1) [83, 88]. The active initiator caspase can in addition cleave a
B-cell lymphoma protein 2 (Bcl-2) family member termed Bid to truncated Bid (tBid), its
active form. tBid promotes activation of the intrinsic pathway of apoptosis (Figure 1.1) [83,
87, 89, 90].
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Figure 1.1. During the extrinsic pathway of apoptosis, the ligand (e.g. FasL) binds to the death receptor (e.g.
FasR), which leads to the recruitment of adaptor proteins (e.g. FADD) and initiator procaspases (procaspase
8/10) via the death domain (DD) and the death-effector domain (DED), respectively. The resulting complex is
known as the death inducing signaling complex (DISC). DISC formation leads to the activation of initiator
caspase (caspase 8/10) which lead to the activation of effector caspases (caspase 3/6/7). Effector caspases
(caspase 3/6/7) cleave various structural and proapoptotic proteins, leading to apoptosis. Activation of initiator
caspase (caspase 8) can also result in the cleavage of the Bid to generate its active form tBid, which promotes

induction of the intrinsic pathway.
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1.4.1.1.2. Intrinsic pathway (mitochondrial-mediated apoptosis)

In the intrinsic pathway of apoptosis, the mitochondria play a central role in the transmission
of death signals in response to the various forms of cellular stressors [83]. In this pathway,
outer mitochondrial membrane permeabilization (MOMP) is produced by the formation of
pores in the mitochondrial membrane. The formation of pores is controlled by Bcl-2 family
of proteins [69, 83, 91]. These proteins can be categorized into two groups, namely, the anti-
apoptotic proteins (Bcl-2, Bcl-x, Bcl-XL, Bcl-XS, Bcl-w and BAG) and the pro-apoptotic
proteins (Bax, Bak, Bok, Bid, Bim, Bik, Noxa, Puma) [87, 91, 92]. Upon apoptosis induction,
pro-apoptotic Bcl-2 proteins such as Bid translocates from the cytoplasm onto the outer
mitochondrial membrane where they work together with other pro-apoptotic Bcl-2 proteins
(e.g. Bax) to form a pore-like structure [83, 87]. This leads to the release of pro-apoptotic
proteins such as cytochrome-c (Cyt c), second mitochondria-derived activator of caspase/
direct 1AP-binding protein with low pl (Smac/DIABLO), and serine protease HtrA2/Omi
from the mitochondrial intermembrane space into the cytosol [85-87]. Cyt ¢ together with
ATP, binds to apoptotic protease-activating factor-1 (Apaf-1) forming the apoptosome
complex [78, 83]. The apoptosome recruits procaspase 9 by the interaction of the caspase
recruiting domain (CARD) of Apaf-1 with that of procaspase 9 which triggers the activation
of the initiator caspase 9. Activated caspase 9 then initiates a caspase cascade involving
effector caspases (e.g. caspase 3, caspase 7, and caspase 6), ultimately causing cell death
(Figure 1.2.) [85-87]. Effector caspases are important mediators of events of the apoptosis

since mice deficient in caspase 3 and 7 were resistant to apoptosis [73].

The Smac/DIABLO as well as the HtrA2/Omi promotes apoptosis by inhibiting the activity
of apoptosis protein inhibitors (IAP) [82, 85, 87]. IAPs are proteins which attach to caspases
thus inhibiting their activity and they have also been shown to promote the degradation of
caspases [93-94]. In humans various family members of IAP have been identified which
include the X chromosome-linked inhibitor of apoptosis protein (XIAP), cellular 1AP1
(clAP1), clAP2, and survivin, amongst others [93-95].
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Figure 1.2. Mitochondrial mediated pathway. Upon apoptosis induction via the intrinsic pathway, pro-apoptotic
Bcl-2 proteins such as Bid moves from the cytoplasm onto the outer mitochondrial membrane where it works
together with other pro-apoptotic Bcl-2 proteins (e.g Bax) to form a pore-like structure. Cyt ¢ becomes released
into the cytosol and together with ATP binds to Apaf-1 forming the apoptosome complex. The apoptosome
recruits procaspase 9 by the interaction of the CARD of Apaf-1 with that of procaspase 9 which activate the
initiator caspase 9. Activated caspase 9 then recruits a caspase cascade involving effector caspases such as

caspase 3, caspase 7, and caspase 6, ultimately resulting in apoptosis.
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1.4.1.1.3. Endoplasmic reticulum-mediated apoptosis

ER mediated apoptosis is the third mechanism known to be involved in the caspase-
dependent apoptotic process. The ER has multiple functions in the cell such as the
synthesizing, and folding of membrane and secretory proteins as well as calcium storage [96-
98]. The disruption of any of these functions may lead to the accumulation of misfolded
proteins which can trigger ER stress [96, 98]. In an attempt to restore normal ER functioning,
adaptive responses are activated. One of the ER stress responses is the unfolded-protein
response (UPR) [96-98]. If UPR is however unable to counteract the accumulation of
misfolded proteins then ER mediated apoptosis is activated. Apoptosis activated at the ER is
proposed to involve two central pathways, a caspase- and a transcriptional-dependent
pathway [97]. The caspase-dependent pathway induced by ER stress involves caspase 12 in
murine and caspase 4 in humans. The activated caspase 12 activates caspase 9 which
subsequently activates effector caspase 3 [96, 97]. It has been shown that Cyt c is not
required for this type of apoptosis; meaning that caspase 12 directly triggers caspase 9
activation and subsequent apoptosis [96]. BH3-only class of proteins such as Bax/Bak has
also been shown to take part in ER-mediated apoptosis. Bax and Bak can localize to the ER
in response to ER stress, leading to calcium release and activation of murine caspase 12 [96,
98].

1.4.1.2. Caspase-independent pathway

Apoptosis can also be induced by caspase-independent death effector proteins such as the
apoptosis-inducing factor (AIF), endonuclease G (Endo G), calpain, cathepsin and
granzymes. Endo G and AIF are nucleases that are located in the mitochondrial
intermembrane space [53, 99, 100]. During apoptosis, Endo G and AlF are released from the
mitochondria into the nucleus where AIF causes chromatin condensation and DNA
fragmentation while Endo G cleaves nuclear chromatin [53, 99]. Cathepsins D, B and L are
proteases which are released from the lysosomes into the cytoplasm where they trigger
apoptosis [53, 101]. These proteases can induce caspase-dependent or -independent apoptosis
inclusive or exclusive of the contribution of the mitochondria [101]. Calpains are cytosolic
calcium-activated cysteine proteases which activate apoptosis by cleaving pro-apoptotic or

anti-apoptotic proteins like procaspase 12, Bcl-2, and Bax [102, 103]. Nakagawa et al. (2000)
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showed that calpains may be responsible for cleaving Bcl-XL into a pro-apoptotic molecule
[104]. Granzymes are a family of serine esterases which have been shown to induce
apoptosis. They require perforin (pore forming proteins) in order to enter their target cells
[105-107]. Granzymes induce apoptosis by various pathways including activating effector
caspases or by cleaving the inhibitor of Caspase-Activated DNAse (ICAD) resulting in DNA
fragmentation [105, 106].

1.4.2. Overview of autophagy

Autophagy is a process whereby a cell degrades its intracellular components inside lysosomes
[108]. It is one of the cell’s two major pathways through which proteins are degraded and it is
the only pathway known for degrading cellular organelles [109-111]. In normal cells,
autophagy maintains cellular homeostasis by removing excessive proteins and damaged
organelles [109]. Autophagy can be induced by various conditions such as starvation, growth
factor withdrawal and stressors [109, 112, 113]. Generally, autophagy is a mechanism of
survival for cells during periods of stress and starvation, but there are times where autophagy
can progress to cell death. There are 3 major types of autophagy; macroautophagy,
microautophagy and chaperone-mediated autophagy (CMA) [108, 112]. During
macroautophagy, cytoplamic contents are enclosed in a double-membrane vesicle, the
autophagosomes, which delivers them into the lysosome for degradation [113-116]. In
microautophagy, the lysosomal membrane itself engulfs the cytoplasmic components, which
leads to their degradation in the lumen [117, 118]. CMA is a lysosomal pathway that plays a
part in the degradation of cytosolic proteins [112].

1.4.2.1. Macroautophagy

Macroautophagy (usually referred to as autophagy) begins with the formation of an isolation
membrane which surrounds the cytoplasmic contents to be degraded. The isolation membrane
then encloses to produce a double-membrane vesicle, the autophagosome, which transports
the cytoplasmic components into the lysosome for degradation [109, 111, 113, 114]. In
eukaryotic cells, nutrient starvation induces autophagy through inhibition of a major regulator
of autophagy, known as mammalian target of rapamycin (mTOR) [110, 111, 115]. mTOR is a

serine/threonine kinase that associates with numerous proteins to form 2 different signaling
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complexes, mMTOR complex 1 and 2 (mTORC1 and mTORC?2) [115, 116]. The mTORC1
includes a regulatory associated protein of mMTOR (RAPTOR), mLST8 and a proline-rich
AKT substrate of 40 kDa (PRAS40) [117]. mTORCL is implicated in autophagy induction
during periods of starvation, while, the mTORC2 which contains rapamycin-insensitive
companion of mMTOR (RICTOR), mLST8, SIN1, and protor promotes the inhibition of
autophagy by activating AKT kinase [117].

MTORC1 prevents autophagy induction by phosphorylating autophagy regulated gene 13
(Atg13) and uncoordinated 51-like kinase (ULK), which form part of the ULK-Atg13-FIP200
complex [118, 119]. During starvation, mMTORC1 detaches from the ULK-Atgl3-FIP200
complex, leading to the activation of ULKSs, which then phosphorylates Atgl3 as well as
FIP200 [118, 119]. Jung et al. (2009) demonstrated that inhibition of mTOR in HEK293T
cells by rapamycin or leucine deprivation lead to the dephosphorylation of ULK1, ULK 2 and
Atg13, with subsequent autophagy induction [119]. RNAi-mediated knock down of ULK1 in
cultured cells resulted in an inhibition of amino acid starvation-induced autophagy [120].

The formation of the isolation membrane requires the activity of Beclin 1-hVps34-hVps 15
complex [108, 118]. This complex is important for the recruitment of other Atg proteins that
are important for the formation of the autophagosome and for producing
phosphatidylinositol3-phosphate [121, 116]. Furthermore, autophagosome elongation, and
expansion is regulated by two ubiquitin-like conjugation systems [120, 121]. The Atg5-Atg12
conjugate associates with Atgl6L, and this complex then promotes the conversion of
recruitment and conversion of LC3I to LC3II, which is required during the elongation step
[112-114, 122]. In the second conjugation system, LC3l is conjugated to
phosphatidylethanolamine (PE) to form LC3I1 by Atg7 and Atg3 [114]. LC3lI1 is found on the
inner and outer membrane of the autophagosome and it one of the methods used to monitor
autophagy induction [112, 118, 119].

Autophagy can be repressed by the binding of the apoptosis-related proteins, Bcl2 or Bel-XL,
to Beclin 1. During starvation conditions, Jun N-terminal kinase 1 (Jnk1) promotes induction
of autophagy by phosphorylating Bcl2 thus disturbing the interaction involving Beclin 1 and
Bcl-2 [112, 113]. The interaction of Bcl2/Bcl-XL and Beclin is one of the molecular

mechanisms of crosstalk between apoptosis and autophagy [123].
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1.4.2.2. Microautophagy

During microautophagy, the lysosome engulfs the cytoplasmic components, which leads to
their degradation in the lysosomal lumen [108, 121]. The process of microautophagy can be
broken down into various steps which include: invagination of the lysosomal membrane,
formation of autophagic tubes, formation and growth of autophagic vesicle, vesicle scission,
and degradation of autophagic vesicles (Figure 1.3.) [124]. mTOR signaling pathways have
also been shown to regulate microautophagy [124]. The fundamental mechanisms behind
microautophagy are still not clearly defined and remain to be studied.

