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Summary

Cervical cancer is one the world’s most common female types of cancer with up to 85% of
international cases arising in developing countries. The majority of new chemotherapeutics
aim to target the cell cycle causing cell arrest and eventual programmed cell death. One such
agent is 2-methoxyestradiol (2ME), an endogenous estradiol metabolite that has been shown
to exert antiproliferative- and antitumor effects on numerous types of cancer, both in vitro
and in vivo. 2ME (patented as Panzem®) is currently undergoing clinical trials for treatment
of breast-, prostate- and ovarian cancer, as well as multiple myeloma and glioblastoma.
Despite these promising properties, limitations of 2ME include low oral bioavailability and
rapid enzymatic inactivation in vivo. Therefore, a novel sulphamoylated estrogen analogue,
namely 2-ethyl-3-O-sulphamoyl-estra-1,3,5(10)16-tetraecne (ESE-16), has been in silico-
designed in our laboratory and was subsequently synthesised by a pharmaceutical company to

be investigated for its anticancer potential.

This in vitro study assessed the influence of ESE-16 on cell proliferation, morphology, cell
cycle progression, the generation of reactive oxygen species (ROS) and its potential to induce
certain types of cell death in a human epithelial cervical carcinoma cell line (HeLa) by means
of the xCELLigence RTCA DP® system and spectrophotometry, light-, fluorescence- and

electron microscopy, as well as flow cytometry.

Cell proliferation data demonstrated that 0.2uM of ESE-16 had a significant inhibitory effect
on HeLa cells at 24 h post-exposure. Furthermore, immunofluorescence showed that ESE-16
is a microtubule disrupter, causing cells to undergo a mitotic block. Morphological studies
revealed a decrease in cell density, cells arrested in metaphase and indicated hallmarks of
apoptosis and autophagy including membrane blebbing, chromatin condensation, apoptotic

bodies and the presence of autophagic vacuoles, respectively after ESE-16 exposure.

Cell cycle progression analysis demonstrated that ESE-16 causes an increase in the presence
of apoptotic cells and cells in the G,/M phase of the cell cycle, confirming cell cycle arrest in
metaphase. Data obtained via spectrophotometry and flow cytometry using caspase 3 and
annexin V/propidium iodide (PI) respectively as apoptotic markers confirmed cell death via

apoptosis, with autophagy induction confirmed by the increase in Atg5 expression. Flow

v
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cytometry also revealed that ESE-16 exposure resulted in an increase in hydrogen peroxide

and superoxide production after 24 h.

Data from this in vitro study revealed that ESE-16 induces an antiproliferative effect on
cervical carcinoma cells leading to programmed cell death, thus providing more
understanding into the action mechanism of ESE-16. This novel compound could potentially
be used as an antitumor agent or aid in the design of prospective microtubule disrupting
compounds. However, future studies warrant further in vitro and in vivo investigations into

the exact signalling transduction pathways of this novel compound.

Keywords: cervical carcinoma, ESE-16, metaphase block, apoptosis, autophagy, reactive

oxygen species
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Chapter 1

Literature review

1.1 Cervical cancer

1.1.1 Cervical cancer: incidence and risks

Cervical cancer is one the world’s most common female types of cancer, contributing 7.9%
of all new cancer cases, ranking it the fourth most prevalent malignant disease affecting
women globally'. However, these recent statistics have revealed that cervical cancer has
declined in relative significance throughout the past decades, as in the seventies it was the
second most predominant cancer of women'. This improvement on incidence is presumably
due to the increase in screening programs, particularly in developed countries, over the last

10 yearsz.

Despite the global improvement, this carcinoma still accounts for 7.5% of all female cancer
deaths. Almost 85% of international new cases arise in less developed regions, with nine out
of ten cervical cancer deaths occurring in these areas, signifying that the disease is still a
plight in developing nations’. This malignancy ranks second in these countries contributing to
12% of all new female types of cancer, with most of these types of cervical cancer being
diagnosed in the third or fourth stage of malignancy™*. In particular, the Southern Africa
region is categorized as a high-risk area with 31.5 per 100 000 females affected'. This
worldwide burden imbalance is probably explainable by the limited health resources in

developing countries, with restricted, if any cancer screening programs in place”.

An unequivocally association between cervical cancer and the human papillomavirus (HPV)
exists, with the HPV deoxyribonucleic acid (DNA) detected in 90% - 100% of cases®”. Bosch
et al. (2002) stated that cervical cancer will not develop without the continual presence of
HPV DNA®. Therefore, similarly to cervical cancer rates in Southern Africa, HPV prevalence
(in women with normal cytology) is high in this region (approximately 20%) compared to 2%
in more developed countries’. HPV is predominantly a sexually transmitted infection and
therefore one of the major risk factors includes multiple sexual partners which increases the
probability of HPV exposure™°. Although HPV is a necessary cause for disease
development, other contributing factors have been recognized to influence cervical cancer
risk together with the virus. Some of these include (i) cigarette smoking, whereby tobacco-

. . . . . 589 ..
specific carcinogens create an environment for malignant transformation™"", (ii) prolonged
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use of oral contraceptives; Faridi et al. (2011) reported that after the use of oral
contraceptives exceeding 5 years, women are three times more likely to develop cervical

cancer”™'’. (iii) Co-infection with other sexually transmitted infections such as human

immunodeficiency virus®'’

and (iv) obesity, with an increased prevalence and mortality from
cervical cancer amid obese females, most likely due to a reduced compliance to screening

amongst these women are also identified risk factors''.

Even though the recent introduction of the HPV vaccine by the World Health Organisation in
2009 may eventually shift the epidemiology of cervical cancer over the next two decades,
there is still the possibility for improvement in the treatment of this pathology, particularly at

advanced stages of malignancy™*’.

1.1.2 Overview of cancer treatment options

There are a variety of options currently available for cancer treatment namely surgery,
radiation therapy and chemotherapy'?. The type of treatment selected is usually stage- and
patient-specific, dependent on the type and stage of the cancer, as well as the overall health of
the patient'>'*. Surgery can be used to diagnose, stage and treat cancers, and, for cervical
cancer, can range from simple conisation of the cervix for fertility preservation to radical
hysterectomy, the most invasive form of treatment with a long recovery time'*'*. Although
surgery may be an option for localized carcinomas, it is ineffective in the treatment of

metastatic cancers'”.

Radiation therapy, using high energy x-rays to damage the DNA of cancer cells leading to the
initiation of cell death, has been a standard treatment method for cervical cancer, however, it
was previously reported that there is a failure in 35% of patients to control the disease with
this therapy alone™'>'®. Radiation therapy can be used concurrently with other treatments.
Together with surgery, this therapy improves the treatment of localized cancer within a

- 13,16
particular organ ™

. Radiation therapy in combination with chemotherapy (concomitant
chemoradiation) has shown to be advantageous by acting synergistically in the treatment of
localized and metastatic cancers™'>. This therapy does not only kill cancerous cells, but also

affects normal, dividing cells leading to specific side effects of the treated area or organ' .

Chemotherapy is effective due to tumors consisting of rapidly dividing cancer cells, which
are more sensitive to the drugs used in this therapy™'®. This systemic therapy therefore also

leads to harmful effects on normal dividing cells such as cells lining the digestive tract,
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responsible for hair growth and blood cells. This causes side effects to occur including hair
loss, nausea, vomiting, fatigue and bone and blood cell loss'®. Chemotherapeutic compounds
generally have specific targets inhibiting the cell cycle to obliterate the cancer cells through a

specific form of cell death.

The processes of cell proliferation and cell death are associated in the development and
treatment of cancer. Therefore, these processes will be discussed below followed by targeted

chemotherapeutic treatments.

1.2 Overview of the cell cycle

The cell cycle is a complex and tightly-regulated series of events that can lead to senescence,
cell proliferation or death'. Cell proliferation ultimately results in division into two identical

19,20

daughter cells, achieved through DNA replication . In eukaryotes, the cell cycle consists

of four sequential stages namely the first gap phase (Gj), synthesis (S phase), the second gap

stage (G,) and the mitotic (M) phase (Figure 1.1)*"'

. The G- and G, phases separate the
S phase where DNA replication occurs and the M phase culminating in cell division®'.
Collectively, Gi-, S- and G, phases are called interphase’’. Nuclear separation and
cytoplasmic division occur in the mitotic phase. Therefore, morphologically the cell cycle can
be distributed into interphase and the mitotic stage'**’. A fifth phase of the cell cycle also
exists and is referred to as quiescence (Gy), whereby the cell can reversibly exit cell division

from G, due to an increased cell density or growth signal deprivation'***

. Similarly,
senescence is also cessation of cell division, either due to loss of proliferation potential after
differentiation or cellular aging, or facing oncogenic stimulation. However, it differs from

quiescence since induction of this type of cell cycle arrest is irreversible and permanent®*.

Cell cycle progression is controlled and regulated by specific serine/threonine protein
complexes known as cyclin-dependent kinases (CDKs)*'*>. CDKs are constantly present
throughout the cell cycle in an inactive form and are only activated at specific points of the
cell cycle. Activation of these kinases requires cyclins, which are known as the CDK binding

221 "To date, nine CDKs have been classified in higher eukaryotic cells, although

20,25

partners
new CDKs have been identified that are activated by non-cyclin-type proteins™“". Based on
their cellular function, CDKs can be divided into two groups, either those that regulate cell
cycle progression or those involved in transcription regulation®®. CDKs 1, 2, 4 and 6 play

crucial roles in progression of the cell cycle, with CDK7 involved in the activation of CDKs
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needed in the cell cycle'. Cyclins are regulatory subunits of the CDKs and their cyclic
expression is dependent on whether they are needed at a particular phase of the cell cycle.
Therefore, the primary driving-force of the cell cycle is through the exact assembly and
sequential activation of these cyclin-CDK complexes, which then phosphorylate proteins

needed for a specific stage of the cell cycle®***%.

In addition to the binding of cyclins, CDK activation can also be regulated by
phosphorylation, catalysed by the CDK-activating kinase (CAK) comprising of CDK7 and
cyclin H, as well as by CDK inhibitors (CKIs)*'****. CDK phosphorylation can regulate the
kinase activity both positively and negatively, depending on the amino acid residue that is

phosphorylated'®?’.

Crio
=

Figure 1.1. Schematic overview of the cell cycle showing all four phases with the sites of cyclin-CDK
activity and regulators also indicated. The red shapes represent the checkpoints” locations within the
cell cycle. R = restriction point, DNA = DNA damage checkpoint, SAC = spindle assembly
checkpoint, @r inhibition®***%,

1.2.1 The G; phase

In this critical phase, extracellular and intracellular signals are received during the early
stages and are integrated (both positive and negative cues) to regulate whether the cell will
pass through the restriction point (R point), culminating in the cell commitment to either a

round of division, or to enter quiescence; dependent on whether appropriate growth signals
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. 20-22
are received?® .