Figure 1.3.Schematic representation of microautophagy events.
1.4.2.3. Chaperone-mediated autophagy

CMA refers to a type of autophagy where soluble cytosolic proteins are selectively
transported into the lysosome for degradation [125, 126]. CMA has been found to be
activated under stressful conditions such as starvation and oxidative stress [127, 128]. Only
proteins which have a target amino acid sequence related to the pentapeptide KFERQ (Lys-

Phe-Glu-Arg-GIn) can be substrates for CMA [127, 128]. The CMA substrate proteins are
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recognized by cytosolic chaperones (heat shock cognate 70 kDa (cys-hsc70)) together with
their cochaperones. The cys-hsc70-cochaperone complex transports and binds the substrate
protein to a lysosomal-associated membrane protein 2A (LAMP-2A) [125, 126,129]. Once
the substrate is bound to the LAMP2A, it is unfolded by the cys-hsc70-cochaperone complex
and it is then translocated across the lysosomal membrane by a lysosomal membrane
chaperone (lys-hsc70) [125, 126, 129]. Agarraberes et al. (1997) demonstrated that blocking
antibodies against lys-hsc70 prevented substrate translocation [130]. Once the unfolded
substrate is in the lysosome lumen, it is degraded by proteases which are present in the
lysosomal lumen (Figure 1.4) [125, 129].

Cytoplasm

Figure 1.4. During CMA, proteins with a target amino acid sequence Lys-Phe-Glu-Arg-GIn (KFERQ) are
recognized by cytosolic chaperone (cys-hsc70)) together with their cochaperones (1). The cys-hsc70-
cochaperone complex transports and binds the CMA substrate protein to LAMP-2A (2&3). Once the substrate is
bound to the LAMP2A, it is unfolded by the cys-hsc70-cochaperone complex and it is then translocated across
the lysosomal membrane by a lysosomal membrane chaperone (lys-hsc70) into the lysosomal lumen where it is
degraded (4, 5).
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15. Estrogens

1.5.1. Estrogen’s metabolism

Estrogens are steroid hormones which are primarily produced and secreted by the ovaries.
They are regarded as primary female sex hormones, since they promote the development and
maintenance of female characteristics [131]. There are three major naturally occurring
estrogens in females, namely, estrone, 17-B-estradiol, and estriol, with 17-p-estradiol being
the most abundant estrogen in premenopausal woman [131, 132]. 17-B-estradiol has been
implicated in carcinogenesis due to its ability to stimulate cell growth by means of binding to
estrogen receptors. Additionally, 17-pB-estradiol may play a role in carcinogenesis by
formation of quinones and reactive oxygen species (ROS) by its products of oxidation,
leading to DNA damage [132, 133].

Estrone and estradiol are substrates for phase | enzymes of the cytochrome P450 (CYP450)
family, CYP1A1/1A2 and CYP3A4 [132-134]. 17-B-estradiol/estrone is mainly hydroxylated
in the liver [135]. The formation of 2-hydroxyestrone, 2-hydroxyestradiol, 4-hydroxyestrone
and 4-hydroxyestradiol metabolites result from the hydroxylation of the A-ring of
17-B-estradiol or estrone, while 16a-hydroxyestrone, 16a-hydroxyestradiol and estriol
metabolites result from hydroxylation of the D-ring of 17-p-estradiol or estrone [133, 135].
2-Hydroxyestradiol and 4-hydroxyestradiol metabolites have estrogenic and genotoxic
properties, with 4-hydroxyestradiol being the most potent cell proliferator. Furthermore,
4-hydroxyestrone and 16a-hydroxyestradiol are reported as being both estrogenic and
carcinogenic [132].

2- and 4-Hydroxy metabolites are further converted to methoxylated metabolites namely;
2-methoxyestrone, 2-methoxyestradiol (2ME2), 4-methoxyestrone, 4-methoxyestradiol, as
well as 2-hydroxyestrone 3-methyl ether, 2-hydroxyestradiol 3-methyl ether,
4-hydroxyestrone 3-methyl ether and 4-hydroxyestradiol 3-methyl ether by catechol
O-methyltransferase (COMT) [133, 135].
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Studies have shown that 2ME2, one of the metabolites of 17-p-estradiol has unique biological
actions that are not the same as those of 17-B-estradiol and the catechol estrogens. 2ME2 has

apoptosis-inducting properties in both transformed and malignant cells [136-139].

1.5.2. Overview of 2-methoxyestradiol

During the last few decades 2ME2 has been shown to be a promising anticancer drug. 2ME2
has the ability to inhibit the proliferation of various cell lines both in vitro and
in vivo [138-142]. Studies on breast cancer (MCF-7) carcinoma cells and oesophageal
(WHCO3) demonstrated that 2ME2 was an effective antiproliferative agent with inhibitory
concentrations between 1 and 20mM [143, 144]. Xenograft experiments have demonstrated
that oral administration of 2ME2 reduced growth of transplanted 3-methylcholanthrene-
induced sarcoma (Meth-A) and mouse melanoma cell line (B16) by 66% and 85% in C3H
mice respectively [139]. The antiproliferative activity of 2ME2 was found to be time- and
concentration-dependent, as well as estrogen receptor independent [143, 145]. In a study
conducted by LaVallee et al. (2002) 2ME2 was effective at inhibiting cell proliferation of
estrogen-responsive (MCF7) and estrogen-independent (MDAMB- 435 and MDA-MB-231)
cell lines [145].

In addition to its antiproliferative effects, 2ME2 has anti-angiogenic properties. Angiogenesis
is a process by which new capillaries are made from pre-existing blood vessels; they are
formed in and around tumors and they are essential for tumor growth and metastasis [146]. In
cancer, angiogenesis promotes growth of cancerous cells. 2ME2 inhibits angiogenesis by
disrupting endothelial tubulin dynamics which have an effect on the expression and activity
of hypoxia inducible factor 1-a (HIF-1a) and vascular endothelial growth factor (VEGF)
[147, 148]. HIF-1a is a subunit of HIF-1, a transcription factor which is normally activated
during hypoxia to facilitate transcription of genes involved in angiogenesis, oxygen transport,
glucose metabolism, growth factor signaling, apoptosis, invasion and metastasis [149]. VEGF
is promotes growth of new blood vessels by stimulating endothelial cells which form the
lining of the blood vessels’ lumen and transport nutrients and oxygen to other tissues of blood
vessels [150]. 2ME2 reduced tumour vasculature in mice injected subcutaneously with
MethA sarcoma and B16 melanoma cells and subsequently treated with oral doses of 2ME2

[139]. There was a significant reduction in tumour growth of a human neuroblastoma
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xenograft model in mice after 14 days of treatment with 2ME2. Anti-angiogenic effects, as
well as apoptotic effects were also observed [150]. In a rat aorta ex vivo model, 2ME2

inhibited growth and sprouting of endothelial tubular formations [138].

2ME?2 binds to the colchicine binding site on tubulin, causing cells to undergo mitotic arrest
which subsequently leads to the induction of apoptosis [151-153]. In a study conducted by
Stander et al. (2010) the exposure of breast cancer cells (MCF-7) to 2ME2 resulted in an
increase in the number of cells in the G,/M phase, as well as an increase in the number of
cells in the sub-G; phase, indicating that apoptosis was induced in these cells [154]. Similarly
Fukui and Zhu (2009) demonstrated that exposure of breast cancer cells (MDA-MB-435) to
2ME2 arrested cells in G,/M phase and apoptosis occurred in a concentration- and time-
dependent manner [142]. Go/M arrests in addition to increased apoptosis in 2ME2-treated
cells are believed to contribute predominantly to its strong antiproliferative effect in these
cells [155].

In gastric carcinoma cell lines (SC-M1 and NUGC-3), 2ME2 appears to induce caspase 3
activation which leads to apoptosis via the caspase activation cascade, resulting in a G,/M
cell cycle arrest [148]. 2ME2 binds to the colchicine site of tubulin, thus inhibiting tubulin
polymerization. In a study by Mukhopadhyay et al. (1997) the apoptotic cell death that was
induced by 2ME2 was shown to be p53 mediated, as the functional activity of p53 increased
after treatment with 2ME2 [156]. However, several other studies indicate that the induction
of apoptosis by 2ME2 may be independent of p53 [157, 158]. 2ME2 treatment results in the
up-regulation of death receptor 5 (DR5) expression both in vitro and in vivo. DR5 is involved
in the extrinsic pathway of apoptosis [159]. The mechanism of action of 2ME2 seems to be

cell line dependent.

Although, 2ME2 has been revealed to exert antiproliferative, antitumour and anti-angiogenic
properties, human clinical trials for the treatment of breast cancer, prostate cancer and
multiple myeloma have shown that high oral doses of 2ME2 (registered as Panzem® by
Entremed, Inc. (Rockville, MD)) are needed per day in order to significantly reduce the
growth of certain tumours [160-163]. In a study conducted by Ireson et al. (2004) 10mg/kg of
2ME2 was administered orally (p.o.) or intravenously (i.v.). Data from this study indicated

that 2ME2 was below the limit of detection in plasma subsequent p.o. dosing and was rapidly

45

© University of Pretoria



IVERSITEIT VAN PRETORIA
N Y OF PRETORIA

ITHI YA PRETORIA

removed from the plasma following administration of a single i.v. dose, which suggests that
the agent undergoes rapid biotransformation in vivo [164]. Studies have demonstrated that
doses of 75 (oral) and 150 mg kg™day™ (intraperitoneal) of 2ME2 were required to reduce the
growth of melanoma or myeloma tumours [141, 165].

In another clinical trial a dose of up to 6g/day of 2ME2 had to be used in an attempt to
maintain the plasma concentration of 2ZMEZ2 in the range of 3-17ng/ml, which is the plasma
concentration that is required for efficient antitumor activity of 2ME2 [160]. 2ME2 has low
bioavailability and it is rapidly inactivation due to its metabolism by 17B-hydroxysteroid
dehydrogenase type 2 and by conjugation of both 3- and 17-hydroxyl moieties to form
glucuronides. 17B-hydroxysteroid dehydrogenase type 2 is an enzyme that is expressed in the
gastrointestinal tract and the liver. This enzyme oxidizes 2ME2 to its inactive metabolite,
2MEL1 [166-168]. A study conducted by Newman et al. (2006) showed that after just 48
hours, 95% of the added 2ME2 was metabolized to 2MEI1. The latter confirms 2ME2’s
limited oral bioavailability [166].

In an attempt to address the problem of low solubility and bioavailability, new nanocrystal
dispersion (NCD) formulation of 2ME2 has been developed [163, 169]. It has been
demonstrated that a nanoparticulate dispersion of 2ME2 leads to higher plasma levels (about
3-4%) compared to the old 2ME2 formulation, however, the bioavailability still remains very
low [168].

Thus, analogues of 2ME?2 are currently being designed, synthesized and tested in an attempt

to create compounds with improved anticancer potency and oral bioavailability.

1.5.3. Overview of 2-methoxyestradiol-bis-sulphamate

2-Methoxyestradiol-bis-sulphamate (2-MeOE2bisMATE) is a bis-sulphamoylated derivative
of 2ME2, which is currently being researched as a potential anticancer drug.
2-MeOE2bisMATE (also known as STX140) was created by the addition of sulphamate
groups at position 3 and position 17 of 2ME2 (Figure 1.5), and it was initially developed as
an inhibitor of steroid sulphatase (STS), which is an enzyme that converts estrone sulphate to

estrone [168]. Estrone can then be converted into a biologically active estrogen,
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17-B-estradiol. 17-p-estradiol binds to estrogen receptors and it stimulates the growth of

hormone-dependent tumours [168, 170, 171].

2-methoxyestradiol

2-methoxyestradiol-bis-sulphamate
Figure 1.5. Schematic diagram illustrating the synthesis of 2-MeOE2bisMATE from 2ME2.

Recent in vitro studies from our laboratory and from other researchers, have found that
2-MeOE2bisMATE inhibits cell growth in cancer cell lines namely the human breast
adenocarcinoma estrogen receptor positive cell line (MCF-7), human breast adenocarcinoma
estrogen receptor negative cell line (MDA-MB-231), human umbilical vein endothelial cells

(HUVEC), human prostate cancer cell line (PC3) and ovarian cancer cells [172-176].

In a study conducted by Newman et al. (2008), a concentration of 500nM of
2-MeOE2bisMATE inhibited the proliferation of drug resistant cells (MCF-7pox). MCF-7pox
cells are known to be resistant to various metastatic breast cancer drugs such as taxol and
doxorubicin [177]. Visagie et al. (2010, 2011) revealed that an exposure of breast cancer cells
(MCF-7) population to 0.4uM of 2-MeOE2bisMATE for a period of 48 hours yielded a 47%
growth reduction, while the same dose-time relationship yielded a 79% growth reduction in

the nontumourigenic MCF-12A cell population. The tumorigenic MCF-7 cells were more
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susceptible to 2-MeOE2bisMATE treatment compared to the normal MCF-12A cells [178,
179]. Some cell types were found to be more sensitive to 2-MeOE2bisMATE, suggesting
differential signal transduction exerted by this compound.

2-MeOE2bisMATE has revealed improved biological activity and oral bioavailability when
compared to 2ME2 [164, 177, 180, 181]. This characteristic is made possible by its ability to
transit the liver without undergoing first pass metabolism. This is attributed to the ability of
sulfamoylated derivatives to reversibly bind to carbonic anhydrase Il (CAII) in erythrocytes

after which they are then slowly released into the blood circulation system [174, 182-184].

Since the exact mechanism of action of 2-MeOE2bisMATE is still unknown and appears to
be cell line dependent. The purpose of this in vitro study was to investigate effects of
2-MeOE2bisMATE in a South African oesophageal carcinoma cell line (SNO) by exploring
its influence on cell growth, morphology, cell cycle progression and possible induction of
types of cell deaths. These activities have not been studied previously in these cells.

1.6.  Significance of this study

South Africa (mostly Transkei region) has the highest incidence of oesophageal squamous
cell carcinoma. It is of great importance that effective chemotherapeutic compounds are
discovered, which will be used to treat this form of cancer. Knowledge obtained from in vitro
study will contribute to the understanding of the efficacy of 2-MeOE2bisSMATE in inhibiting
the growth of oesophageal carcinoma cells, and to understanding the mechanism of action of
2-MeOE2bisMATE in these cells, which is currently unknown. Understanding of in vitro
molecular mechanisms of this compound will enable researchers to focus on affected cellular
mechanisms and to identify active compounds with subsequent evaluation as possible
candidates for use in anticancer therapy.
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1.7. Specific aims of this study

To conduct time- and dose-dependent studies using spectrophotometry to observe the
viability of SNO cells after exposure to 2-MeOE2bisMATE.

To investigate changes in cell morphology via polarization-optical differential
interference contrast microscopy, light microscopy and transmission electron
microscopy after exposure of SNO cells to 2-MeOE2bisMATE.

To determine whether 2-MeOE2bisMATE disrupts tubulin function and structure in
SNO cells.

To determine whether 2-MeOEbisSMATE increases the activities of caspase 6 and 8 in
SNO cells.

To identify types of cell deaths that may be induced by 2-MeOE2bisMATE using
fluorescence microscopy and flow cytometry to study its effects on cell cycle
progression, mitochondrial membrane potential (mitotracker assay), apoptosis
(annexin V) and autophagy markers (LC3 marker and Cyto-ID autophagy detection
assays).
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Chapter 2

Research procedure

2.1. Type of study

This research project is considered as a preclinical in vitro study; therefore it is not directly
related to an in vivo study and cannot be extrapolated to an in vivo environment. The
scientific information gained from this research will contribute to the action mechanism of

this compound and will provide targets for future in vivo investigation.
2.2. Materials
2.2.1. Cell line

SNO oesophageal carcinoma cell line was purchased from the Highveld Biological Ltd. (Pty)
(Sandringham, South Africa). The cells are described as non-keratinizing squamous epithelial

cells.
2.2.2. Compound and reagents

In view of the fact that 2-MeOE2bisMATE is currently not commercially available, the
compound was synthesized by Professor Vleggaar from the Department of Chemistry
(University of Pretoria, Pretoria, South Africa). Dulbecco’s Modified Eagle‘s Medium
(DMEM), penicillin, streptomycin, fungizone and trypsin were bought from Highveld
Biological (Pty) Ltd. (Sandringham, South Africa). Dimethyl sulphoxide (DMSQ) and trypan
blue were purchased from Sigma-Aldrich Co. (St Louis, United States of America). Heat-
inactivated fetal calf serum (FCS), sterile cell culture flasks, and plates were obtained through
Separations (Pty) Ltd. (Randburg, Johannesburg, South Africa). All other analytical grade
chemicals were supplied by Sigma Chemical Co. (St. Louis, MO, United States of America).
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2.3. General laboratory procedures

2.3.1. Preparations of general cell culture maintenance’s reagents
I. DMEM complete

DMEM with glucose, sodium pyruvate and L-glutamine was supplemented with 10% fetal

bovine serum, 100ug/1 penicillin, 100ug/1 streptomycin and 250ug/1 fungizone.
Il.  Phosphate buffered saline (PBS)

A tenfold concentrated stock solution of PBS consisting of 80g/l NaCl, 2g/l KCI, 2g/I
KH,PO,4 and 11.5g/l Na,PO,4 was prepared with the pH adjusted to 7.4. The solution was then
stored in the refrigerator (4°C) in aliquots of 500ml. One times solution was made and then

autoclaved (120°C, 15psi, 20 minutes) before being utilized.
I1l.  Freeze medium

Freeze medium was made by adding 70% complete DMEM, 20% FCS and 10% DMSO. The

solution was made in 50ml sterile tube and stored at 4°C.
2.3.2. General cell culture maintenance
I. Maintenance and subculturing

Cells were grown as monolayers in sterile 25cm? or 75cm? tissue culture flasks in a Forma
Scientific water-jacketed incubator (Ohio, United States of America) at 37°C and 5% CO,.
Cells were maintained in 5ml of DMEM complete in 25cm? or in 8ml DMEM complete in
75cm? flasks. The growth medium was routinely replaced with fresh medium. When cells
were confluent, they were dispersed by being trypsinized. This was done by removing the
medium from the culture, the cells were washed twice with sterile PBS before a volume of
2ml of trypsin was added and the flask was placed at 37°C for 2-3 minutes (i.e. when cells
appear round in shape). After incubation, the trypsin was removed and the cells were
detached from the flask by gently hitting the flask. The cells were resuspendend in fresh

medium and divided into subcultures or used in experiments. All solutions were filtered
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through a 0.22um membrane filter and all procedures were conducted under aseptic

conditions.
I1. Preservation

When necessary, cells were frozen in cell culture freeze medium at a concentration of 5X10°
cells per ml. The freeze medium was prepared as stated above. A 1ml cell suspension was
transferred into 1.5ml vials and wrapped in cotton wool in a polystyrene foam box. This
ensured that the vials cool at a rate of 1°C/min. The box was placed in a freezer (-70°C) for a

day or two then the vials were stored in liquid nitrogen.
2.3.3. General methods for experiments

Experiments were conducted in 96-well tissue plates, 6-well plates or 25cm? cell culture
flasks. For 96-well plates, cells were seeded at a density of 5 000 cells per well in 200ul
medium. For 6-well plates, cells were seeded on heat-sterilized coverslips at a density of 350
000 cells per well in 3 ml medium. For 25 cm? cell culture flasks, cells were seeded at 1x10°

or 500 000 cells in 5 ml of medium.

The number of cells was determined by making use of a haemocytometer. A cell suspension
of 20ul was resuspended with 80ul PBS, 20ul of that solution was then mixed with 20pl
trypan blue to give a concentration of cells with a dilution factor of 10. The trypan blue is a
dye that penetrates through the cell membrane of cells whose cell membrane is not intact,

thus viable cells will not take up the dye whereas nonviable cell will stain blue [185].
The number of cells per ml is determined by the following equation:

Cells/ml = average count of viable cells in the four corner squares of haemocytometer X

dilution factor x 10*

Stock solutions of 2-MeOE2bisMATE with a concentration of 2.0x10°M were prepared in
dimethyl sulphoxide (DMSQO) and stored at -20°C. Dose (0.2-1uM) and times (24, 48 and
72 hours) were chosen since previous studies in our laboratory and in the literature have
shown that it is within this range that 2-MeOE2bisSMATE is most efficient as an

antiproliferative agent [174, 186].
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Control samples included cells propagated in growth medium. Another control, vehicle-
treated comprised of cells treated with the same volume of DMSO used to expose cells with
2-MeOE2bisMATE. The DMSO content of the final dilutions never exceeded 0.05% (v/v).
Positive control for induction of apoptosis included cells exposed to actinomycin D
(0.1pg/ml) and a positive control for induction of autophagy comprised of starved cells (cells
which were propagated in a solution which contains both growth medium and PBS at a ratio
of 1:2 respectively). Tamoxifen (at a final concentration of 20pLM) was also used as a positive
control for induction of autophagy.

2.4. Analytical experimental protocols

2.4.1. Cell number and viability assays

2.4.1.1. Crystal violet staining

Crystal violet staining is a triphenylmethane dye which is known as gentian violet. Crystal
violet stains the DNA in the cells’ nuclei. Gellies et al. (1989) showed that when crystal
violet is solubilised in Triton-X100, the optical density of the solution obtained from
spectrophotometry is linearly related to the quantity of viable cells [187]. In this study, crystal
violet staining was used to study the effects of 2-MeOE2bisMATE on cell proliferation.
Staining the cell nuclei with crystal violet dye allows for fast and reliable quantification of
cell numbers, if the cells are grown in a monolayer culture [187, 188]. The absorbance of the
dye measured at 570nm corresponds to cell quantities.

I. Materials

Glutaraldehyde, Crystal violet and Triton-X100 were purchased from Merck (Munish,

Germany).

I1. Methods

SNO cells were seeded at a cell density of 5 000 cells per well in 96-well tissue culture plates
and incubated at 37°C for 24 hours to ensure attachment. The medium was discarded and
cells were exposed to a dilution series ranging from 0.2-1uM of 2-MeOE2bisMATE

including controls as previously described. As already mentioned, this concentration range
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was chosen since previous studies have shown that it is within this range that
2-MeOE2bisMATE is most efficient as an antiproliferative agent [174, 186]. The experiment
was terminated by the addition of 100ul of 1% glutaraldehyde in water for 15 minutes.
Crystal violet (100ul) (1%, in water) was added to the wells and incubated for 30 minutes,
after which the culture wells were immersed in running tap water for 15 minutes. The plates
were left overnight to dry. Then 200ul of Triton-X100 (0.2% in water) was added to each
well. Plates were incubated for 30 minutes and 100l of the liquid content was transferred to
96-well plates. The absorbance of the samples was analyzed using an ELX800 Universal
Microplate Reader (Bio- Tek Instruments, Inc., Analytical Diagnostic Products, Weltevreden,
SA).

2.4.1.2. Lactate dehydrogenase cytotoxic assay

Lactate dehydrogenase (LDH) is a cytosolic enzyme which is present in all cell types and it is
rapidly released into the cell culture medium upon cell death (late apoptosis or necrosis) by
leaking through a damaged plasma membrane. The activity of the LDH in culture medium
can be used as an indicator of cell membrane integrity and as measurement of the cytotoxicity
of a drug. Absorbance is directly proportional to the concentration of LDH in the cell culture
medium [189].

. Materials

Lactate dehydrogenase assay kit was bought from BIOCOM biotech Pty (Ltd) (Clubview,
South Africa).

1. Methods

Exponentially growing SNO cells were seeded in 96-well tissue culture plates at a cell
density of 5 000 cells per well. Cells were incubated at 37°C for a period of 24 hours to allow
for attachment. After incubation, the medium was discarded and cells were exposed to
2-MeOE2bisMATE, including previously defined controls respectively. After exposure, the
plate was gently shaken and the supernatant was centrifuged at 600xg for 10 minutes.
Thereafter, 10ul of the supernatant was transferred to an optically clear 96-well plate.
Subsequently, 100ul of the LDH Reaction Mix was added to each well, mixed and incubated

54

© University of Pretoria



NIVERSITEIT VAN PRETORIA
N Y OF PRETORIA
u

ITHI YA PRETORIA

for two hours at room temperature. The absorbance of all controls was measured with a plate
reader equipped with a 450nm filter and a reference wavelength of 630nm. The absorbance of
the samples was analyzed using an EL,800 Universal Microplate Reader available from
Bio-Tek Instruments Inc. (Vermont, United States of America).