Specific growth signals cause an increase in cyclin D levels, which then bind to and activate
CDK4 and CDK6%. Subsequently after activation of the cyclin-CDK complex by CAK
phosphorylation, the D cyclin kinase can then target and initiate phosphorylation of the
retinoblastoma protein (Rb). This tumor suppressor protein plays a key role in G
progression, and when un- or hypophosphorylated binds to the elongation factor 2 (E2F).
E2F regulates the transcription of many genes involved in cell cycle progression and DNA
synthesis'****"*?_ Therefore, the cyclin D-CDK4/6 complex phosphorylates Rb on multiple
residues, causing dissociation from E2F, allowing transcription of the necessary proteins for
cycle advancement. In late Gj, cyclin E (an E2F regulated gene) is induced and binds with
CDK2%**_ This cyclin E-CDK2 complex maintains Rb in a hyperphosphorylated state, which
is essential for passage through the restriction point (R point) and G; to S phase transition.
This action of the kinase ensures cyclin E's transcription and thus, creates a positive feedback

loop to initiate the S phase ***.

Regulation of CDK4 and CDK6 can occur by CKlIs, particularly the INK4 (inhibitors of
CDK4) and Cip/Kip (CDK interacting protein/kinase inhibitory protein) families. The INK4
family consists of INK4a(p16), INK4b(p15), INK4c(p18) and INKd(p19), and only inactivate
CDKs from G;. They bind directly to CDK4 and 6, inhibit their association with cyclin D and
consequently prevent phosphorylation of Rb'******’_ Conversely, the Cip/Kip family plays a
role throughout the cell cycle with the ability to bind to a broader range of CDKs. This group
comprises of Wafl(p21), Cipl, Sidl, Kipl(p27), and Kip2(p57)"**'. Alterations and
deregulation of the CKIs have been indicated in various tumor types i.e. lung (p16), breast
and colon cancer (p27), thereby 'releasing the brakes' on the cell cycle, and subsequently

. . 21,22
enabling tumor progression” .

1.2.2 The S phase

One of the most important phases of the cell cycle, the S phase, is where duplication of the
genome (DNA replication) occurs’'. During late M to early G, phase, DNA synthesis
'licensing' proteins associate with the origin recognition complex (ORC), which is bound to
chromosomal regions called origins of replication, assembling the pre-replicative complex
(pre-RC)*'”°. The ORC proteins form a six-subunit complex that regulate where DNA

replication will be initiated on the genome. Once bound to the initiation sites, ORC recruits
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these 'licensing' proteins, which include cell division cycle 6 (Cdc6), cdc-10 dependent
transcript (Cdtl) and the minichromosome maintenance (MCM) protein complexes, together
forming pre-RC and rendering the origins prepared for DNA replication*'***'. The six MCM
proteins (2-7) function as helicase, unwinding the DNA generating a single-stranded template
for replication”"’. Cyclin A accumulates at late G, to S phase and binds to CDK2, where this
cyclin-CDK complex actively participates in the initiation of DNA replication through
phosphorylation and activation of the pre-RC*".

1.2.3 The G; phase

The G, phase of the cycle serves as a checkpoint to determine that all DNA and cell

components have been replicated correctly prior to undergoing mitosis'*°

. Levels of cyclin
A steadily continue from the S phase, however, cyclin A now binds to CDK1 during G, as
this cyclin-CDK complex is required for the initiation of prophase®. As the G, phase
progresses, cyclin B levels increase and associate with CDK1. The cyclin B-CDK1 complex
is known as the maturation-promoting factor (MPF) and is essential for mitotic
advancement’’. However during G,, the cyclin B-CDK1 complex remains inactive in the
cytoplasm through inhibitory phosphorylation by weel and mytl protein kinases at the
tyrosine 15 (Y15) and threonine 14 (T14) sites of CDKI1. As the cell prepares to enter
mitosis, the cyclin B-CDK1 complex is activated via phosphorylation at the Thr161 amino
acid residue by Cdc25B and Cdc25C, and is then transported to the nucleus to perform

. o 192832
specific mitotic functions'****?,

1.2.4 The M phase

Overall, the M phase involves the segregation of newly duplicated chromosomes and
cytoplasmic cleavage, culminating in two daughter cells with identical genomes. This phase

comprises of five key stages™.

1. Prophase: chromosomes condense to form chromatids and initial formation of the
microtubules occurs.

2. Metaphase: chromatids attach to the mitotic spindles and align along the metaphase plate
between to polar opposite centrosomes

3. Anaphase: the sister chromatids segregate to the opposite poles

4. Telophase: a new nuclear envelope forms around each new set of chromatids once they

have reached the poles of the cell, and chromosomal decondensation occurs.
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5. Cytokinesis follows telophase, whereby the cytoplasm divides and separates resulting in

the two daughter cells.

Microtubules are highly dynamic structural polymers, composed of a- and B-tubulin
heterodimers, with many functions within the cell. The two oppositely charged ends i.e. a
plus end and a minus end, allow this dynamicity to occur via GTP hydrolysis®. The a-
tubulin is found at the minus end of the microtubule, while the B-tubulin is exposed at the
plus end. The o-tubulin anchors the microtubules to the microtubule-organizing centre

4 .
3334 In interphase

(MTOC), with the B-tubulin playing a major role in growth and lengthening
(Gi-, S- and G; phases), microtubules serve in maintenance of cell shape and intracellular
transport of vesicles and organelles. When the cell enters mitosis, the microtubule interphase

3336 The mitotic

network depolymerizes and is reorganized to form the mitotic spindle
spindle is a key component whereby the microtubules form spindles that assist chromosomal
alignment during metaphase by attachment to the kinetochores, to ensure equal distribution of

chromosomes during anaphase to each new daughter cell.

Once cyclin B has reach threshold level at late G, phase and through early mitosis, it binds to
CDKI1 to form an active cyclin B-CDK1 complex that is needed for the cell cycle to
transition from G, phase to mitosis (M)*>?’. One of the key functions of this activated
complex is to phosphorylate various substrates and proteins to initiate mitosis, as well as to
instigate the structural changes that are needed for the M phase to occur® ®. The anaphase-
promoting complex/cyclosome (APC/C) is a ubiquitin-protein ligase that is activated by the
cyclin complex. APC/C targets various proteins for degradation via ubiquitination therefore
allowing continuation, and ultimately exit from mitosis. One such target is the degradation of
a substrate known as securin, therefore allowing separase to be released and initiate
chromatid separation via cleaving cohesion, a protein binding the chromatids to the
kinetochores preventing separation’”. APC/C is also responsible for the ubiquitination of

cyclin B thereby allowing anaphase to begin and leading to the end of mitosis*>~".

1.3 Checkpoints of the cell cycle

Cell cycle checkpoints are biochemical, regulatory events that ensure the correct completion
of a cell cycle phase before progression can occur to the next phase. Therefore, proceeding

through each phase is dependent on the completion of a prior phase, even though the

19,40
d”

processes within phases are biochemically unrelate . Temporary cell cycle arrest at a
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particular checkpoint allows for repair of damage and cell nutrients are available for cell

cycle continuation.

1.3.1 The DNA checkpoint

Transition of the cell cycle into the S and M phases is inhibited by the G;/S- and G,/M
checkpoints, respectively when responding to any DNA damage®. The activated checkpoints
initiate a series of events that either cause DNA repair, or should repair not be possible,

induce programmed cell death®*'.

The tumor suppressor protein, p53, is needed for cell cycle arrest at the G;/S checkpoint. This
protein, known as the 'guardian of the genome', is activated through phosphorylation by the
protein kinases: ataxia-telangiectasia-mutated (ATM) and ataxia and rad3 related (ATR) in
response to DNA damage®2**®. Activation of p53 leads to the transcription of different genes
invoking cell cycle arrest, and if needed, apoptosis for example p21, murine double minute 2
(Mdm2) and Bax***°. As part of the Cip/Kip family of CKIs, p21 blocks cyclin E-CDK2
activity, therefore inducing G, arrest and indirectly preventing DNA synthesis™>%*.
Secondly, p21 also plays a role in DNA repair by binding to proliferating cell nuclear antigen
(PCNA) inhibiting further DNA replication'**®. Phosphorylation of murine double minute 2
(Mdm2), an E3 protein-ligase, can lead to p53 stabilization, however through
phosphorylation at specific residues it also negatively regulates p53 by binding and inhibiting
its transcriptional activity and facilitates its proteolytic degradation, thereby abrogating the
DNA checkpoint®®. Overexpression of mdm2 has been observed in almost one third of
human sarcomas, and can lead to tumor transformation'**. Should irreparable severe damage
occur, p53 activates apoptosis promoting genes such as Bax. The Bax gene inhibits B-cell
lymphoma protein 2 (Bcl-2), which is an anti-apoptotic protein, therefore p53 dependent

apoptosis is a result of an increase in the Bax/Bcl-2 ratio®®2*.

Should DNA damage be detected or occur during G»/M, initiation of a cell cycle arrest is
independent of the presence of p53**%°. Mitotic entry is prevented due to the inactivation of
CDK1 through phosphorylation or by sequestration of elements of the cyclin B-CDK1
complex to remain in the cytoplasm, thus maintaining the cyclin complex in an inactive

statezo’26

. This is facilitated by two protein kinases, Chkl and Chk2, which are activated by
DNA damage in an ATM-dependent manner. These kinases phosphorylate Cdc25, leading to

the inhibition of its activity and promote its binding to 14-3-3 proteins***°. This association to
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14-3-3 proteins sequestrates Cdc25 in the cytoplasm, therefore preventing kinase activity of
cyclin B-CDK1, and subsequent mitotic entry by keeping the inhibitory phosphorylation on
Thr14 and Tyrl5 of CDK1 in place’®**. In the presence of p53 at the Go/M arrest, as in the
G1/S checkpoint, p21 transcription is increased. In addition, p53 also induces 14-3-3 protein
expression, therefore further thwarting entry of the cell into mitosis in the presence of DNA

damage®**°.

1.3.2 The spindle assembly checkpoint

In normal mitosis after correct attachment of all chromatids to the bipolar spindle, the
anaphase-promoting complex/cyclosome (APC/C), a multisubunit E3 ubiquitin-ligase, is
activated through association with cell-division cycle protein 20 (Cdc20), an essential
regulatory subunit of cell division, and via phosphorylation by cyclin B-CDK1***. The
activated APC/C-Cdc20 complex induces securin degradation, leading to the release of the
protease separin, which cleaves proteins involved in chromatid cohesion. These actions,
together with APC/C mediated destruction of cyclin B, promotes sister chromatid separation

and subsequent metaphase-anaphase transition”*,

The spindle assembly checkpoint, also known as the mitotic checkpoint, is engaged during
chromosomal misalignment, or if the chromatids are not/incorrectly attached to the spindle in
metaphase, and through a signal transduction pathway, prevent the cell from proceeding to
anaphase. This signal transduction pathway results in the inhibition of APC/C*****!*_ This is
achieved through the activation of certain proteins, including mitotic arrest deficient 1 and 2
(Madl and Mad2), as well as the budding uninhibited by benzimidazole 1 (Bubl) and
budding uninhibited by benzimidazole-related 1 (BubR1 or Mad3) proteins. Mad 1 and 2,
including Bubl bind to the unattached chromatids, with Mad2 and BubR1 also directly
associating with Cdc20 and therefore inhibits APC/C mediated degradation of cyclins and
securin®****_ APC/C ligase activity is also repressed through sustained increased levels of
cyclin B*. Therefore, the APC/C remains repressed until proper spindle microtubule
attachment to all kinetochores has occurred and the cell can then proceed to anaphase once

the spindle checkpoint has been disabled®****.

1.4 Types of cell death

Investigations into targeted cancer therapies focus on the signalling mechanisms in cell

growth and death pathways*’. There are several types of dynamic cellular pathways leading
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to cell death, namely mitotic catastrophe, necrosis, apoptosis and autophagy. Cell death can
be defined based on morphological characteristics (which may be apoptotic, autophagic,
necrotic or associated with mitosis), enzymological criteria (with the potential association
with nucleases or proteases, such as caspases, cathepsins, calpains and transglutaminases),
functional features (programmed or accidental, physiological or pathological) or on
immunological characteristics (immunogenic or non-immunogenic)**>’. As apoptosis and

autophagy have been closely associated with anticancer therapies and the investigations

thereof, only these two cell deaths will be discussed in detail within this dissertation.

Mitotic catastrophe is cell death that occurs during or immediately after aberrant mitosis, as

a result of incomplete cell cycle checkpoints and cellular damage*”*®

. Morphologically this
cell death exhibits nuclear alternations such as micronucleated and multinucleated cells,
which are used as markers in determining mitotic catastrophe. Therefore, this cell death
pathway prevents the duplication of aneuploidy cells*>'*%. Necrosis is morphologically
characterised by an increase in cell volume (cytoplasmic swelling or 'oncosis'), rupture of the

49,51,53
=" For

plasma membrane and the loss of cellular contents into the extracellular space
decades, necrosis has been classified as an accidental cell death mechanism, however recent
accumulated evidence suggests this cell death is regulated through signal transduction
pathway/s**>*>>. It is suggested that toll-like receptors (TLR) and death domain receptors
such as TLR3, TLR4, tumor necrosis factor (TNF) receptor 1 (TNFR1) and TNF-related
apoptosis inducing ligand receptor (TRAIL-R) are involved in eliciting necrosis. The
serine/threonine kinase, receptor interacting protein 1 (RIP1) is recruited by these receptors,
whereby its functional and physical interactions initiates necrotic cell death*~%"%>*%,
Although RIP-dependent necrosis is the most common form of regulated necrosis, other
newly investigated pathways are emerging such as parthanatos, ferroptosis, NETosis,

. . . . 54
pyroptosis. However, these exact mechanisms are still uncertain®*

. Apoptosis and
autophagy are classed as programmed cell deaths (PCD), which are under genetic control
and essential for normal development, cell regulation and maintenance, and the elimination of

harmful cells*®’.

1.4.1 Apoptosis

Apoptosis is a form of irreversible programmed cell death, initiated by various intracellular
pathways in response to intra- or extracellular signals without causing any inflammation.

Apoptosis plays an essential part in maintaining homoeostasis of normal cells and cell growth

10
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during embryonic development*’”’"°. Contrary, irregular apoptosis can lead to autoimmune
disorders, neurodegenerative diseases and cancer®.
Morphologically apoptotic cells demonstrate the following characteristics: plasma membrane
blebbing, cell shrinkage, chromatin condensation, nuclear fragmentation and formation of

membrane-enclosed apoptotic bodies*’"*

. One of the hallmarks of apoptosis is the
relocation of phosphatidylserine (PS) from the inner to the outer region of the plasma
membrane, functioning as a ligand for recognition and elimination by macrophages, thereby
suppressing any inflammatory response and preventing any damage to neighbouring cells®%%.
The cellular changes are coordinated by the activities of a family of cysteine proteases called
cysteine-dependent aspartate-specific proteases (caspases)™ .

Caspases are synthesized as catalytically inactive procaspases, also known as zymogens.
Once the relative apoptotic signal is received, the caspase zymogens undergo proteolytic
cleavage to form two subunits (small and large), which compromise of the active caspase
enzymes™®’. Caspases can be classified into two groups: the upstream members known as
initiator caspases (which are activated via recruitment to signalling complexes and begin the
proteolytic cascade) including caspases 2, 4, 8, 9 and 10, and the downstream effector
caspases (involved in degradation of cellular targets ultimately leading to cell death)

: . 63,65,66,68 . : :
including caspases 3, 6 and 7°77>"""". Caspases cleave a specific internal aspartate residue on

their substrates®®.

Apoptosis can be activated via pathways dependent or independently of caspases. Caspases
are involved in three apoptotic pathways: extrinsic (receptor-ligand activation of the death
receptors), intrinsic (mitochondrial-mediated pathway) (Figure 1.2) and the endoplasmic

reticulum (ER)-mediated pathway®*"%.
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Figure 1.2. Overview of the extrinsic- and intrinsic apoptotic pathways. In the extrinsic pathway, the

ligand (e.g. TNFo/FasL) binds the receptors (TNR1/Fas) forming the death inducing signalling
complex (DISC) which supports initiator caspase 8 activation. Caspase 8 can cleave Bid to induce
cytochrome release and also activate caspase 3. Caspase 3 activation will induce apoptosis directly or
via caspase 7. The intrinsic pathway is induced by intracellular stress resulting in mitochondrial
membrane potential depolarisation and cyt C release. The apoptosome (cyt ¢ and Apaf-1) activates
caspase 9 triggering caspase 3 activation. In addition, SMAC/Diablo inhibits the inhibitor of apoptosis

proteins (IAPs)*~7707!,
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1.4.1.1 Caspase-dependent pathways

1.4.1.1.1 The extrinsic (death receptor) pathway

The extrinsic pathway receives signals from extracellular ligands bound to death receptors
(DR) on the plasma membrane. The death receptors are members of the tumor necrosis factor

972 The most

(TNF) receptor superfamily that have the capabilities to trigger apoptosis
described ligand-death receptor combinations include TNF-o/TNF-receptor 1 (TNFR1), Fas
(fatty acid synthetase) ligand (FasL)/Fas (also known as CD95 or Apo-1), and TNF-related
apoptosis-inducing ligand (TRAIL or Apo-2L)/DR4 or DR5%7*". Transmission of the
apoptotic signal is facilitated through the receptors’ cytoplasmic regions called the death
domains (DD). Once the ligand is bound to a death receptor, the intracellular DD recruit
adaptor proteins through death domain interactions such as Fas-associated DD (FADD) and
TNF receptor associated DD (TRADD)™*’*. The adaptor proteins have DD at their C-
terminus, including a domain at their N-terminus called the death-effector domain (DED).
The DED of the adaptor protein can then interact and recruit initiator procaspases 8 and 10
(also known as FLICE-inhibitory protein (c-FLIP)), leading to the formation of the death-
inducing signalling complex (DISC). It is suggested that c-FLIP limits caspase 8

47697274 DISC induces the release of the active initiator caspase, which

activation
subsequently activates effector caspases 3/6/7">". These caspases degrade a variety of
proteins involved in biochemical and morphological functions within the cell’®’”. Caspase 8
can also cleave and activate a Bcl-2 family member termed Bid to truncated Bid (tBid). This
proapoptotic protein induces Bax/Bak-dependent permeabilization of the outer mitochondrial
membrane and cytochrome c release, therefore playing a role in activation of the intrinsic

pathway (Figure 1.2)*0+%%78

1.4.1.1.2 The intrinsic (mitochondrial) pathway

The intrinsic pathway involves the mitochondria as a central regulator and is triggered by
intracellular stressors such as DNA damage, insufficient growth factors or oxidative

stress78’79

. A key 'point of no return' event in the mitochondrial pathway is outer
mitochondrial membrane permeabilization (MOMP) through the formation of pores in the
membrane, which is regulated by the Bcl-2 family of proteins™’®”. This Bcl-2 family
comprises of anti- and pro-apoptotic proteins, namely Bcl-2, Bel-x, Bcl-X;, Bel-w, and Bax,
Bak, Bad, Bid, Bik, Noxa, Puma, respectivelyn’go. The multidomain Bax and Bak are

considered to induce the pore formation on the mitochondrial membrane, with these two pro-
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apoptotic proteins being activated by the Bcl-2 homology (BH) domain 3 (BH3)-only family
members (Bid, Bad, Noxa and Puma)’®. After apoptotic signals, pro-apoptotic Bcl-2 proteins,
for example Bid, translocate from the cytoplasm to the outer mitochondrial membrane, where
together with Bax/Bak lead to MOMP. This results in the release of pro-apoptotic factors
including cytochrome C (cyt C), second mitochondria-derived activator caspase/direct IAP
binding protein with low PI (Smac/DIABLO), and serine protease Omi/HtrA2 into the
cytosol 7% Cyt ¢ release promotes the apoptosome formation. This multimeric protein
complex contains cyt C and apoptosis activating factor 1 (Apaf-1) with ATP/dATP as a
cofactor. Through interaction with the caspase recruiting domain (CARD) of Apaf-1 and the
procaspase, the apoptosome recruits the inactive procaspase 9 resulting in initiator caspase

73,75,80

activation . The activated caspase 9 processes effector caspases 3 and 7 downstream, to

execute apoptosis (Figure 1.2)".

Smac/DIABLO and HtrA2/Omi act as antagonists of apoptosis protein inhibitors (IAP),

7880 1APs, including X chromosome-linked inhibitor of apoptosis

further enhancing apoptosis
protein (XIAP), cellular IAP 1 and 2 (cIAP1 and cIAP2), and survivin, play a role in
inhibiting activated caspases, consequently apoptosis and are often found to be upregulated in

cancer cells®”%.

1.4.1.1.3 Endoplasmic reticulum pathway

The endoplasmic reticulum (ER) is the second intracellular compartment involved in the
intrinsic apoptotic pathway. Under normal cellular conditions, the ER functions in ensuring
proper synthesis, folding and secretion of membrane-bound or organelle targeted proteins,
lipid biogenesis as well as calcium homeostasis (Ca>"). The lumen of the ER has the highest

2+ 79,81,82

intracellular concentration of Ca . A disruption in any of these ER functions, results in

reduced protein folding capabilities, and the accumulation and aggregation of misfolded

82,83

proteins - a state known as ER stress” . In these conditions, specific protective responses

are activated in an attempt to adapt and restore cellular homeostasis, one such stress response

is the unfolded-protein response (UPR)"**%.

However, in some cases the UPR cannot overcome the ER stress and misfolded protein
accumulation, therefore cell death becomes inevitable via ER induced apoptosis. Apoptotic
cell death activated at the ER is a result of transcriptional/kinase- and caspase-dependent

pathways*>®. Caspase 12, only expressed in mice, and caspase 4 in humans (caspase 12
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functional equivalent) are key mediators in the caspase ER induced apoptosis. Caspase 12
acts as an initiator caspase, leading to the cleavage of procaspase 9 that subsequently

. 68,81,82,85
activates caspase 37" "7

. This pathway can occur independently of the Apaf-1 pathway as
caspase 12 can directly trigger caspase 9 activation in the absence of cyt ¢ release®. ER stress
also upregulates the BH3-only proteins such as Bax and Bak. These proteins localize to the
ER and lead to the release of calcium, which causes activation of caspase 12, and ultimately

cell death as well as augments mitochondrial driven apoptosis®*®.