2.4.2. Morphology studies

2.4.2.1. Polarization-optical differential interference contrast

. Methods

Polarization-optical differential interference contrast (PlasDIC) is a new polarization-optical
transmitted light differential interference contrast method. Unlike conventional DIC, linearly
polarized light is only generated after the objective [190]. PlasDIC allows for high quality
imaging of cells and thus morphological characteristics specific for types of cell death can be
easily recognized. PlasDIC was used to observe morphological characteristics of SNO cells
after they were exposed to 2-MeOE2bisMATE. These images were captured using the Zeiss
Axiovert-40 microscope (Zeiss, Gottingen, Germany).

2.4.2.2. Light microscopy - haematoxylin & eosin staining

Light microscopy was used to reveal morphological changes of the nuclear and cytoplasmic
components of SNO cells that may be affected by 2-MeOE2bisMATE. Haematoxylin is a dye
that stains the nucleic acids of the cells a blue-purple colour. Eosin stains the cytoplasm of
the cells a red colour [191]. Morphological changes such as the appearance of apoptotic
bodies and membrane blebbing can be viewed by means of a light microscope. Haematoxylin
and eosin staining results provided both qualitative and quantitative (mitotic indices) data.
Mitotic indices were obtained by counting a thousand cells on each slide of a biological
replicate and expressing them as a percentage of cells in interphase, mitotic phases and
apoptosis.
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Materials

Haematoxylin, eosin, ethanol, Entellem® fixative, xylol were purchased from Merck
(Darmstadt, Germany). Bouin’s fixative was bought from Sigma-Aldrich (Ltd) (Clubview,
South Africa).

1. Methods

Exponentially growing SNO cells were seeded at 250 000 cells per well in 6-well plates on
heat-sterilized coverslips. After a 24 hours incubation period at 37°C, cells were exposed to
2-MeOE2bisMATE. Cells were fixed in Bouin’s fixative for 30 minutes. The fixative was
discarded and 70% ethanol was added to the cells which were on coverslips, then incubated
for 20 minutes, then rinsed in tap water and subsequently left for 20 minutes in Mayer’s
Hemalum. After rinsing with running tap water for 2 minutes, coverslips were washed with
70% ethanol before being subjected to 1% eosin for 2 minutes. This was followed by rinsing
twice for 5 minutes with 70% ethanol, 96% ethanol, 100% ethanol and xylol respectively.
Coverslips were then mounted with resin and left to dry before they were evaluated with a

Zeiss Axiovert MRs microscope (Zeiss, Gottingen, Germany).
2.4.2.3. Transmission electron microscopy

Transmission Electron microscopy (TEM) is a technique which allows imaging of internal
cell structures with a resolution power of about 0.1-0.4 nm [192]. The latter was used to study
the effects induced by 2-MeOE2bisMATE on SNO cells’ internal structures’ morphology.

I. Materials

Glutaraldehyde, aqueous osmium tetroxide, quetol, aqueous uranyl acetate, Reynold’s lead
citrate were purchased from Merck (Darmstadt, Germany) by the Electron Microscopy Unit
(Pretoria, South Africa).

I1. Methods

Exponentially growing SNO cells were seeded at 500 000 cells per 25cm? flask. To allow for
cell attachment, cells were incubated at 37°C for a period of 24 hours. Thereafter, the
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medium was discarded and the cells were exposed to 2-MeOE2bisMATE, and the other cells
were exposed to the controls. The experiment was terminated by trypsinizing the cells, fixing
them in 2.5% glutaraldhyde in 0.075M phosphate buffer (pH 7.4) and then washing them
with 0.075M phosphate buffer. The cells were then be fixed in 0.25% aqueous osmium
solution and rinsed with increasing concentrations of ethanol (30%, 50%, 70%, 90%, and
100%) and embedded in Quetol resin. Ultra-thin sections were prepared with a microtome
and thereafter they were mounted on a copper grid. Samples were contrasted with 4% uranyl
acetate and Reynolds’ lead citrate and viewed with a Multi-purpose Philips 301 TEM
(Electron Microscopy Unit, Pretoria, South Africa).

2.4.2.4. Confocal-alpha (a)-tubulin assay

Tubulin polymerization dynamics within the cell are critical for the process of mitosis and are
frequently targeted by agents that induce mitotic arrest. Since the parental molecule of
2-MeOE2bisMATE has been shown to be a tubulin poison, the a-tubulin detection assay was
utilized to determine the effects of 2-MeOE2bisMATE on tubulin morphology of SNO cells
[193].

I. Materials

Alpha-tubulin antibody, alexafluor 488 and 4’,6-diamidino-2-phenylindole (DAPI) were
purchased from BIOCOM biotech (Pty) Ltd. (Clubview, South Africa).

Il. Methods

Exponentially growing SNO cells were seeded at 250 000 cells per well in 6-well plates on
coverslips. After 24 hours of attachment, cells were exposed to 2-MeOE2bisMATE and to
appropriate controls for a period of 24 hours. The experiment was then terminated by fixing
the cells in 10% formalin (containing 2mM EGTA in phosphate buffered saline (PBS)) for
10 minutes and then permeabilizing them in ice-cold 97% methanol (containing 2mM
EGTA), which was dissolved by adding a few drops of 1mM sodium hydroxide at -20°C for
10 minutes. After 10 minutes of incubation, the coverslips were washed in PBS (5 minutes)
between successive 1 hour incubations with each of the following: mouse monoclonal

antibody against human a-tubulin (Clone 2-28-33; 1:1000), biotin-conjugated anti-mouse 1gG
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(Fab-specific, developed in goat) in FITC-conjugate diluent as secondary antibody (1:15) and
ExtrAvidin-FITC conjugates (1:200 in FITC-conjugate diluent). Following three 5 minute
washes with PBS, the coverslips were stained with 4',6-Diamidino-2-Phenylindole (DAPI, a
nucleic stain) that produces blue fluorescence and were mounted with a glycerol-based
mounting fluid and Cells were then examined with a ZEISS, LSM 510 Meta confocal
microscope at the Electron Microscopy unit at the University of Pretoria (Pretoria, South
Africa).

2.4.3. Determination of possible types of cell deaths induced

2.4.3.1. Fluorescent microscopy - triple staining technique

A triple fluorescent dye staining method was used to study the type(s) of cell death
(apoptosis, autophagy) induced after exposure of SNO cells to 2-MeOE2bisMATE. Hoechst
33342 (HO) is a fluorescent dye that can enter intact cell membranes of viable cells and cells
undergoing apoptosis, and it stains the cell nuclei blue. Acridine orange (AO) is a fluorescent
compound (green) that serves as a tracer for acidic vesicular organelles such as vacuoles and
lysosomes. Cells undergoing autophagy will have an increased affinity for AO staining when
compared to viable cells. This is because cells undergoing autophagy have an increased
lysosomal activity compared to viable cells. Propidium iodide (PI) is a red fluorescent dye
that is unable to penetrate an intact cell membrane; thus it stains the nuclei of cells that have

lost their membrane integrity owing to necrotic processes [194].

I. Materials

Acridine orange, bisbenzimide (Hoechst 33342) and propidium iodide were bought from
Sigma-Aldrich (Ltd) (Clubview, South Africa).

I1. Methods

SNO cells were seeded according to the same procedure describe for light microscopy. Cells
which were exposed to actinomycin D served as positive control for apoptosis, while starved
cells were included to serve as a positive control for autophagy. 0.5ml HO solution (3.5ug/ml
in PBS) was added to the medium to give a final concentration of 0.9uM and cells were
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incubated for a period of 30 minutes at 37°C. After 25 minutes into incubation, 0.5ml of AO
solution (4pg/ml in PBS) was added to the medium to provide a final concentration of
1pg/ml and 0.5ml of PI solution (40pg/ml in PBS) was also be added to the medium to give a
final concentration of 12uM and incubated for another 5 minutes at 37°C. The medium was
discarded and the cells were rinsed twice with PBS. Samples were examined with a Zeiss
inverted Axiovert CFL40 microscope and Zeiss Axiovert MRm monochrome camera (Zeiss,
Gottingen, Germany). Zeiss Filter 2 was used for HO-stained cells (blue emission), Zeiss
Filter 9 was used for AO-stained cells (green emission) and Zeiss filter 15 was used for PI-
stained cells (red emission). In order to prevent fluorescent dye quenching; all procedures

were performed with plates and reagents covered with foil.
2.4.3.2. Flow cytometry - cell cycle progression

The cell cycle is an essential functional parameter that can be used to assess cellular
metabolism, physiology and pathology. This technique takes advantage of the different DNA
concentrations found in cycling cells, which allows quantifying the distribution of cycling
cells along the various phases of the cell cycle (Go/G1, S, G2, and M) [195]. With flow
cytometry, cell cycle distribution can be analyzed rapidly based on the DNA content of
individual cells. Since PI binds stoichiometrically to DNA, and cells at different stages of
their cell cycle will have different amounts of DNA, discrimination of these subpopulations
of cells based on fluorescence intensity is possible. Go/M phase cells have twice the amount
of DNA of G; phase cells, and S phase cells possess variable amounts of DNA as they
progress through S between G; and G, [195]. Because PI also stains double-stranded RNA,
the latter is removed by the addition of RNase A to the staining solution [196]. Flow
cytometry was used to identify the distribution of SNO cells during the various phases of the
cell cycle after exposure to 2-MeOE2bisMATE. Four distinct phases can be recognized in a
proliferating cell population: the Gi, S (DNA synthesis phase), G, and M phase (mitosis). An
increase in the number of cells in the sub-G; phase indicates the presence of apoptosis [197].

I. Materials

Propidium iodide and RNase A were bought from Sigma-Aldrich (Ltd) (Clubview, South

Africa). Ethanol was purchased from Merck (Darmstadt, Germany).
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I1. Methods

SNO cells were seeded at 500 000 per 25cm? flask. Cells were incubated for a period of
24 hours to allow for attachment, subsequently, the medium was discarded and cells were
exposed to 2-MeOE2bisMATE and appropriate controls were included as defined previously.
After 24 hours of incubation, cells were trypsinized and resuspended in 1ml of growth
medium. Cells with a density of 500 000 were centrifuged for 5 minutes at 300xg. The
supernatant was discarded and cells were resuspended in 200ul of ice-cold PBS containing
0.1% FCS. In order to avoid cell clumping, 4ml of ice-cold 70% ethanol was added in a drop
wise manner while vortexing. Samples were stored at 4°C for 24 hours and cells were
subsequently pelleted by centrifuging at 300xg for 5 minutes. The supernatant was removed
and the cells were resuspended in 1ml of PBS containing 40ug/ml Pl and 100ug/ml RNase A.
The solution was incubated for 45 minutes in an incubator (5% CO, 37°C). The fluorescence
of P1 (measuring relative DNA content per cell) was measured with a fluorescence activated
cell sorting (FACS) FC500 System flow cytometer (Beckman Coulter South Africa (Pty)
Ltd.) equipped with an air-cooled argon laser excited at 488nm. Data from no less than 30
000 cells were analyzed with CXP software (Beckman Coulter South Africa (Pty) Ltd). For
accuracy, the data from cell debris and clumps of two or more cells were excluded from
analysis. Cell cycle distributions were calculated with Cyflogic 1.2.1 (Perttu Terho & Cyflo
Ltd) by assigning relative DNA content per cell to sub-Gi, G;, S and G,/M fractions. Data
obtained from the fluorescence channel for red monomers (FI3 Lin) were represented as

histograms on the x-axis.
2.4.3.3. Flow cytometry - apoptosis detecting study (annexin V-FITC)

Phosphatidylserine (PS) is a phospholipid which is predominantly located on the inner
surface of the plasma membrane, facing the cytosol. Cells undergoing apoptosis lose their
phospholipid asymmetry of the plasma membrane and expose PS by translocating it to the
outer layer of the plasma membrane. This occurs in the early phases of apoptosis during
which the cell membrane remains intact. Annexin V is a phospholipid-binding protein and it
has been proven to be a useful tool in detecting apoptotic cells since it preferentially binds to
negatively charged phospholipids like PS in the presence of calcium. By conjugating

fluorescein isothiocyanate (FITC) to Annexin V it is possible to identify and quantify
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apoptotic cells by flow cytometry [198-199]. The simultaneous staining with PI allows for

adequate detection of necrotic cells among the annexin-V positive group of cells.