1.4.1.2 Caspase-independent pathway

Apoptosis may also occur through a pathway independent of caspase with the involvement of
non-caspase proteases including apoptosis-inducing factor (AIF), endonuclease G (Endo G),
calpains (cytosolic calcium activated cysteine proteases), cathepsins and granzymes72’80’86.
Upon permeabilization of the outer mitochondrial membrane, AIF and Endo G are released
from the intermembrane space and translocate to the nucleus. In the nucleus, AIF induces
chromatin condensation and large scale DNA fragmentation, with Endo G causing nuclear
chromatin cleavage® ™. Cathepsins are subdivided according to their active amino acid sites,
whereby the cysteine cathepsins B and L, as well as aspartic cathepsin D are the most
common lysosomal proteases contributing to apoptotic signalling®*’. Caspase-dependent or -
independent apoptosis may occur after cathepsin release into the cytoplasm, independent of
mitochondrial involvement”. Calpains are involved in destabilization of the lysosomal
membrane, and thus cathepsin release’. Granzyme B is a serine protease acting as a key
mediator in apoptosis induction. Sharing substrate specificity with cysteine proteases of the
caspase family allows for the activation of effector caspases’ ”>. Granzymes are also able to
cleave Bid, causing a caspase-independent release of cyt ¢ and furthermore cleaves the

inhibitor of caspase-activated DNase (ICAD) resulting in DNA fragmentation’**.

1.4.2 Autophagy

Autophagy is a conserved catabolic process whereby intracellular components are degraded
and recycled”®. It is one of the two major pathways through which protein degradation
occurs, the other being the ubiquitin-proteasome system’>. In normal cellular environments,
autophagy is important for cell and tissue homeostasis by eliminating damaged or excess
organelles, as well as can act as a survival mechanism enabling cells to cope during periods
of stress, such as starvation, hypoxia and growth factor withdrawal’’>*°. However, continual

stress stimuli or excessive metabolic stress can lead to autophagic cell death”°. Autophagy
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can therefore be classed as another form of programmed cell death, which unlike apoptosis is
reversible and differentiated from apoptosis by specific morphological and molecular

50,73,96
features™ '™

. Three primary modes of autophagy have been identified: microautophagy,
chaperone-mediated autophagy (CMA) and macroautophagy®”**’. During microautophagy,
the limiting lysosomal membrane forms protrusions that engulf the cytoplasmic contents,
including intact organelles, directly. Chaperone-meditated autophagy involves the
recognition of unfolded proteins by chaperones that are then transported individually across
the lysosomal membrane. In macroautophagy, proteins and intracellular components are
enclosed into specialised double-membrane vesicles, known as autophagosomes, which then

fuse with the lysosome for degradation®?*%>*7-%,

1.4.2.1 Microautophagy

In microautophagy, cytoplasmic contents including complete organelles are directly engulfed
by the lysosome, followed by their internalization into the lysosomal lumen for

. 97,99
degradation™”

. The lysosomal membrane forms tubular invaginations, which then pinch off
to form autophagic vesicles within the lumen of the lysosome. These autophagic vesicles are
subsequently degraded (Figure 1.3)°”'®. Although the exact mechanisms of microautophagy

have not been well characterized, it appears that autophagy-related proteins are not required

for microautophagy, however the mammalian target of rapamycin (mTOR) signalling
99,101

pathways have been shown to be involved in its regulations

cytoplasmic
content

lysosomal lumen

Invagination Tubular Autophagy Autophagy vesicle Degraded
invagination vesicle formation degradation cytoplasmic content

Figure 1.3. Schematic illustration of events occurring during microautophagy””'**"'%.

1.4.2.2 Chaperone-mediated autophagy

CMA is a selective form of autophagy, whereby specific cytosolic proteins are transported in
a "molecule-to-molecule" fashion to the lysosome for degradation'®'". CMA is active

during cellular stress such as starvation, oxidative stress and protein damage'®. CMA is
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responsible for the breakdown of 30% of cytosolic proteins, of which all contain a target
peptide sequence related to a pentapeptide motif, KFERQ'®>'"". During disassembly or
misfolding, these protein substrates are exposed and recognised by heat shock-cognate of 70-
kDa (hsc70) chaperones. The hsc70-cochaperone complex, together with the substrate
protein, is transported to the lysosomal membrane where it binds to the cytosolic region of a
lysosomal-associated membrane protein 2A (LAMP-2A) (Figure 1.4)'%'°®, Three variants of
LAMP-2 exist namely, LAMP-2A, LAMP-2B and LAMP-2C, however LAMP-2A is the sole
receptor for CMA substrates in autophagy'*'%!® Once the substrate is bound to monomers
of LAMP2A, it is unfolded through facilitation by hsc70, and subsequently LAMP-2A is
driven into multimeric complexes, which is essential for substrate translocation into the
lysosome'® %7, After translocation, with assistance by a lysosomal membrane chaperone
(lys-hsc70), of the substrate has occurred, the cytosolic hsc70 disassembles the multimeric
LAMP-2A to the original monomer form to allow a new cycle of substrate binding and
translocation'®'"”. Within the lysosomal lumen, the translocated substrate is then degraded

by proteases'®’.

substrate protein
LAMP-2A
N %

1
D
=D —

LY

o)

N
{; / & protease
&

lysosome

Figure 1.4. Sequential schematic steps of cytosolic protein degradation through CMA. Proteins are
recognised by hsc70 and its cochaperones (1), this hsc70-cochaperone complex then binds to the
receptor (LAMP-2A) at the lysosomal membrane (2). Once bound, the protein is unfolded by the
hsc70-cochaperone complex and then translocates across the lysosomal membrane with facilitation by

lys-hsc70 (3 and 4). The protein is then degraded the lysosomal lumen by proteases (5)'°>'%!%,
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1.4.2.3 Macroautophagy

Macroautophagy is the most well understood type of autophagy and is usually referred to as
autophagy. This process begins with the formation of an isolation membrane (or phagophore)
engulfing the cytosolic organelles and cytoplasmic content to be degraded. The origin of this
membrane has been debated and remains unresolved, with studies suggesting the source to be

11
9798110 * The membrane

the ER, Golgi apparatus, plasma membrane and mitochondria
elongates and encloses forming a double-membrane vesicle known as the autophagosome,
which then transports the organelles to fuse with the lysosome, and form an autolysosome, in
which degradation occurs (Figure 1.5)"%%!!!,

lysosome

. \ . hydrolases

autophagosome autolysosome
initiation ———— clongation complctlon fusion breakdown and
degradation

Figure 1.5. Schematic representation of the phases of macroautophagy. Initiation involves formation
of isolation membrane/phagophore, vesicle elongation, completion of the autophagosome followed by

fusion with the lysosome. An autolysosome is then formed in which contents are degraded by

lysosomal hydrolases’”'>'"”,

Autophagy is regulated by autophagy-related genes (Atg) that coordinate the formation of the
autophagosome and ultimately the autolysosome. The induction of this autophagic process is
mediated by the UNC-51-like kinase (ULK) together with Atgl3 and RB1-inducible coiled-
coil 1 (RBICC1/FIP200) forming the ULK-ATGI3-FIP200 complex, and the Beclin-1-
interacting complex, consisting of Beclin 1, the class III phosphatidylinositol 3-kinase (PI3K)
Vps34 and Atgl4L (p150) (Beclin-1-hVps34-p150 complex)’*>*"11%113  The latter complex
is important in recruiting additional Atg proteins needed for continuation of autophagosomal
formation, and for generating phosphatidylinositol-3-phospahte, which promotes

autophagosomal membrane nucleation' '
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Autophagosome elongation and completion is directed by two ubiquitin-like conjugation
systems. First is the conjugation of Atgl2 to AtgS, which requires Atg7 (ubiquitin-activating-
enzyme (El)-like) and AtglO (ubiquitin-conjugating-enzyme (E2)-like), with this Atg5-
Atgl2 conjugate associating with Atgl6L and localizes on the outer membrane of the
elongating membrane, disassociating after completion of the autophagosome’''®''*. The
Atg5-Atgl2-Atgl 6L complex also stimulates the targeting and conversion of cytosolic light
chain 3 (LC3) I to LC3IIL In the second conjugation system, LC3I forms LC3II through
conjugation to phosphatidylethanolamine (PE) driven by Atg7 and Atg3’®*''"*!'2 Both
conjugation complexes are needed for elongation and fusion, culminating in a completed

autophagosome””.

One of the most important regulation pathways of autophagy is the mTOR signalling
pathway. This serine/threonine kinase is inhibited in the presence of nutrient depletion,
resulting in autophagy induction’®''°. In a nutrient-rich cellular environment, mTOR
complex 1 (mTORC1) prevents autophagy by phosphorylating ULK and Atgl3, which is part
of the essential ULK-ATG13-FIP200 complex, however during starvation mTORC]1 detaches

from this complex, allowing autophagy induction to occur’***!*!1°,

As autophagy is a caspase-independent form of cell death, it is an appealing target for cancer
therapy, particularly in apoptosis-defective or -resistant cells”’. Although there is evidence
demonstrating that autophagy can only be activated when apoptosis is suppressed, there is
also increasing suggestions of the existence of a synergistic relationship between them”**>'°.
This crosstalk can transpire through various suggested mechanisms whereby stressors trigger
pathways regulating both apoptosis and autophagy, i.e. Bcl-2 and Bel-Xy both anti-apoptotic
proteins, can also inhibit autophagy by binding to Beclin-1°'"°. Additionally, during
starvation, Jun N-terminal kinase 1 (Jnkl) promotes autophagy induction through
phosphorylating Bcl-2 and releasing Beclin 1 from its inhibitory interaction with Bel-2''°.
Atg5 promotes both apoptosis and autophagy; and reactive oxygen species can induce

apoptosis, as well as regulate Atg4 required for autophagy®->""!1¥,

1.4.3 Reactive oxygen species and cell death

Reactive oxygen species (ROS), such as hydrogen peroxide (H;0,) and superoxide (O;") are
produced through normal metabolism in biological cells with essential functions within the

cell, and can also be viewed as signalling molecules in a variety of pathways'"”'?!. ROS

19



e
ﬁ UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
‘.' YUNIBESITHI YA PRETORIA
concentration is controlled via its clearance by antioxidants and enzymes, thereby keeping the

concentration stable as to not cause any cellular damage'?

. ROS, particularly H,0,, has been
indicated to induce apoptosis, usually through causing DNA damage in a variety of cell lines.
The induction of apoptosis is through the ROS mediated release of cyt c leading to

52,120,122

downstream activation of the caspases . Both H,O; and superoxide have also been

implicated in autophagic cell death''*'”. Chen and Gibson (2008) revealed that

124 The exact mechanism of this

mitochondrial ROS is involved in autophagy induction
induction is unknown, however it has been suggested that ROS may regulate Atg4 and
increase the levels of Beclin 1 expression thereby contributing to autophagy induction'**.

Therefore, increasing ROS production is a potential target for cancer therapy.