I. Materials

Annexin V- FITC kit was bought from BIOCOM biotech Pty (Ltd) (Clubview, South Africa).
Il. Methods

Exponentially growing SNO cells were seeded at 500 000 cells per 25cm? flask. Cells were
incubated for 24 hours to allow for attachment, the medium was discarded and the cells were
exposed to either 2-MeOE2bisMATE or previously defined controls. After exposure, the
cells were trypsinized, 500 000 cells were resuspended in 1ml of 1x Binding Buffer and then
centrifuged at 300xg for 10 minutes. The supernatant was removed and the cells were
resuspended in 100ul of the 1x Binding Buffer. Subsequently, 10ul of Annexin V-FITC was
added and incubated for 15 minutes in the dark at room temperature. After incubation, cells
were washed with 1ml of the 1x Binding Buffer and then centrifuged at 300xg for
10 minutes. The supernatant was carefully pipetted off and the cells were resuspended in
500ul of the 1x Binding Buffer solution. Prior to analysis, 12.5ul of the P1 was added and
mixed into the solution. PI fluorescence and annexin V-FITC fluorescence were measured
with a FACS FC500 System flow cytometer (Beckman Coulter South Africa (Pty) Ltd)
equipped with an air-cooled argon laser excited at 488nm. Data from at least 30 000 cells
were analysed with CXP software(Beckman Coulter South Africa (Pty) Ltd. Information
gained was analyzed using Cyflogic 1.2.1 software, data from fluorescence channel for green
monomers (FI1 Log) and fluorescence channel for red monomers (FI3 Log) were represented

as dot plots on the y- and x-axis, respectively.
2.4.3.4. Flow cytometry — mitocapture mitochondrial assay

One of the earliest intracellular events that occur following the induction of apoptosis is the
disruption of the mitochondrial transmembrane
potential.5,5’,6,6’tetrachlorol,1’,3,3 tetracthylbenzimidazolylcarbocyanine  iodide is a
fluorescent lipophilic cationic reagent that can be used to detect the loss of the mitochondrial
membrane potential; therefore the mitotracker assay allows distinguishing between apoptotic

61

© University of Pretoria



NIVERSITEIT VAN PRETORIA
N Y OF PRETORIA
u

ITHI YA PRETORIA

cells and viable cells based on changes in the mitochondrial membrane potential. In normal
cells, the dye will concentrate in the mitochondrial matrix which will give off a bright red
fluoresce colour, whereas in cells with a reduced mitochondrial membrane potential, such as
apoptotic cells, the dye will remain in the cytoplasm and the cells will fluoresce a green
colour [200].

. Materials

MitoCaptureTM Mitochondrial apoptosis detection kit was bought from BIOCOM biotech
Pty (Ltd) (Clubview, South Africa).

I1. Methods

Exponentially growing SNO cells were seeded at 500 000 cells per 25cm? flask. After
24 hours of attachment, the medium was discarded and cells were exposed to
2-MeOE2bisMATE. Cells were subsequently trypsinized and centrifuged at 13 000xg for
5 minutes. Cells (500 000 per 25cm?) were resuspended in 500pl of the diluted MitoCapture
solution, then incubated for 20 minutes in an incubator (5% CO,, 37°C) and centrifuged at
500xg. The supernatant was discarded, cells were resuspended in 500ul of pre-warmed
incubation buffer and samples were analysed using a flow cytometer (fluorescence channel
for green monomers (FI1 Log) (Beckman Coulter South Africa (Pty) Ltd). Generated data
was analysed with Cyflogic 1.2.1 software.

2.4.3.5. Spectrophotometry- caspase 6 & 8 calorimetric assays

Caspases are proteases which play a significant role in the apoptotic pathway. The activation
of caspase 8, an intracellular cysteine protease, plays an essential role in death receptor
mediated apoptosis. Once activated, caspase 8 cleaves Bid or activates effector caspase such

as caspase 3 or caspase 6 [201].
I. Materials

Caspase 6 colorimetric and (FLICE)/Caspase 8 colorimetric kits were bought from BIOCOM
biotech Pty (Ltd) (Clubview, South Africa). BCA protein assay was purchased from Thermo

Scientific (Johannesburg, South Africa).
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I1. Methods

Caspase 6 & 8 calorimetric assays were conducted to observe whether or not
2-MeOE2bisMATE has an effect on the caspase 6 activity of SNO cells. Exponentially
growing SNO cells were seeded at 1000 000 cells per 25cm? flask. After a 24 hours
incubation period at 37°C, cells were exposed to 2-MeOE2bisMATE. Cells were trypsinized
and then centrifuged at 3 000 rpm for 3 minutes. Pellets were then resuspended in 50 pl of
cell lysis buffer and incubated on ice for 10 minutes. After incubation the cells were
centrifuged at 14 000 rpm for 1 minute. After determining the protein concentration using the
BCA protein assay (Thermo Scientific, Johannesburg, SA), the supernatant was transferred
into 50pl of 2X reaction buffer containing 10mM dithiothreitol (DTT) and 5ul of 4mM
VEID-pNA substrate (for caspase 6), IETD-pNA substrate (for caspase 8) was added to the
supernatants, and the reaction mixtures were incubated at 37°C for 2 hours in the dark. The
absorbances were determined at 405nm using an EL.800 Universal Microplate Reader

available from Bio-Tek Instruments Inc. (Vermont, United States of America).
2.4.3.6. Flow cytometry - autophagy detection: anti-LC3B

Autophagy is a process where cytoplasmic materials are degraded through the lysosomal
machinery and it is a form of programmed cell death. The LC3 antibody detection method
was utilized to determine whether 2-MeOE2bisMATE induces autophagy in SNO cells. LC3
is a soluble protein that is found in mammalian tissues and in cultured cells. LC3 exists in
two forms, LC3-I and its proteolytic derivative LC3-11. LC3-1 is located in the cytoplasm
whereas LC3-1l binds to autophagosomes. The induction of autophagy stimulates the
conversion of LC3-1 to LC3-I1l and the upregulation of LC3 expression. Therefore, lysosomal
turnover of the autophagosomal marker LC3-11 reveals autophagic activity. Identification of
LC3 by immunofluorescence is a reliable method for monitoring autophagy [202].

I. Materials

Formaldehyde, methanol, triton-X100, propidium iodide and bovine serum albumin (BSA)
were purchased from Sigma-Aldrich (Ltd) (Clubview, South Africa). Rabbit polyclonal
anti-LC3B conjugated to DyLight 488 was purchased from BIOCOM biotech Pty (Ltd)

(Clubview, South Africa).
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I1. Methods

Exponentially growing SNO cells were seeded at 500 000 cells per 25cm? flask. After
24 hours of attachment, the medium was discarded and the cells were exposed to
2-MeOE2bisMATE. After incubation the cells were trypsinized and washed with cold PBS.
Cells were fixed with 0.01% formaldehyde in PBS for 10 minutes, pelleted and then
resuspended in 200ul PBS. To further fix and permeabilize the cells, 1ml of ice-cold
methanol (-20°C) was added to the solution in a dropwise manner. Cells were then pelleted
and washed twice with cold PBS. After washing, the cells were pelleted and 0.5ml of the
primary antibody cocktail was added and then incubated for 2 hours at 4°C in the dark.
Following 2 hours of incubation, the cells were washed trice with a wash buffer (PBS/0.05%
Triton/1%BSA) and then analyzed with CXP software (Beckman Coulter South Africa (Pty)
Ltd). Data was analyzed using Cyflogic 1.2.1 software; data from fluorescence channel for

green monomers (FL1 Log) was represented as histogram on the x-axis.
2.4.3.7. Flow cytometry - cyto-1D autophagy detection assay

Cyto-ID Autophagy Detection Kit measures autophagic vacuoles using a novel dye that
selectively labels autophagic vacuoles. This method allows for staining of
pre-autophagosomes, autophagosomes, and autolysosome, thus offering a rapid and

quantitative approach for detecting autophagy [203].
I. Materials

Cyto-ID Green autophagy detection assay kit was purchased from BIOCOM biotech Pty
(Ltd) (Clubview, South Africa).

I1. Methods

SNO cells were seeded into 25cm? flasks at a density of 500 000 each. After 24 hours of
attachment, the cells were exposed to 2-MeOE2bisMATE and to appropriate controls for
24 hours. Following compound treatment, the cells were washed once in PBS and
resuspended in a dilution of Cyto-ID Green autophagy detection reagent and incubated at
room temperature for 30 minutes. Thereafter, the cells were analyzed using CXP software
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(Beckman Coulter South Africa (Pty) Ltd). Cyto-ID Green autophagy reagent was measured
in the fluorescent channel (FI1 Log) using Cyflogic 1.2.1 software.

2.5. Logistics

Experiments were conducted in the cell culture laboratory of the Department of Physiology at
the University of Pretoria. All techniques defined were standardized at the Department of
Physiology at the University of Pretoria. Transmission electron microscope and confocal
microscope were performed at the Electron Microscopy Unit of the University of Pretoria.

Flow cytometry was conducted at the Department of Pharmacology (University of Pretoria).

2.6. Statistical analysis

Cell number and viability determination, cell cycle progression analysis, the apoptosis
detection assay (annexin V-FITC, caspase 6 & 8 calorimetric assays), mitocapture
mitochondrial assay and autophagy detection analysis (anti-LC3B & cyto-ID) assays were
analyzed quantitatively. PlasDIC, TEM, o-tubulin assay and triple staining were analyzed
qualitatively. Haematoxylin and eosin staining results were analyzed both quantitatively
(mitotic indices) and qualitatively. The ANOVA students’t-test was used to determine the
analytical variation in experimental procedures and biological variations within each
experiment. A P-value of <0.05 was regarded as statistically significant. Means are presented
in bar charts, with T-bars referring to standard deviations. For flow cytometric data no less
than 30 000 events were counted for each sample and three independent experiments were
conducted and data produced was analysed using Cyflogic 1.2.1 (Perttu Terho & Cyflo Ltd).
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Chapter 3
Results

3.1. Cell number and viability assays
3.1.1. Crystal violet staining

The crystal violet assay is a method that is used to spectrophotometrically determine the
number of cells in a specific sample by measuring the dye uptake by the DNA. This assay
was conducted to determine the effects of 2-MeOE2bisMATE on the proliferation of SNO
cells. Cell numbers were expressed as a percent of cells relative to the control (cells

propagated in growth medium).

Cells exposed to 0.2-1uM of 2-MeOE2bisMATE for 24, 48 and 72 hours were compared to
to the cells propagated in growth medium and the vehicle-treated cells. Concentrations and
times of exposure were selected based on previous studies which proved that it is within this
range that 2-MeOE2bisMATE is most efficient as an antiproliferative agent [179, 186]. The
50% growth inhibitory (Gls) effect of 2-MeOE2bisMATE on SNO cells was calculated
according to the National Cancer Institute [204]. Glso is the concentration of test drug that

inhibits the growth of cells by 50%. The following equation was used:
100 x (T-To) /(C-To) =50

T is the optical density of the test well after the 24, 48 or 72 hour drug exposure; To is the
optical density at time zero and C is the control optical density.