1.5 Novel therapeutics

1.5.1 Antimitotic chemotherapeutics

Currently the majority of chemotherapeutics used for treatment include anticancer drugs that
target the cell cycle, aiming to arrest cancer cells in mitosis, inhibiting hyperproliferation, and
eventually leading to the induction of programmed cell death®~***!>>. There are various
antimitotic compounds classed according to their mechanism of action e.g. drugs that induce
DNA damage, interfere with DNA synthesis and inhibit spindle function®'”>. However, the
latter compounds that particularly target microtubules and inhibit the functioning of the
mitotic spindle have been established to be one of the most successful classes of
chemotherapeutics to date?*-!-3334123:126

Microtubule-targeting agents (MTAs) disrupt the polymerization dynamics of the spindle
microtubule through assorted modes, therefore cells are unable to pass through the spindle
checkpoint to initiate anaphase, resulting in a mitosis block in metaphase****'?’. Cells that
are continuously arrested in mitosis by prolonged treatment, eventually aberrantly exit
mitosis and undergo a form of programmed cell death, with apoptotic and autophagic
characteristics having been exhibited, although the exact mechanism remains

. 3334.36,125,128
elusive™™ 77> =28,

MTAs are natural compounds and one of the most researched classes of

. 33,126
chemotherapeutics™

. Common groups of these compounds are the Vinca alkaloids,
taxanes and colchicine, each performing their insults by binding to microtubules at diverse

. 125,129,1 . . . . [
sites”®!?12130 yinca alkaloids are categorised as microtubule-destabilizing agents, such as
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vinblastine, which binds to the Vinca binding site located at the interface of the a- and f-
tubulin preventing microtubule polymerization, decreasing microtubule dynamics and leading
to mitotic arrest. This group has been used clinically to treat leukaemia, lymphomas and some
solid malignancies, with Eribulin approved in 2010 as a third-line treatment for recurring

. 4,130-132
metastatic breast CElIlCCI'3 ,130-13

. Paclitaxel, from the taxanes group, and more recently
Cabazitaxel, is in use for treatment of breast, ovaria-, prostate- and non-small cell lung
cancer. This group of antimitotics act by stabilizing pre-existing microtubules and prevent
disassembly by binding to the taxane site along the inferior surface of B-tubulin, and has also
shown to activate caspase-dependent apoptosis via Bel-2 proteins>*"**!** A recent family of
drugs also belonging to this group of MTAs, the epothilones, has been described and shown
to bind on microtubules at the taxane site, although increased cytotoxicity has been indicated
in vitro when compared to taxanes. These compounds have been approved for use in treating
various cancer types, including taxane-resistant breast tumors'**'*'"'**. Colchicine, which is
one of the first MTAs, similarly to vinblastine is a microtubule depolymerizing agent, but
binds to the colchicine domain between the a- and B-tubulin heterodimers®*'#3!%.

However, colchicine failed clinically in the treatment of cancers, most likely due to its severe
toxicity to non-proliferating and normal cells/tissues, whilst the Vinca alkaloids and taxanes
are non-selective for cancer cells and their use is limited due to undesirable side effects such
as serious neurotoxicity, myelosuppression, skin reactions, and haematological

- oo 125,131,132,134
toxicity =7 7

. Nonetheless, these compounds have provided a novel therapeutic target
and promoted research for agents with similar modes of action, but with enhanced
characteristics. A variety of agents that bind to the colchicine binding site of microtubules are
currently in various stages of clinical trials. One of much interest and research over the past
decade is 2-methoxyestradiol, a naturally occurring estradiol derivative shown to have
antimitotic effects through several proposed mechanisms, whilst exhibiting minimal

s so 34,127,133
toxicity™ " 7.

1.5.2 Overview of 2-methoxyestradiol

Naturally occurring estrogens are metabolized in the body by hydroxylation of 17-estradiol
via cytochrome P450, then subsequent 0-methylation by catechol-O-methyltransferase
(COMT) to eventually form 2-methoxyestradiol (2ME) (Figure 1.6)"131% 2ME has been
patented by Entremed (USA), as Panzem® and is currently in phase I and II clinical trials for
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the treatment of multiple myeloma, glioblastoma, metastatic breast-, prostate- and ovarian

cancer, as well as a variety of other solid malignancies'*>'?**

H,C——O

HO

Figure 1.6. Structure of 2-methoxyestradiol.
(ACD/ChemSketch Freeware version 12.01)'%.

The antimitotic actions of 2ME have been well-documented both in vitro and in vivo,
inhibiting cancer cell proliferation, while sparing normal quiescent cells with their effects

76.137.144-196 - gchumacher and Neuhaus

occurring independent of estrogen receptor status
(2001) reported results of in vivo experiments where normal skin fibroblasts had been
unaffected by 2ME, concurrently a study by van Zijl et al. (2008) demonstrated a tumorigenic
epithelial breast cell line was more highly sensitive to 2ME compared to the non-tumorigenic
cell line. A review by Mueck and Seegers (2010) also reported on the difficulty of 2ME to

. - 136,143,147
influence the growth of normal and even resting cancer cells ™ ™

. Amongst its
antiproliferative properties, 2ME also possesses anti-angiogenic and pro-apoptotic activity in
vitro and in vivo, accomplished by microtubule interference. Disruptions of the spindles
occurs through interaction with the colchicine binding site causing a dose-dependent
suppression of microtubule dynamics, with inhibition of microtubule assembly or
stabilization at low but active concentrations, or complete depolymerization at high

35,76,126,130,144,148

concentrations . The tubulin disruption caused by 2ME forces the cell to

undergo mitotic arrest, usually at metaphase*®’7'#>+14%.

This cell cycle arrest is usually due to the activation of the spindle checkpoint, leading to the
inhibition of APC/C as mentioned previously. This continuous G,/M block eventually
culminates in apoptosis. Li et al. (2004) indicated that at 5h post-exposure to 2ME, there was
a higher percentage of cells in the G/M population compared to apoptotic cells (sub-G,),
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however at 20h post-treatment a large population of abnormal and apoptotic cells were
observed microscopically'®. A similar finding was reported by Choi and Zhu (2012), where
2ME initiated prometaphase arrest in estrogen receptor-negative (MDA-MB-435s) and
estrogen receptor-positive (MCF-7) breast cancer cell lines due to increased levels of cyclin
B1/Cdc2, with Mad2 and Jnkl as mediators of this upregulation and consequential cell
arrest'*”. This suggests that cell arrest and subsequent apoptotic cell death is due to 2ME

being tubulin dependent or at least tubulin associated*®'*.

The mechanisms of 2ME to induce apoptosis have been observed to be different for varying
cell types, independent of the p53 status of the cancer cell. It has been reviewed that higher
levels of p53 lead to increased apoptotic cell death, with such p53 dependent apoptosis
observed in lymphoblast cell lines. Conversely, even with mutated p53 gene in pancreatic
cancer cells, apoptosis is still induced, in a p53 independent manner">*'*'*° Multiple cancer
cell lines and endothelial cells undergo apoptosis via the extrinsic pathway, particularly with

the upregulation of DR5 and the eventual activation of caspase 3’461

. Initially it was
proposed to be the only pathway by which 2ME induced apoptosis, conversely evidence
suggests that the 2ME induced intrinsic apoptosis pathway is involved in a diversity of cancer
cell lines such as multiple myeloma, pancreatic, breast and prostate cancers. Reported in the
review by Mooberry (2003), the expression of dominant-negative FADD resulted in a
significant inhibition of apoptosis, albeit not a complete elimination of the cell death,
therefore suggesting the activation of the intrinsic pathway. Joubert et al. (2005) also reported
a significant increase in Bax levels after 2ME treatment in cervical carcinoma cells, further

indicating that 2ME can induce both apoptotic pathways'*®'>2,

Similarly to 2ME’s apoptotic activity, the anti-angiogenic properties have been reported to be
linked to the disruption of microtubules; however the exact signalling events are still under
investigation®'2181%° " Angiogenesis is vital for the growth, proliferation and metastasis of
tumors therefore this process provides an attractive chemotherapeutic target. Hypoxia-
inducible factor la (HIF-la) is a pro-angiogenic transcription factor leading to the
transcription and increase of vascular endothelial growth factor (VEGF) during hypoxic
conditions®>'*. 2ME reduces HIF-lo translation, leading to a downregulation of VEGF
expression, and therefore a decrease in neovascularization and subsequent tumor
growth®>37143:146 " Schumacher and Neuhaus (2001) reported a 68% reduction in tumor size

of an angiosarcoma in mice after treatment with 2ME"*°.
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Despite 2ME’s promising properties, during phase I clinical studies using a capsule
formulation, limited oral bioavailability was reported, most likely due to poor solubility
together with rapid hepatic metabolism through conjugation and oxidation of the hydroxyl

129,130,137.140.148 " H)ME was then reformulated as

groups (-OH) at C3 and C17 positions
Panzem® NCD (Nanocrystal dispersion), a novel nanoparticle drug formulation and is
underway in phase I and II clinical trials**"'**. Even with 2ME-NCD being well tolerated
with a mild toxicity profile, including nausea, fatigue and slight gastrointestinal effects, its
antitumor activity was modest in spite of the heavy dosage of 1000mg administered orally

: 139,141,142
four times a day">>"'*"

. Due to these limitations, further investigations are being conducted
into analogues of this estrogenic derivative. Properties of 2ME are therefore exploited to
develop novel therapeutic analogues with improved potency, avoidance of rapid hepatic

metabolism with increased bioavailability, whilst maintaining low toxicity.

1.5.3 Analogues of 2-methoxyestreadiol

Numerous 2ME analogues have been synthesized and are currently under investigation.
Tinley et al. (2003) explored analogues with modifications of 2ME at the D-ring. The study
demonstrated that the analogue 14-dehydro-2ME was more potent than 2ME in microtubule
disruption, thereby inhibiting proliferation and initiating apoptosis, as well as angiogenesis in
a range of tumor types, both in vitro and in vivo. This modification confirmed that
unsaturation at position C14 of the D ring of 2ME increases the antitumor effects'>>'>>. The
above analogue despite its antitumor potential, still retains the OH groups at C3 and C17,

therefore its bioavailability will be similar to that of 2ME"**!**,

A well-researched 2ME analogue, 3-carboxyamide-2-methoxyestra-1,3,5(10)16-tetraene
(ENMD-1198), was synthesized by removal of the OH groups from 2ME at positions C3,
replaced with a 3-carbamide group, and C17. These conformational changes resulted in

improved metabolic stability and pharmacokinetics in vivo'**'*>13¢,

Like its parent
compound, this analogue binds to the colchicine binding site causing mitotic arrest and
apoptosis, however showed increased toxicity as reported by Chua et al. (2010) in in vitro
studies performed in breast and colon cancer cell lines'>’. ENMD-1198 has also been
indicated to have improved effects in vitro and in vivo in multidrug-resistant breast
carcinoma, including glioblastoma and prostate cancer cells, as well as inhibition of

endothelial cell proliferation and vascular endothelial growth factor (VEGF) protein
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expression in bone marrow-derived and dermal endothelial cell lines'**'*°. Due to the
analogues improved anticancer effects, it is currently in phase I clinical trials and although it
is well-tolerated, preclinical observations indicated that ENMD-1198 had dose-limiting

. . e . B
gastrointestinal toxicities and myelosuppression effects'26-!#%:13%136.158

Further research has also been performed on sulphamoylated derivatives of 2ME.
Sulphamates have increased bioavailability as these molecules are able to avoid undergoing

129,154156,159 'Thjg is attributed to the

the first pass liver metabolism while transiting in the liver
sulphamates’ ability to reversibly bind to carbonic anhydrase (CA) II in erythrocytes.
Carbonic anhydrases are a family of zinc enzymes that catalyse the conversion of carbon
dioxide and water to carbonic acid. Hyperproliferative tumorigenic cells have a lower
extracellular pH, with this acidotic environment contributing to tumor progression and
metastasis'>'>”.  The analogue, 2-methoxyestradiol-3,17-0,0-bis-sulphamate  (2-
MeOE2bisSMATE) was discovered through research into steroid sulphatase (STS) inhibitors.
STS is an enzyme regulating the conversion of estrone sulphate to estrone that has the ability
to stimulate the growth of hormone-dependent cancers after its conversion to 17B-estradiol™”"
12 In addition to functioning as a STS inhibitor, 2-MeOE2bisSMATE has shown to induce
cell cycle arrest, initiate apoptosis in vitro, as well as inhibit angiogenesis in vitro and in vivo
in various cancer cell types, independent of ERs'®'%” It was also indicated that this analogue
exhibits no toxicity, with no significant effects on a non-tumorigenic breast epithelial cell

160,168,169

line, and presents a promising preliminary pharmacokinetic profile . It has been

suggested that 2-MeOE2biSMATE’s anticancer potency is 10-fold more than that of
AME!53-161.166,170

Taking into account all the structural attributes of these analogue that provide positive
anticancer potential, novel research was conducted in our laboratory involving the
identification of several sulphamoylated analogues of 2ME. This was conducted using
docking studies involving molecules that have the ability to bind to the colchicine binding
site of tubulin, CAII, as well as CAIX'?’. CAIX is a membrane-bound enzyme found to be
overexpressed in most tumors, contributing to the acidic microenvironment and associated to
HIF-1a, which promotes tumor progression through increased neovascularization, as well as
can lead to chemoresistance to weakly basic anticancer agents""'''. The ability of these
analogues to conjugate with CAII provided the possibility for the design of CAIX inhibitors

that also possess the capability to disrupt mitotic microtubules'”. It has been demonstrated
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that chemical modifications (i.e. an ethyl group at C2 and a sulphamate group to position 3)
to the structure of the parental 2ME, resulted in improved antiproliferative effects in
nanomolar concentrations in estrogen receptor-negative and -positive breast adenocarcinoma
cell lines, including cervical carcinoma and oesophageal cell lines'?'®. Although the
compounds exhibit antiproliferative activity, the biochemical signalling pathway/s need to be
explored in order to elucidate the exact action mechanism. The purpose of this project was to
investigate the in vitro effects of 2-ethyl-3-O-sulphamoyl-estra-1,3,5(10)16-tetraene (ESE-
16) (Figure 1.7) on an epithelial cervical carcinoma cell line, which may lead to the
development of a novel chemotherapeutic agent, or to the progression of future drugs with

increased specificity and enhanced bioavailability.

CH,

CH,

1
O—S—0

NH,
Figure 1.7. Chemical structure of the sulphamoylated 2ME

analogue, ESE-16, indicating the substitutions located at
positions 2°, 3* and 17 (dehydration at C-16).
(ACD/ChemSketch Freeware version 12.01)"*’.
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1.6 Aim of the study

The aim of this study was to investigate the action mechanism of 2-ethyl-3-O-sulphamoyl-

estra-1,3,5(10)16-tetraene (ESE16) in a human epithelial cervical carcinoma (HeLa cells).

1.7 Objectives

The objectives of this research study were to:

1.

11.

111.

confirm dose- and time-dependent growth studies in order to demonstrate the effect of
ESE-16 on cell numbers using crystal violet assay and non-invasively determine real-
time cell proliferation and viability using the xCELLigence real-time cell analysis;

study the morphological changes induced by ESE-16 with PlasDIC and light microscopy
(haematoxylin and eosin staining method), as well as confocal fluorescence microscopy
— assessing changes in the cytoskeleton using anti-alpha-tubulin antibodies
counterstained with an Alexa-488 fluorescent probe;

establish the intracellular ultrastructural morphological changes caused by ESE-16

exposure with transmission electron microscopy;

iv. investigate the effect of ESE-16 on the cell cycle progression using propidium iodide
(PI) and cyclin B1 levels using a fluorescein isothiocyanate conjugated antibody;

v. determine the pathway of programmed cell death i.e. apoptosis using annexin V/PI and
caspase 3 analyses, and autophagy measuring Atg5 expression;

vi. investigate the production of reactive oxygen species (ROS) namely hydrogen peroxide
using 2,7-dichlorofluorescein diacetate and superoxide using hydroethidine.

1.8 Hypothesis

The novel analogue (ESE-16) is not a microtubule inhibitor and therefore does not induce an

antitumor effect in human epithelial cervical carcinoma.
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Chapter 2
Materials and Methods

2.1 Type of study

This research project is classified as a preclinical, in vitro study. Therefore, the data collected
is not directly related to an in vivo study and cannot be extrapolated as such. Scientific
knowledge acquired from this study contributed to an improved understanding of the cellular

action mechanism of this compound on a tumorigenic cell line.

2.2 Materials
2.2.1 Cell line

The HeLa cells are described as an immortalized, adherent, keratin-positive human epithelial
carcinoma cell line derived from adenocarcinoma metastatic sites in the cervix. The HelLa
cells are commercially available from the American Tissue Culture Collection (ATCC)

(Maryland, United States of America).
2.2.2 Compounds and reagents

ESE-16 was synthesized by iThemba Pharmaceuticals Pty (Ltd) (Johannesburg, South Africa
A) since the compound is not commercially available. All experimental chemicals required
were of cell culture analytical grade purchased from Sigma Aldrich (St. Louis, United States
of America), unless otherwise specified. Dulbecco’s Modified Eagle’s Medium (DMEM),
heat-activated fetal calf serum (FCS) and sterile culture flasks and plates were purchased
from Separations (Pty) Ltd (Randburg, South Africa). Streptomycin, penicillin and fungizone
were supplied by Highveld Biological Pty (Ltd) (Johannesburg, South Africa). The
xCELLigence E-Plates™ were purchased from Anatech Instruments (Pty) Ltd
(Johannesburg, South Africa).

2.3 Preparation of cell culture maintenance reagents
2.3.1 Cell culture medium

Dulbecco’s Modified Eagle’s Medium (DMEM) was purchased containing sodium pyruvate,
glucose, and L-glutamine, and was further enriched with 10% filtered FCS, 100png/1
streptomycin, 100ug/1 penicillin and 250pg/1 fungizone.
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2.3.2 Phosphate-buffered saline

A concentrated (10x) stock solution of phosphate buffered saline (PBS) was made up
containing 2g/1 KCl, 2g/1 KH,PO4, 80g/1 NaCl, and 11.5g/1 Na,PO4 and the pH adjusted to
7.4. Aliquots (500ml) of the stock solution were then stored in the refrigerator (4°C). One
times (1x) solution was prepared when needed and autoclaved (120°C, 15psi, 20 min) prior to

use for cell culture.

2.3.3 Freeze medium

Freeze medium was made up in sterile 50ml tubes by adding 70% complete DMEM, 20%
FCS and 10% dimethyl sulphoxide (DMSO) and then stored at 4°C.

2.4 General cell maintenance procedures

2.4.1 Cell culture

HeLa cells were grown as monolayers in either 25 or 75cm” sterile culture flasks at 37°C in a
humidified environment, containing 5% carbon dioxide in a Forma Scientific water-jacketed
incubator (Ohio, United States of America). The HeLa cells were cultured using 4ml and 8ml
of DMEM complete in the 25 and 75cm?” sterile culture flasks, respectively. The growth
medium was checked and replaced every 1-3 days. When confluent, the cells were
trypsinized by removing the medium, washed twice with sterile PBS and incubated with 2ml
of trypsin for 2-5 min at 37°C. After incubation or once the cells had a ‘rounded’ appearance,
the cells were then detached by gently tapping the flask. Fresh growth medium was added to
the detached cells, which were then divided for subculture, used for experimentation or
frozen for future use. All cell culture techniques were performed aseptically, with all

solutions maintained sterile and filtered through a 0.22um membrane filter prior to use.

2.4.2 Cryopreservation

Cells were frozen using prepared freeze medium as previously described. The cells were
suspended at a concentration of 1x10° cells per 1ml freeze medium and placed into 1.5ml
cryovials. The vials were wrapped with cotton wool and placed in a -70°C freezer for up to

two days before being transferred for long term storage in liquid nitrogen.
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2.5 General procedures for experimentation

Experiments were performed in either 96-well tissue culture plates (5000 cells seeded per
well in 200ul medium), 6-well plates on heat-sterilized coverslips (250 000 cells seeded per
well in 3ml growth medium) or in 25¢m? culture flasks (500 000 cells seeded per flask in 4ml
growth medium). For experimentation, cells were seeded and incubated for 24 h to allow for
attachment and then replaced with fresh growth medium, prior to exposure of the relevant

concentration/s of ESE-16.

The number of cells in a stock solution after trypsinization was evaluated using a
haemocytometer. The cell stock solution (20ul) was resuspended with 80ul PBS, and 20ul of
that suspension was then mixed with 20pul of trypan blue, resulting in a concentration of cells
with a dilution factor of 10. Trypan blue is a dye, which permeates through cell membranes
that are no longer intact i.e. the cell is no longer viable. Therefore, viable cells remain

unstained, with dead cells staining blue and left uncounted'’*.

The number of viable cells per ml of medium was determined by:
Average number of cells in the four corner squares of the haemocytometer x dilution factor

(10) x 10*= cells/ml.

Stock solutions of ESE-16 were dissolved in DMSO to a concentration of ImM and were
stored at -20°C. Growth medium was then used to dilute the stock concentration to the
desired concentration of ESE-16 prior to experimentation. Based on previous studies at our
laboratory, a dose and time range of 0.1-0.5uM and 24-, 48- and 72 h respectively was
selected as this range had previously shown antiproliferative activity in HeLa cells'?.