From growth studies results it is clear that 2-MeOE2bisMATE inhibits the growth of SNO
cells after 24 hours. Although inhibition of cell growth is present in concentrations lower than
0.4uM of the 2-MeOE2bisMATE, the degree of inhibition is not statistically significant
(Figure 3.1). A statistically significant reduction in cell growth by 74% was observed in cells
exposed to 0.4uM 2-MeOE2bisMATE (P-value <0.05). Cells treated with 0.5uM and 0.6uM
of 2-MeOE2bisMATE respectively demonstrated a slight decrease in cell growth, while those
treated with 0.7-1uM of 2-MeOE2bisMATE decreased cell growth to approximately the
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same extend as those that were treated with 0.4uM of 2-MeOE2bisMATE (Figure 3.1). The
concentration of 0.4uM of 2-MeOE2bisMATE revealed a significant growth inhibition of
40% in SNO cells after 24 hours of exposure (Figure 3.2).

Compared with vehicle treated cells, the proliferation of SNO cells was greatly affected after
48 and 72 hours of exposure with 2-MeOE2bisMATE. 0.4uM of 2-MeOE2bisMATE
inhibited cell proliferation by 36.5% and 35% in SNO cells after 48 and 72 hours,
respectively (Figure 3.3 and Figure 3.5). The growth-inhibitory action of 2-MeOE2bisMATE
was dose-dependent within the range examined. 2-MeOE2bisMATE (0.4uM) resulted in
growth inhibition of 4% in SNO cells after 48 and 72 hours (Figure 3.4 & Figure 3.6).

A concentration of 0.4uM of 2-MeOE2bisMATE and an exposure time of 24 hours were
selected as the optimal time and dose, given that these conditions significantly inhibited cell
growth (Figure 3.1 & Figure 3.2). Hence, all succeeding studies were conducted using 0.4puM
of 2-MeOE2bisMATE with an exposure period of 24 hours.
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Figure 3.1. SNO cell numbers expressed as a % of cells relative to the growth medium (GM) control (cells
propagated in growth medium only) after being exposed to 2-MeOE2bisMATE (0.2-1uM) and vehicle (DMSO)
for 24 hours. A significant inhibition of cell growth was observed after a 24 hours exposure period to 0.4puM
2-MeOE2bisMATE (74%). An * indicates a P-value < 0.05.Bar indicates SD.
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Figure 3.2. Growth inhibitory effects of 2-MeOE2bisMATE (0.2-1uM) on SNO cells after 24 hours of
exposure. Gl of 40% was observed at 0.4 pM of 2-MeOE2bisMATE.
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Figure 3.3. Effects of 2-MeOE2biSMATE (0.2-1.0uM) on the proliferation of SNO cell after 48 hours of
exposure. Cell numbers were expressed as a % of cells relative to the growth medium (GM) control (cells
propagated in growth medium only). 2-MeOE2bisMATE significantly decreased the proliferation of SNO cells.
Bar indicates SD.
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Figure 3.4. Growth inhibitory effects of 0.2-1uM of 2-MeOE2bisMATE on SNO cells after 48 hours of

exposure. There was a drastic decline in the Gl values of SNO cells treated with 2-MeOE2bisMATE.
69

© University of Pretoria



&

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA

120 -

100 -

®72 hours

O D D D D > > > o
S
HF R EFWFE W W

% of cells relative to cells propagated in
growth medium (GM)
&

2-MeOE2bisMATE concentration

Figure 3.5. Crystal violet staining results following 72 hours of exposure of the 2-MeOE2bisMATE to SNO cell
line. 2-MeOE2bisMATE treatment resulted in decreased cell numbers. Bar indicates SD.
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Figure 3.6. Growth inhibitory values of SNO cells after 72 hours of exposure. 2-MeOE2bisSMATE caused a

significant decline in GI values of SNO cells.

70

© University of Pretoria



&
&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
P YU

NIBESITHI YA PRETORIA

3.1.2. Lactate dehydrogenase assay

Intracellular LDH release, as a result of plasma membrane damage was evaluated as it is a
commonly used method for testing of cell membrane integrity and as measurement of the
cytotoxicity of a drug. The LDH released in the culture medium was measured by means of
spectrophotometry. The low and high controls were included as specified in
themanufacturer’s instructions. The low control refers to cells propagated in growth medium
only, while the high control refers to cells propagated in growth medium with cell lysis
solution added to the cells 15 minutes prior to termination. The results of LDH release by
SNO cells after 24 hours of exposure to 0.4uM of 2-MeOE2bisSMATE demonstrated that
there was a slight increase (statistically insignificant) in the LDH released compared to the
vehicle-treated cells. Therefore, 2-MeOE2bisMATE was not cytotoxic to the cells. LDH

activity was represented by the absorbance at 450 nm with a reference absorbance of 630 nm.
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Figure 3.7. Analysis of LDH release in SNO cells treated with vehicle or 2-MeOE2bisMATE after 24 hours of
exposure. There was a statistically insignificant LDH that was released by the 2-MeOE2bisMATE-treated cells

compared to the vehicle-treated cells.
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3.2. Morphology studies
3.2.1. Polarization-optical differential interference contrast

PlasDIC was used to visualize the effect of 0.4uM of 2-MeOE2bisMATE on the morphology
of SNO cells after 24 hours of exposure. Following treatment, significant morphological and
density alterations were noticeable in 2-MeOE2bisMATE-treated-SNO cells when compared
to cells propagated in growth medium and to vehicle-treated cells (Figure 3.8 A&B & Figure
3.9A). Features of apoptosis (shrunken cells, membrane blebbing and apoptotic bodies) and
cells blocked in metaphase were observed in 2-MeOE2bisMATE-treated-SNO cells (Figure
3.9A).
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Figure 3.8. PlasDIC images of SNO cells propagated in growth medium (A) and vehicle-treated control (B) after
an exposure period of 24 hours. Many cells were in interphase and cell density was not compromised (scale bar
indicates 10pum).
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Figure 3.9. PlasDIC images of SNO cells 0.4uM 2-MeOE2bisMATE-treated cells (A) and actinomycin D-
treated cells (B) after an exposure period of 24 hours. SNO cells treated with 2-MeOE2bisMATE revealed cells

blocked in metaphase (round cells), as well as the presence of apoptotic bodies.
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Figure 3.10. PlasDIC image of SNO cells with induced starvation (A) after 24 hours of exposure. Decreased cell

density as well as cellular debris was observed.
3.2.2. Light microscopy - haematoxylin & eosin staining

Haematoxylin and eosin cell staining were conducted in order to reveal the morphological
changes of the nuclear and cytoplasmic components of the SNO cells after 24 hours of
exposure to 0.4uM of 2-MeOE2bisMATE (Figure 3.12 and Figure 3.14) by means of a light

microcopy. After exposure to 2-MeOE2bisMATE, cells revealed apoptotic features namely
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shrunken cells, hypercondensed chromatin, membrane blebbing and presence of apoptotic
bodies. A large number of cells were also blocked in metaphase (Figure 3.12 and Figure 3.14)
and the number of cells was decreased. The SNO control showed interphase cells and normal
cell division including a cell in telophase after 24 hours of exposure (Figure 3.11 and Figure
3.13).

Interphase

f f

Ve

Telophase Telophase

Figure 3.11. Haematoxylin and eosin staining of SNO cells propagated in growth medium after 24 hours at 40x
(A), and 100x magnification (B). Cells showed normal cell division including a cell in telophase. Interphase

cells as well as a dense population were also observed. Scale bar indicates 10um.

| N

Interphase

Interphase /

Figure 3.12. Haematoxylin and eosin staining of vehicle-treated cells after 24 hours of exposure at 40x (A), and

100x magnification (B). Results revealed cells in interphase and a dense population.
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Figure 3.13. Haematoxylin and eosin staining of SNO cells exposed to 0.4puM 2-MeOE2bisMATE at 40x (A)
and 100x magnification (B) following 24 hours of exposure. Significant numbers of rounded cells, chromatin
condensation and presence of apoptotic bodies were seen after treatment with 2-MeOE2bisMATE. The density

of the cells was also compromised.
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Figure 3.14. Haematoxylin and eosin staining of actinomycin D-treated cells at 40x (A) and 100x (B) after
24 hours of treatment. (Magnification: 100x, scale bar indicates 10um). Actinomycin D-treated-SNO cells

showed the presence of apoptotic bodies and a compromised cell density.
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Figure 3.15. Haematoxylin and eosin staining of starved cells at 40x (A) and 100x (B) following 24 hours of

treatment. Cells showed a compromised cell density.

3.2.3. Transmission electron microscopy

TEM was conducted in order to determine the influence of 2-MeOE2bisMATE on cell
morphology. Results showed an increase in the presence of apoptotic bodies and autophagy
vacuoles (autophagosomes) in SNO cells that were exposed to 0.4uM of 2-MeOE2bisMATE
when compared to vehicle-treated SNO cells (Figure 3.16 & Figure 3.17).
2-MeOE2bisMATE-treated cells had increased cell membrane processes (indicative of

cellular stress) and were shrunken in size.
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Figure 3.16. Transmission electron microscopy (TEM; images 6000x magnification) of SNO cells propagated in
growth medium (A) and vehicle-treated control (B) following 24 hours of exposure. Cells showed no sign of

distress.
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Figure 3.17. Transmission electron microscopy images (6000x magnification) of SNO cells treated with 0.4uM
2-MeOE2bisMATE (A&B) after 24 hours of exposure. 2-MeOE2bisMATE exposed cells revealed significant
changes with the characteristics of apoptosis (condensed or fragmented nuclei, apoptotic bodies) and autophagy

(autophagosomes) being observed.
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Figure 3.18. Transmission electron microscopy images (6000x magnification) of tamoxifen-treated (A) and
actinomycin D-treated cells (B) after 24 hours of treatment. Features of autophagy and apoptosis were observed

respectively.

3.2.4. Confocal-alpha (a)-tubulin assay

To determine whether the observed antitumour effect of 0.4uM 2-MeOE2bisMATE on SNO
cells may be a consequence of alterations in microtubule structure, the morphology of tubulin
networks were examined by immunofluorescence staining using an antibody against
a-tubulin. The vehicle-treated cells and cells propagated in the growth medium showed intact
and well-extended microtubules (Figure 3.19A & B); whereas 2-MeOE2bisMATE treated

cells showed complete loss of microtubule network (Figure 3.20).
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Figure 3.19. Immunofluorescence with anti-a-tubulin antibodies and DAPI in cells propagated in growth
medium (A) and in vehicle (B) after exposure for a period of 24 hours. Vehicle-treated cells and cells

propagated in the growth medium showed intact and intact microtubules (scale bar indicates 10 pum).
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Figure 3.20. Immunofluorescence with anti-o-tubulin antibodies and DAPI in cells treated with 0.4uM
2-MeOE2bisMATE. 2-MeOE2bisMATE-treated cells revealed a complete loss of microtubule network (scale
bar indicates 10 um).
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3.3. Determination of possible types of cell deaths induced
3.3.1. Fluorescent microscopy - triple staining technique

Triple staining was used to distinguish between viable, apoptotic, autophagic and
necrotic/oncotic cells after 24 hours of exposure to 0.4uM 2-MeOE2bisMATE. AO stains
lysosomes and vacuoles of cells green, therefore undergoing autophagy will have increased
tendency for AO when compared to viable cells. HO is a fluorescent dye that can penetrate
intact cell membranes of viable cells and cells undergoing apoptosis and stains the nucleus
blue. PI stains cells with compromised membrane integrity (necrotic/oncotic processes) and
provides a red fluorescence. Results showed an increased tendency for AO in both
2-MeOE2bisMATE-treated SNO cells and starved cells (Figure 3.22A, Figure 3.23A) when
compared to the vehicle control (Figure 3.21). Features of apoptosis such as the presence of
apoptotic bodies were observed in both 2-MeOE2bisMATE-treated and actinomycin D-
treated cells.