Appropriate controls were included in all experimentation. These included cells propagated in
growth medium only and the vehicle-control, where cells were treated with media and equal
volumes of DMSO to that of ESE-16. The DMSO content of the final dilutions never
exceeded 0.05%. Controls for apoptosis included exposure to actinomycin D (0.1pg/ml) in
growth medium for the relevant exposure time, and the positive control for autophagy was

starved cells, specifically cells propagated in 3ml PBS.
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2.6 Experimental protocols
2.6.1 Cell proliferation studies

2.6.1.1 Crystal violet staining

This triphenylmethane dye was employed to spectrophotometrically quantify the number of
fixed monolayer cells. Crystal violet stains the DNA of the cell’s nucleus'”. The
determination of cell number was performed by solubilising the adsorbed dye in a
triton X-100 solution and quantifying the optical density of the solution using a
spectrophotometer. This optical density or absorbance measured at 570nm is directly related

to the number of cells!’>!7*

. This end-point assay allows for quick, fast and reproducible
quantification of cell numbers, and was used to determine the effects of ESE-16 on HeLa cell

proliferation.

i) Materials

Glutaraldehyde, crystal violet and triton X-100 were all purchased from Merck Chemicals
(Darmstadt, Germany)

ii) Method

HeLa cells were seeded in 96-well tissue culture plates at a cell density of 5000 per well and
incubated for 24 h at 37°C to allow for attachment. Subsequently, the culture media was
discarded and the cells exposed to a series of ESE-16 concentrations ranging from 0.1-0.3uM
for 24-, 48- and 72 h, including the above described appropriate controls. A baseline was also
seeded and the cells were stained prior to compound exposure in order to determine the
starting cell number. The experiment was terminated by removal of the media and fixation of
the cells with 100ul of 1% glutaraldehyde. After 15 min of incubation at room temperature,
the glutaraldehyde was discarded and the cells stained with 100ul of 0.1% crystal violet stain
with further incubation for 30 min at room temperature. The plates were then submersed
under running tap water to remove excess stain and left to dry overnight. The next day, the
dye was solubilized using 200ul of 0.2% triton X-100. After 30 min incubation at room
temperature, 100ul of the solution was transferred to a clean 96-well plate and the absorbance
determined at 570nm using an ELx800 Universal Microplate Reader (BioTek Instruments

Inc., Analytical Diagnostic Products, Vermont, United States of America).
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2.6.1.2 xCELLigence real-time dual plate cell analysis

This novel system developed by Roche Applied Sciences (Indianapolis, United States of
America), together with ACEA Biosciences Inc. (San Diego, United States of America),
provides an accurate platform to non-invasively quantify and gather information on adherent
cell proliferation, viability, cytotoxicity, as well as changes in cell morphology and adhesion

. . . . 175,1
in real-time, using a label-independent manner' "',

The system operates by using an electronic readout called impedance generated by adherent
cell interaction with gold microelectrodes integrated on the bottom of each well of the 16- or
96-well microtiter plates'’>'". A change in the impedance is expressed as a parameter termed
the cell index (CI). The CI measures the general status of the cells in each well i.e. cell
number, morphology, adherence and proliferation rate. Therefore, detachment due to cell

death results in a decrease of electrical impedance and subsequently CI'".

With the xCELLigence system, the HeLa cells remained in a more physiological state, and it
allowed for real-time cellular analysis of live cells providing valuable information as cells
attached and proliferated, which is not always possible with end point measurements'’’. In
this particular study, the real-time analysis was utilized to confirm whether the selected
dosage and exposure time of ESE-16 yielded the optimal antiproliferative effect on the HeLa

cells.

i) Materials

The xCELLigence 16-well E-Plates™ were purchased from Anatech Instruments (Pty) Ltd
(Johannesburg, South Africa).

ii) Method

A titration was performed prior to experimentation to determine the experimental seeding
density that produced the optimal cell index at the reference time point i.e. when the
compound was to be added to the cells. This was determined to be 5000 cells per 250ul. For
experimentation, 100ul of growth medium was added to the wells of the E-Plates™ and
background measurements were taken with the xCELLigence system. Subsequently, 5000
cells were seeded per well and allowed to settle in a laminar flow cabinet for 30 min prior to
being placed in the xCELLigence system, housed in a Forma Scientific water-jacketed

incubator at 37°C containing 5% carbon dioxide (Ohio, United States of America)'’®. The
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following day, once the cells had attached and were in a log growth phase, 50ul of the ESE-
16 concentration series ranging from 0.1-0.5uM and the appropriate controls were added to
the cells, leading to a final volume of 250ul per well. The E-Plates™ were then monitored
continuously for 96 h. The results obtained from the xCELLigence system were analysed

using the RTCA Software version 1.2.1 (ACEA Biosciences Inc; San Diego, United States of

America).

2.6.2 Morphology studies

2.6.2.1 Polarization-optical transmitted light differential interference contrast

Polarization-optical transmitted light differential interference contrast (PlasDIC) is different
to conventional DIC whereby linear polarized light is generated only after the objective,
producing high quality three-dimensional images of individual cells, clusters of cells, as well
as thick individual cells (such as metaphase blocked cells) in plastic culture dishes'>*'”. This
technique was used to qualitatively evaluate the effects of ESE-16 on Hela cells’
morphological characteristics, as well as view cells in mitotic arrest and/or undergoing cell
death. These images were captured using the Zeiss Axiovert-40 microscope (Carl Zeiss AG,

Gottingen, Germany).

i) Materials

No additional materials were needed.

ii) Method

Cells were seeded according to the specific experimentation in the suitable culture vessel.
After 24 h of incubation, allowing for cell attachment, cells were photographed prior to and

post-treatment with the appropriate controls.

2.6.2.2 Light microscopy
Haematoxylin & eosin staining

Haematoxylin and eosin (H&E) staining was employed to observe the influence of ESE-16
on morphological changes of the HeLa cells. Haematoxylin stains the nucleus blue-purple
and eosin stains the cytoplasm pinkish-red, thereby allowing identification of the different
mitotic phases of the cell, as well as any hallmarks of apoptosis'®. This staining technique
provided both qualitative (photomicrographs) and quantitative (mitotic indices) data. Mitotic

indices were performed by counting a thousand cells on each slide of the replicates and
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expressing the percentage of cells in interphase, mitosis, as well as percentage of abnormal or

apoptotic cells.

i) Materials

Bouin’s fixative was purchased from Sigma-Aldrich (Ltd) (St. Louis, United States of
America). Haematoxylin, eosin, ethanol, Entellan® fixative and xylol were from Merck

(Darmstadt, Germany).

ii) Method

Cells were seeded on heat sterilized coverslips in 6-well plates at a density of 250 000 cells
per well and incubated at 37°C for 24 h to allow for attachment. Cells were then exposed to
ESE-16. At termination, the coverslips were transferred to staining dishes and fixated with
Bouin’s fixative for 30 min. The fixative was discarded and 70% ethanol was added and left
at room temperature for 20 min, before slides were rinsed with tap water. Mayer’s
haematoxylin was added for 20 min, the coverslips subsequently rinsed in running tap water
for 2 min and then rinsed with 70% ethanol. Eosin (1%) was then added to the coverslips for
5 min before dehydration and consecutive rinsing with 70%, 96%, 100% ethanol and xylol
twice for 5 min. The stained coverslips were then mounted onto microscope slides with resin
(Entellan®) and allowed to dry before being evaluated using a Zeiss Axiovert MRs

microscope (Carl Zeiss AG, Gottingen, Germany).

2.6.2.3 Transmission electron microscopy

Transmission electron microscopy (TEM) was used to observe the structural changes of the
intracellular components associated with ESE-16 exposure, as well as to identify modes of
cell death'™'. The formation of an image through TEM is achieved by a beam composed of
electrons which is focused onto a sample. This electron beam is partly transmitted through
the very thin sample and thus conveys qualitative information with regards to the inner

structure of the cells.

i) Materials

Glutaraldehyde, aqueous osmium tetroxide, ethanol, aqueous uranyl acetate and Reynolds’
lead citrate were purchased from Merck (Darmstadt, Germany), with EMbed 812 from
Sigma-Aldrich (Ltd) (St. Louis, United States of America) and supplied by the Laboratory for

Microscopy and Microanalysis of the University of Pretoria (Pretoria, South Africa).
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ii) Method

Exponentially growing cells were seeded at 500 000 cells per 25¢cm” culture flasks and
allowed to attach overnight. The growth medium was discarded and cells were subsequently
exposed to ESE-16, together with the appropriate controls. At termination, the cells were
trypsinized and resuspended in 1ml medium, followed by fixation with 2.5% glutaraldehyde
in 0.075 M phosphate buffer (pH 7.4) for 1 h. Thereafter, the cells were rinsed three times
with 0.075 M phosphate buffer, fixed with osmium tetroxide for 30 min, rinsed thrice with
distilled water, and dehydrated using increasing concentrations of ethanol (30%, 50%, 70%,
90%, and 100%). Cells were then infiltrated with 50% EMbed 812 in ethanol for 1 h and
followed by 100% EMbed 812 for 3-4 h. Ultrathin sections were prepared using a microtome
and samples were mounted onto a copper grid. Samples were then contrasted with 4% uranyl
acetate for 10 min, rinsed with distilled water, and further contrasted using Reynolds’ lead
citrate for 2 min followed by another rinse. Images were viewed with a Multi-purpose Philips
301 transmission electron microscope (FEI, Oregon, United States of America) at the
Laboratory for Microscopy and Microanalysis (University of Pretoria, Pretoria, South

Africa).

2.6.2.4 Confocal microscopy
Alpha(a)-tubulin staining

Microtubules are composed of o- and [-tubulin heterodimers, whose polymerization
dynamics are essential for the cell’s progression through mitosis and are often targeted to
induce mitotic arrest by chemotherapeutic agents. Confocal microscopy using
immunofluorescence was used to determine whether ESE-16, like its parental molecule
(2ZME), induces morphological changes in the microtubule network of actively dividing HeLa

129,165
cells =",

Confocal microscopy produces images through a laser beam scanning images in a y and y’
direction using galvanometer mirrors. The emitted fluorescence crosses the reverse pathway,
is separated by a beam-splitting dichroic mirror from the excitation source, is then reflected
and the signal amplified. The signal will be displayed as a sequential scan of the image once

passed through an analog-to-digital converter'**.
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i) Materials

The mouse monoclonal antibody against human o-tubulin and secondary antibody, biotin-
conjugated anti-mouse IgG 58 (Fab-specific, developed in goat) in a FITC-conjugate were
purchased from BIOCOM Biotech (Pty) Ltd. (Clubview, South Africa). 4’,6-diamidino-2-
phenylindole (DAPI) was bought from Sigma Aldrich (St. Louis, United States of America).

ii) Method

Exponentially growing HeLa cells (250 000) were seeded onto sterile coverslips in 6-well
culture plates and allowed to undergo 24 h attachment. The cells were then exposed to ESE-
16 for 24 h. For termination, the cells were fixated with a glutaraldehyde fixer (0.3%) for 10
min at 37°C. The cells were then rinsed thrice with cytoskeletal buffer, followed by
permeabilization (1% triton X-100 in cytoskeletal buffer) for 15 min at room temperature.
The cells were further rinsed with the cytoskeletal buffer for 3 min, and subsequently twice in
PBS for 5 min between consecutive 60 min incubations at 37°C with 100ul of the mouse
monoclonal a-tubulin antibody followed by anti-mouse IgG 58 FITC-conjugated secondary
antibody (causes a-tubulin to stain green). After washing three times with PBS for 5 min
each, the coverslips were counterstained with 4',6-diamidino-2-phenylindole (DAPI) for a
blue nuclear stain for 7 min. The stained coverslips were washed again with PBS prior to
being mounted with a glycerol-based mounting fluid and viewed with a Zeiss LSM 510
META confocal laser microscope (Carl Zeiss AG, Gottingen, Germany) at the Laboratory for

Microscopy and Microanalysis at the University of Pretoria (Pretoria, South Africa).