&

Interphase _°%

\ Interphase

/ X
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Figure 3.21. Triple-stained SNO cells propagated in growth medium (A), and vehicle-treated control cells (B).
Cells were confluent and showed normal cell division including a cell in telophase and in metaphase.
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Figure 3.22. Triple-stained images of 0.4uM 2-MeOE2bisMATE-treated cells (A) and actinomycin D-treated
cells (B). The latter served as a positive control for apoptosis. 2-MeOE2bisMATE-SNO-treated cells revealed
an extensive green fluorescence suggesting autophagy was induced by 2-MeOE2bisMATE.
2-MeOE2bisMATE-treated cells were rounded in appearance due to a metaphase block and showed hallmarks

of apoptosis (magnification 400x, scale bar indicates 10 pum).
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Figure 3.23. Triple-stained images of starved cells (A). The latter served as a positive control for autophagy.

Intense green staining was observed in these cells.

3.3.2. Flow cytometry - cell cycle progression

Flow cytometry was used to analyze the effects of 2-MeOE2bisMATE on cell cycle
progression. DNA content analyses showed a statistically significant increase in the number

of cells in the G,/M phase (76%) and those in sub-G; phase (4%) when compared to vehicle-
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treated cells present in G,/M (26%) and sub-G; (0.6%) (Figure 3.24 and Figure 3.25). The
increase in G,/M and sub-G; indicates metaphase block and the presence of apoptosis,
respectively. These flow cytometry results suggest that 2-MeOE2bisMATE inhibits the

growth of SNO cells in vitro by mechanisms involving G,/M cell cycle arrest and apoptosis.
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Figure 3.24. Cell cycle distribution histograms of cells propagated in growth medium (A) and of vehicle-treated
cells (B) after 24 hours. The % of cells in sub-G,, G;, S and G,/M phase of the cell cycle are displayed.
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Figure 3.25. Cell cycle distribution histograms following 24 hours exposure to 0.4uM
2-MeOE2bisMATE (A) and actinomycin D (B). A statistically significant increase in the number of cells in
G,/M and sub-G; were observed in 2-MeOE2bis-MATE treated cells when compared to vehicle-treated cells.
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Figure 3.26. Percentage of cells in sub-G;, Gy, S and G,/M phases. GM represents cells that were propagated in

growth medium. A statistically significant increase in the numbers of cells present in the sub-G; and G,/M phase

was observed in 2-MeOE2bisMATE-treated cells when compared with the controls. An * indicates a P-value <

0.05.

Table 3.1. Percentage of cells in sub-G;, G;, S and G,/M phases as determined by Cyflogic 1.2.1 (Perttu Terho

& Cyflo Ltd).
Cell cycle phase | GM DMSO 2-MeOE2bisMATE | Actinomycin D
sub-G; 0.5 0.6 4 7.9
G 545 50.5 6.33 38.2
S 18.3 19.5 13.6 18.4
G./IM 26.3 26.4 76.04 35.5
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3.3.3. Flow cytometry- apoptosis detection analysis (annexin V-FITC)

Apoptosis induction by 2-MeOE2bisMATE in SNO cells was confirmed by an annexin
V-FITC assay. During the early phases of apoptosis, cells lose their phospholipid asymmetry
of the plasma membrane and expose PS by translocating it to the outer layer of the plasma
membrane. Annexin V (phospholipid-binding protein) preferentially binds to the negatively
charged phospholipids like PS in the presence of calcium. By conjugating FITC to Annexin
V, apoptotic cells were identified and quantified by flow cytometry. When compared to the
vehicle-treated cells, 2-MeOE2bisMATE-exposed cells showed an increase in the number of

cells present in early and late stages of apoptosis (16.8% and 13.9% respectively) (Figure

3.27 & Figure 3.28).
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Figure 3.27. PI (FL3 Log) versus Annexin V (FL1 Log) dot-plot of cells propagated in the growth medium (A)

and of vehicle-treated cells (B). An increase in the number of viable cells was observed.
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Figure 3.28. PI (FL3 Log) versus Annexin V (FL1 Log) histogram of 0.4pM 2-MeOE2bisMATE-treated SNO
cells (A) and actinomycin D-treated cells after 24 hours of exposure. Data revealed that 65.6% of the
2-MeOE2bisMATE-treated SNO cells were viable, 16.8% were present in early apoptosis, 13.9% in late

apoptosis, and 3.6% in necrosis.
3.3.4. Flow cytometry - mitocapture mitochondrial assay

To test whether alterations of mitochondrial membrane potential is involved in
2-MeOE2bisMATE -induced apoptosis, changes in mitochondrial membrane potential were
studied. Exposure of SNO cells to 2-MeOE2bisMATE resulted in an increase in mean
fluorescence intensity, as seen by a 1.47-fold shift to the right on the histogram observed in
2-MeOE2bisMATE-treated cells when compared to the vehicle-treated control (Figure 3.29).
These data suggest that a mechanism through 2-MeOE2bisMATE which induces apoptosis in

SNO cells is through loss of mitochondrial membrane potential.
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Figure 3.29. Histogram of mean fluorescence intensity of 2-MeOE2bisMATE-treated cells (blue) overlaid on
the vehicle-treated (green) and 2ME2-treated cells (black). An increase in the number of cells with reduced
mitochondrial potential in cells treated with 2-MeOE2bisSMATE was observed compared to the vehicle-treated

control cells.

3.3.5. Spectrophotometry- caspase 6 & 8 calorimetric assays

To further understand the mechanism of action by which 2-MeOEbisMATE induces
apoptosis in SNO cells, caspase 6 and 8 calorimetric assays were conducted. Figure 3.30 &
Figure 3.31 represents caspase 6 and caspase 8 activity ratios of 2-MeOEbisMATE-treated
and actinomycin D-treated cells compared to vehicle-treated cells. The activity of executioner
caspase (caspase 6) was statistically significantly increased in 2-MeOEbisMATE-treated cells
when compared to the vehicle-treated cells (Figure 3.30). Activity of initiator caspase
(caspase 8) was statistically insignificantly increased in 2-MeOEbisMATE-treated cells when

compared to the vehicle-treated cells (Figure 3.31).

86

© University of Pretoria



&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA

3 -
C =
Z 2
L2 25
s ©
2o *
T 2-
g =

7}
27 15 -
z<S
e
2z
© = 11
g2
%‘:” 0.5 A
S8

O -
Vehicle control 2-MeOE2bisMATE Actinomyein D

Figure 3.30. Caspase 6 activity ratios of 0.4uM 2-MeOEbisMATE-treated and actinomycin D-treated cells
compared to vehicle-treated cells following 24 hours of exposure. Activity of caspase 6 was increased in
2-MeOEbisMATE-treated cells compared to the vehicle-treated cells. An * indicates a P-value < 0.05.
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Figure 3.31. Caspase 8 activity ratios of 0.4uM 2-MeOEbisSMATE-treated and actinomycin D-treated cells
compared to vehicle-treated cells. Activity of caspase 8 was statistically insignificantly increased in
2-MeOEbisMATE-treated cells compared to vehicle-treated cells.
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3.3.6. Flow cytometry - autophagy detection analysis (anti-LC3B)

To further contribute to autophagy detection a conjugated rabbit polyclonal anti-LC3B
antibody assay was performed. An increase in mean fluorescence intensity (shift to the right)
of 1.1-fold was observed in 2-MeOE2bisMATE-treated cells when compared to the vehicle-

treated control, but the increase was not statistically significant (Figure 3.32).
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Figure 3.32. LC3 Histogram of mean fluorescence intensity of 2-MeOE2bisMATE-treated cells (blue) overlaid
on the vehicle-treated control cells (green) in SNO cells after 24 hours of exposure. There was a statistically
insignificant increase in LC3 levels in cells treated with 2-MeOE2bisMATE when compared to the vehicle-

treated control cells. The orange histogram represents the positive control (tamoxifen-treated cells).
3.3.7. Flow cytometry - autophagy detection analysis Cyto-1D autophagy assay

To test for the presence of autophagy vesicles in 2-MeOE2bisMATE-treated SNO cells, the
cyto-1D autophagy detection assay was conducted. Tamoxifen was used as a positive control
agent known for induction of autophagy. The exposure of SNO cells to 2-MeOE2bisMATE
resulted in an increase in the presence of autophagosomes, as demonstrated by the shift to the
right on the histogram, when compared to the vehicle-treated control (Figure 3.33). These

results indicated an increase of 1.17-fold in mean fluorescence intensity of
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2-MeOE2bisMATE-treated cells when compared to the vehicle-treated control however; it

was statistically insignificant (Figure 3.33).

100

Events

FI1 Log

Figure 3.33. Cyto-ID Histogram of 2-MeOE2bisMATE-treated cells (blue) overlaid on the vehicle-treated
control cells (green) in SNO cells after 24 hours of exposure. A statistically insignificant increase in the mean
fluorescence intensity of 2-MeOE2bisMATE-treated cells was observed when compared to the vehicle-treated

control. The orange histogram represents the positive control (tamoxifen-treated cells).
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Chapter 4

Discussion

Compounds that target and disrupt microtubule function are at present one of the most
successful groups of chemotherapeutic compounds that are used to treat cancer [43, 44].
These compounds inhibit normal progression of mitosis thus resulting in the inhibition of the
hyperproliferation of cancer cells [46]. Several microtubule-targeting compounds have been
identified, these include compounds such as paclitaxel, docetaxel, colchicine and 2ME2 [19,
20]. It has been demonstrated that 2ME2 to exert both in vitro and in vivo antiproliferative
activity in various cancer cell lines [138-142]. However, 2ME2 undergoes rapid metabolic
breakdown, thus several analogues of 2ME2 were developed in recent years in an attempt to

create compounds with improved anticancer potency and oral bioavailability [173, 176, 183].

2-MeOE2bisMATE is a 2ME2 analogue and currently being studied as a potential anticancer
drug. 2-MeOE2bisMATE has antiproliferative effects and it is a more potent inhibitor of cell
proliferation when compared to 2ME2 [164]. The exact mechanism of action of
2-MeOE2bisMATE still remains to be determined and it appears to vary according to the cell
type. In this study the in vitro effects of 2-MeOE2bisMATE on cell growth, morphology, cell
cycle progression and its possible induction of different types of cell deaths in oesophageal
carcinoma cells were evaluated. Squamous cell carcinoma of the oesophagus presents a major
health problem both internationally and in South Africa; it is categorized as the 8™ most
frequent cancer in the world [3, 4]. The development of chemotherapeutic compounds that
have a high potency and increased efficacy against this malignancy is therefore of utmost

importance.

Crystal violet staining was conducted to study the anti-proliferative effects of 0.2-1uM
of 2-MeOE2bisMATE on SNO cells after an exposure periods of 24, 48 and 72 hours.
Concentrations and times of exposure were chosen based on previous research and studies
conducted in our laboratory [172, 174, 178, 186]. Research demonstrated that a concentration
of 0.4uM of 2-MeOE2bisMATE causes 50% growth inhibition (IGsg) in the breast cancer
cell line (MCF-7) [172, 174, 178, 186]. Day et al. (2009) found that 2-MeOE2bisMATE
caused significant inhibition of MCF-7 and MCF-7yr (an MCF-7 derivative resistant to
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mitoxantrone) at a concentration of 0.24uM and 1.53uM, respectively [205]. Another study
showed that 0.5 uM of 2-MeOE2bisMATE inhibited growth of breast cancer cells (CAL51)
in a dose dependent manner [206]. After 24 hours of exposure, a concentration of 0.4uM of
2-MeOE2bisMATE revealed significant growth inhibition of SNO cells.

Since spectrophotometry studies suggests that 2-MeOE2bisMATE has anti-proliferative
effects on SNO cells, the LDH assay was conducted to study the cytotoxic effects of
2-MeOE2bisMATE in SNO cells. LDH is a stable cytosolic enzyme that becomes released in
the early stage of necrosis, but only in the late stage of apoptosis [189].
2-MeOE2bisMATE had a minimal effect on LDH release, which shows that
2-MeOE2bisMATE does not severely affect the integrity of the SNO cell’s plasma
membrane. Similar results were observed in another study which was conducted in our
laboratory using non-tumorigenic breast cancer cell line [179]. Thus, these results suggest
that 2-MeOE2bisMATE does not cause induction of necrosis.

Morphological studies were conducted by means of PlasDIC, light microscopy and TEM to
evaluate the mechanism/s by which 2-MeOE2bisMATE may inhibit cell growth of
oesophageal carcinoma SNO cells. PlasDIC and light microscopy revealed features of
apoptosis such as shrunken cells, hypercondensed chromatin, membrane blebbing and
apoptotic bodies in SNO cells that were exposed to 0.4 UM of 2-MeOE2bisMATE and the
cells’ densities was also compromised. Similarly, Raobaikady et al. (2003) and Day et al.
(2003) found that there was a significant increase in the number of rounded, shrunken and
detached cancer cells after treatment with 2-MeOE2bisMATE [174, 176]. Apoptotic-like
cells were observed in 2-MeOE2bisMATE-treated MCF-7pox and MCF-7w cell lines [195].
These results were consistent with those of a study which was conducted Day et al. (2009)
using ovarian cancer cell line (A2780wt), the results revealed that 1uM of
2-MeOE2bisMATE resulted in the cells to detach and to be round in appearance and in

showing features of apoptosis after an exposure period of 72 hours [205].

TEM was used to view the internal cellular structures of the SNO cells after exposure to
2-MeOE2bisMATE. Results showed significant morphological changes that were
characteristic of both apoptosis (condensed and fragmented nuclei, apoptotic bodies) and

autophagy (intracellular vacuoles). Since TEM results suggested that 2-MeOE2bisMATE
91

© University of Pretoria



NIVERSITEIT VAN PRETORIA
N Y OF PRETORIA
u

ITHI YA PRETORIA

induced cell death by both apoptosis and autophagy in SNO cells, triple staining studies were
used to distinguish between viable, apoptotic, autophagic and oncotic/necrotic cells. Results
showed an increased affinity for AO in both 2-MeOE2bisMATE-treated SNO cells and
starved cells when compared to the negative controls. An increase in the number of acidic

intracellular lysosomes proposes the involvement of autophagic processes.

Since previous studies conducted on the source molecule of 2-MeOE2bisMATE, namely
2MEZ2, reported that 2ME2 interacts with microtubules, which may result in the destruction
of the tubulin network with subsequent cell cycle arrest, the a-tubulin detection assay was
utilized to determine the effects of 2-MeOE2bisMATE on the tubulin structure of SNO cells.
In this study, it was shown that 2-MeOE2bisSMATE disrupts the microtubule structure of
SNO cells. Immunofluorescence staining results of this study revealed that
2-MeOE2bisMATE does have an effect on the morphology of microtubules in oesophageal
carcinoma cells. This finding was consistent with previous studies that demonstrated that
2ME?2 disrupts microtubule structures of colon cancer (HCT116) and breast cancer (MCF-7)
cell lines [143, 207, 208]. Thus, the newly derivatives and 2ME2 share the same intracellular

target molecule, namely tubulin.

To further investigate the mechanism of action of 2-MeOE2bisMATE in SNO cells, flow
cytometry studies were conducted to investigate the effects of 2-MeOE2bisMATE on cell
cycle progression. Results demonstrated that the treatment of SNO cells with
2-MeOE2bisMATE caused an increase in cells in sub-G; as well as G,/M phases, indicative
of the presence of apoptosis and metaphase block, respectively. The annexin V-FITC further
confirmed the induction of apoptosis by 2-MeOE2bisMATE. There was an increase in the
number of cells in early apoptosis (16.8%) and late apoptosis (13.9%) in 2-MeOE2bisMATE-

treated cells when compared to the vehicle-treated cells.

Our findings were compatible with a previous report which showed that 1uM of
2-MeOE2bisMATE caused an increase in the number of prostate cells and ovarian cells in the
G2/M and sub-G; phases within 24 hours of exposure to the drug [176]. Similarly, 1uM of
2-MeOE2bisMATE caused an increase in the G,/M peak of MCF-7 and MCF-7yr cell lines
[173]. Data collected in our laboratory demonstrated that the exposure of a non-tumorigenic

breast cancer cell line (MCF-12A) and a tumorigenic breast cancer cell line (MCF-7) to
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2-MeOE2bisMATE resulted in an increase in the number of cells in apoptosis [172]. Ho et al.
(2003) revealed that 24 hours of exposure of adult human dermal fibroblasts to 0.1uM
2-MeOE2bisMATE induced G,/M arrest. However, the treatment of human umbilical vein
endothelial cells (HUVECs) with 2-MeOE2bisMATE for 24 hours did not induce cell cycle
arrest [209]. Therefore 2-MeOE2bisMATE seems to have variable effects in different cell

types.

Since 2-MeOE2bisMATE induces apoptosis in SNO cells, its effects on mitochondrial
membrane potential and caspase 6 and 8 activities were evaluated. It is postulated that a
decrease in membrane potential results in the opening of the mitochondrial permeability
transition pore (PTP), which may lead to the release of pro-apoptotic proteins such as cyt c,
leading to intrinsic pathway of apoptosis [210, 211]. The extrinsic pathway on the other hand,
involves receptor binding to ligand, followed by activation of initiator caspases. Caspase 8,
one of the initiator caspases involved in the extrinsic pathway. Caspase 6 is one of the
executioner caspases and it is involved in both the extrinsic and intrinsic pathways of
apoptosis. Thus, data from these assays would provide information of whether the intrinsic
and/or the extrinsic pathway are implicated in 2-MeOE2bisMATE-induced apoptosis in this
study.

Data of mitochondrial membrane potential revealed an increase in the number of
2-MeOE2bisMATE-treated cells that were undergoing a reduction in their mitochondrial
membrane potential compared to the vehicle control. Foster et al. (2008) demonstrated that
500nM of 2-MeOE2bisMATE caused depolarization of the inner mitochondrial membrane
potential in MDA-MB-231 and HUVECs after 72 hours of exposure [175]. The caspase 6
results showed a statistically significant increase within SNO cells that were exposed to
2-MeOE2bisMATE, however, the caspase 8 activity results showed a statistically
insignificant increase in caspase 8 activity in 2-MeOE2bisMATE-treated cells. Wood et al.
(2004) established no effect of 2-MeOE2bisSMATE on caspase 8 activation in CALS51 breast

cancer cell line [206].

Our data suggests that mitochondria are involved in the process of 2-MeOE2bisMATE-
induced apoptosis as it was shown in studies using 2ME2 [210-213]. Since the caspase 8

activity was not significantly increased, it seems that the intrinsic pathway of the apoptotic
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arising from mitochondria may be a potential pathway underlying 2-MeOE2bisMATE-

induced apoptosis in the current study.

Results obtained using TEM, as well as fluorescence microscopy (triple staining) revealed
that autophagy is one of the types of cell death induced by 2-MeOE2bisMATE. Cyto-ID
autophagy detection and the conjugated rabbit polyclonal anti-LC3 antibody assays were
conducted to further confirm our previous results of autophagy induction in SNO cells by
2-MeOE2bisMATE. These assays revealed an increase in the presence of autophagosomes
and in the LC3 levels, respectively; however the results were not statistically significant. To
date, the only studies that showed the induction of autophagy in cancer cells by
2-MeOE2bisMATE were that of Visagie et al. (2011) and Vorster et al. (2010), which were
conducted in our laboratory [178, 179]. Visagie et al. (2011) demonstrated that 0.4uM of
2-MeOE2bisMATE induced a statistically significant increase in LC3 levels in MCF-7 breast
cancer cells after 48 hours of exposure [178]. Thus 2-MeOE2bisMATE appears to have
variable effects in the different cell types.

Various studies have shown induction of both apoptosis and autophagy by 2ME2 [214-216]
Lorin et al. (2009) demonstrated that 2ME2 induces both apoptosis and autophagy of ewing
sarcoma cells, similarly Azad et al. (2009) demonstrated that treatment of human tumorigenic
breast epithelial cell line (MCF-7), human glioblastoma astrocytoma epithelial-like cell line
(U87), human cervical adenocarcinoma cells (HelLa), and transformed human embryonic
kidney cells (HEK293) with 2MEZ2 induced both types of cell deaths [214, 215]. Data from
currently available literature has demonstrated the induction of apoptosis by
2-MeOE2bisMATE however, only a small number of studies have revealed the induction of
both apoptosis and autophagy by2-MeOE2bisMATE. The occurrence of both apoptosis and

autophagy suggests that there is a crosstalk between these two types of cell death.

Studies on cell death have demonstrated that there are some common signaling pathways
between apoptosis and autophagy [217-219]. These include signaling pathways such as
PI3K/AKT, regulatory genes such as p53 and pl9ARF, as well as some of the basic
machinery that execute the cell death programs (such as Atg5, Bcl-2) [220, 221]. It has been
shown that Bcl-2 and Bcl-xL, the anti-apoptosis proteins, bind to Beclin 1 thus resulting in

the inhibiting Beclin 1-mediated autophagy [222, 223]. Therefore, stimuli that lead to the
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activation or suppression of these genes or signaling pathways can influence both apoptosis
and autophagy [220]. Treatment of murine fibrosarcoma L929 cells with Polygonatum
cyrtonema lectin, a mannose/sialic acid-binding lectin induced both apoptosis and autophagy
by blocking Ras/Raf and PI3K/Akt signaling pathways [224]. Similarly, arsenic trioxide
treatment of T-lymphocytic leukemia induced both apoptosis and autophagy by targeting
proteins such as Beclin 1 and Bax and both processes contributed to cell death and complete

tumor reduction [225].

This in vitro study revealed that 2-MeOE2bisMATE acts as an anticancer agent in SNO cells.
The proposed mechanisms of action for 2-MeOE2bisMATE’s anticancer effect in SNO cells
is the disruption of microtubules which inhibits progression of the cell cycle, consequently
leading to the induction of cell death by both apoptosis and autophagy. Apoptosis induction
was demonstrated by morphological and cell cycle progression studies, as well as the
following targets in the apoptotic pathway: exposure of phosphotidylserine on the outer
plasma membrane, reduction in mitochondrial membrane potential and an increase in the
activity of caspase 6 (Figure 4.1). Autophagy induction was revealed by an increase in
lysosomal activity. An increase in the presence of autophagosomes and in the LC3 levels was
observed in 2-MeOE2bisMATE-treated cells, though the latter results were not statistically
significant.
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Figure 4.1. Proposed mechanism of action of 2-MeOE2bisSMATE in oesophageal carcinoma cells.
2-MeOE2bisMATE disrupted the microtubule network and induced a metaphase block. The presence of PS on
the outer plasma membraneAL.), reduced mitochondrial membrane potential 2.) and an increase in caspase 6
activity 3.) were observed confirming apoptosis as a means of cell death in SNO cells. Autophagy induction was

indicated by an increase in lysosomal activity.
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Chapter 5

Conclusion

The objective of this in vitro study was to determine the influence of 2-MeOE2bisMATE on
cell growth, morphology, cell cycle progression, as well as its potential to induce certain
types of cell death in an oesophageal carcinoma (SNO) cell line. Data revealed that 0.4uM of
2-MeOE2bisMATE significantly inhibited cell growth, induced disruption of microtubules
and increased the number of cells that were in G,/M as well as in sub-G; phases after
24 hours of exposure. In addition, cell death by both apoptosis and autophagy was induced in
2-MeOE2bisMATE-treated cells. These activities have not been studied in oesophageal
carcinoma cells up to date, thus contributing towards the understanding of the action

mechanism of 2-MeOE2bisMATE in oesophageal carcinoma cells.

Future studies will be conducted to further elucidate the action mechanism of
2-MeOE2bisMATE within SNO cells. Since both apoptosis and autophagy were revealed as
the types of cell death that are induced by 2-MeOE2bisMATE in SNO cells, other molecular
targets within these types of cell deaths will be studied. These studies will add collective
knowledge to the proposed biochemical map of 2-MeOE2bisMATE’s mechanism of action in
SNO cells. The identification of 2-MeOE2bisSMATE as a potential anticancer drug warrants it
as a possible candidate for the discovery of targets for cancer therapies that will aid in the

design of antiproliferative- and microtubule disrupting agents against oesophageal cancer.
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