2.6.3 Cell cycle studies

2.6.3.1 Cell cycle progression

In flow cytometry, a single frequency laser beam is directed onto a hydrodynamically focused
stream of fluid. A number of detectors are aimed at the point where the stream passes through
the light beam: one in line with the light beam (forward scatter (FCS)) and numerous
perpendicular to the light beam (side scatter (SSC)), including fluorescent detectors. FSC is

associated with cell volume and SSC is dependent on inner complexity'®’

. Each particle
passing through the light beam scatters the light and fluorescent chemicals in the particles can
be excited emitting light at a lower frequency than the light source, with this scattered and
fluorescent light being detected by the detectors. By analysing the changes in brightness at

each detector, it is possible to construe the size, quantity and fluorescent intensity of cells'™.

36



-

ﬁ UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
A 4

YUNIBESITHI YA PRETORIA
DNA content can be analysed using flow cytometry to provide information on the
distribution of cells in the various stages of the cell cycle. PI is a fluorogenic, nuclear stain,
binding stoichiometrically to nucleic acids, with fluorescence emissions directly associated to
the DNA content of the cell. Therefore, the subpopulations of cells can be differentiation via
fluorescence intensity due to cells having varying amounts of DNA in the different stages of
the cell cycle' '™, Cells in the Go/M phase have double the amount of DNA than G, phase
cells, with S phase cells containing variable amounts of DNA during the transition between
G- and G, phases'*. As PI binds to DNA, it also reacts with double-stranded RNA. RNase A
is therefore added to the staining solution to digest any RNA prior to flow cytometry'®.

PI was used to quantify the effect of ESE-16 exposure on cell cycle progression. The phases
identified were the G-, S- (DNA synthesis phase), G»/M (mitotic) phase, and cells in the sub-
G, (apoptotic population) were also detected because of their low DNA content due to

|
nuclear fragmentation'®’.

i) Materials

Ethanol was purchased from Merck (Darmstadt, Germany). Propidium iodide and RNase A
were from Sigma-Aldrich (Ltd) (St. Louis, United States of America).

ii) Method

HeLa cells were seeded in 25cm” culture flasks at a density of 500 000 cells per flask. After
24 h incubation at 37°C for attachment, the medium was discarded and cells were exposed to
ESE-16 with all appropriate controls included. Following 24 h exposure time, cells were
trypsinized and resuspended in 1ml growth medium. The cells (1x10°) were centrifuged for 5
min at 300 x g in order to pellet the cells. The supernatant was then discarded and cells were
resuspended in 200ul of ice-cold PBS containing 0.1% FCS. During vortexing, 4ml of ice-
cold 70% ethanol was added in a dropwise manner to prevent cells from clumping. After
storage at 4°C for 24 h, cells were pelleted by centrifugation at 300 x g for 5 min, the
supernatant removed and then cells were resuspended in 1ml of PBS containing PI
(40pg/ml), RNAse A (100pg/ml) and triton X-100 (0.1%). The samples were then incubated
at 37°C, 5% CO, for 45 min.

PI fluorescence (relative DNA content per cell) was measured by a fluorescence activated
cell sorting (FACS) FC500 System flow cytometer (Beckman Coulter South Africa (Pty)

Ltd), equipped with an air-cooled argon laser (Beckman Coulter Inc., United States of
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America) with at least 30 000 cells per sample being evaluated using CXP software

(Beckman Coulter South Africa (Pty) Ltd). The data from cell debris and aggregated cells

were excluded from analyses. Cyflogic 1.2.1 (CyFlo Ltd, Finland) software was used to

calculate cell cycle distributions by assigning relative DNA content per cell to sub-G;-, G-,

S- and G»/M fractions. PI molecules emit light at 617nm therefore data obtained from the log

FSC detector number 3 (FL3 log) were represented as histograms on the x-axis.

2.6.3.2 Quantification of cyclin B

Cyclin B is a regulatory subunit of cyclin dependant kinase 1 (CDK1) and is essential for
mitotic initiation. Subsequent to CDK1 activation by cyclin B binding, this complex proceeds
to phosphorylate a range of substrates, prompting the cellular changes and reorganization that
is needed for mitosis®’. As the cyclin B-CDK1 complex is necessary for the Gy/M-phase
transition of the cell cycle, any abnormalities in spindle formation or misalignment of
spindle-kinetochore connection in mitosis will initiate the spindle checkpoint to inhibit the
degradation of cyclin B"®. An increased level of cyclin B consequently indicates a metaphase
arrest’"'*2. A cyclin B1-fluorescein isothiocyanate (FITC) conjugated antibody was used to
flow cytometrically quantify the presence of the cyclin B1 protein and confirm whether ESE-

16 exposure induces the HeLa cells to undergo mitotic arrest.

i) Materials

Ethanol was purchased from Merck (Darmstadt, Germany). PI and RNase A were bought
from Sigma-Aldrich (Ltd) (St. Louis, United States of America). The anti-cyclin Bl
conjugated antibody was purchased from Millipore Corporation (Billerica, United States of

America).

ii) Method

HeLa cells were seeded (500 000 cells) in 25cm? culture flasks. After 24 h incubation for cell
attachment, followed by exposure to ESE-16, the cells were trypsinized and washed with Iml
ice-cold PBS. After centrifugation at 15 000 x g, the supernatant was discarded and the cells
were resuspended in 200ul of ice-cold PBS containing 0.1% FCS. Cells were then fixated
with 10ml ice-cold 70% ethanol and stored at 4°C for 24 h. After 24 h, the cells were washed
twice with 500ul PBS to remove the excess ethanol. The antibody solution was prepared by
diluting the anti-cyclin B1-FITC conjugated primary antibody with PBS (1:5). The diluted
antibody (10ul) was added to the cells, together with 90ul PBS containing 0.1% triton X-100
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(a final volume of 100ul). After incubation with the primary antibody for 40 min at 37°C
(protected from light), the cells were washed twice with 1ml PBS and resuspended in 0.6ml
PBS. FITC fluorescence was measured with a FACS FC500 System flow cytometer
(Beckman Coulter South Africa (Pty) Ltd), equipped with an air-cooled argon laser
(Beckman Coulter Inc., United States of America). As FITC emits light at 530nm, this
fluorescence was detected using the log FSC detector number 1 (FL1 Log which detects
emissions between 515-545nm). At least 30 000 cells per sample were evaluated using the
CXP software. Analysis of the data and histogram formation was done using the Cyflogic

1.2.1 (CyFlo Ltd, Finland) software.

2.6.4 Determination of types of cell death

2.6.4.1 Apoptosis detection — annexin V-fluorescein isothiocyanate

Apoptosis is a form of programmed cell death whereby the cell initiates its own demise. In
apoptosis, the calcium-dependent scramblase activity is activated causing the external
translocation of the membrane phospholipid, phosphatidylserine (PS), which occurs in the
earlier phases of apoptosism. This externalization of PS provides binding sites for annexin V,
a 35-36 kDa, calcium-dependent phospholipid binding protein with a high affinity for PS.
Annexin V is conjugated to fluorescein isothiocyanate (FITC) and used for the quantitative
detection and analysis of apoptosis. Simultaneous staining of the cells with propidium iodide
(PI) allows for detection and differentiate between necrotic and apoptotic cells. In necrotic
cells, there is a complete dissolution of the plasma membrane and cell lysis, therefore

allowing PI to enter the cell and stain the nucleus'**.

i) Materials

The annexin V-FITC kit was purchased from BIOCOM Biotech (Pty) Ltd (Clubview, South
Africa).

ii) Method

Cells were seeded at 500 000 cells per 25cm? flask. After 24 h to allow for attachment, the
media was discarded, and cells were exposed to ESE-16. Subsequently, cells were trypsinized
and washed twice in 1ml PBS. The supernatant was removed and cells were resuspended in
100ul of 1x Binding Buffer. Annexin V-FITC (5ul) was then added together with 10ul of PI
(100png/ml) and gently vortexed, followed by incubation in the dark for 15 min at room
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temperature. After incubation, 400ul of the Binding Buffer was added and the cells

immediately analysed using flow cytometry.

The annexin V and PI fluorescence were measured using a FACS FC500 System flow
cytometer (Beckman Coulter South Africa (Pty) Ltd), equipped with an air-cooled argon laser
(Beckman Coulter Inc., United States of America) excited at 488nm. Data from at least 30 000
cells were analysed with CXP software (Beckman Coulter South Africa (Pty) Ltd. The
information obtain was then analyzed using Cyflogic 1.2.1 software. FITC emits light at 530nm
and PI molecules emit light at 617nm, therefore these fluorescent signals were measured from
the FSC detector number 1 (FL1 Lin detects 515-545nm emissions) and the FSC detector
number 3 (FL3 Lin detects 600nm emissions) respectively and were represented as dot plots

on the y- and x-axis, respectively.

2.6.4.2 Apoptosis detection — caspase 3 colorimetric assay

Caspases are a family of proteases which play an important role in apoptosis'®. Caspase 3 is
an executioner caspase and has been shown to be involved in specific apoptotic events i.e.
DNA degradation, membrane blebbing, nuclear condensation, all of which lead to cell
death'™. Caspase 3 detection was used to determine the level of caspase 3 activity in order to
ascertain if the cell death induced by ESE-16 is caspase-dependent. This spectrophotometric
assay provided quantitative data for the confirmation of apoptosis in HeLa cells when

exposed to ESE-16.

i) Materials

The caspase 3 colorimetric assay kit was purchased from BIOCOM Biotech (Pty) Ltd
(Clubview, South Africa).

ii) Methods

Cells (500 000) were seeded into 25cm” culture flasks. Following attachment, exposure of
ESE-16 and trypsinization, the cells were pelleted, resuspended in 50ul ice-cold Cell Lysis
Buffer and incubated on ice for 10 min. Cells were then centrifuged for 1 min and the
supernatant was transferred to a clean tube and put on ice. 50ul of 2x Reaction Buffer, as well
as Sul of the 4mN DEVD-pNA substrate was subsequently added to the supernatant and the

samples then incubated for 1 h at 37°C. The absorbance was measured at 400nm using an
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ELx800 Universal Microplate Reader (BioTek Instruments Inc., Analytical Diagnostic

Products, Vermont, United States of America).

2.6.4.3 Autophagy detection — autophagy-related gene 5

Autophagic activity results in the formation of double-membrane autophagosomes containing
cytoplasmic components, which are delivered to lysosomal machinery for breakdown and
digestion of the cellular contents, thereby leading to cell death''”''®. Autophagy-related gene
(Atg) 5 plays a role in the completion of the autophagosomes, particularly in autophagophore
elongation”'”. Atg5 conjugates to Atgl2, this complex then associates with Atgl6L, to
promote the conversion of conversion of LC3-I to LC3-II which is recruited to the membrane
of the enlarging vesicle’'”!. This Atg complex is required for membrane elongation and
autophagosome formation, subsequently the Atg5 antibody was employed to indicate the

upregulation of the autophagy-related gene, and consequently the presence of autophagy.

i) Materials

Formaldehyde, methanol, triton X-100, bovine serum albumin (BSA) and Tween-20 were
bought from Sigma-Aldrich (Ltd) (St. Louis, United States of America). The anti-Atg5
antibody was purchased from BIOCOM Biotech Pty (Ltd).

ii) Method

HeLa cells (500 000) were seeded into 25cm? culture flasks. After attachment and ESE-16
exposure, including the appropriate controls, the cells were trypsinized and washed with cold
PBS. Subsequently, the cells were then fixed for 30 min at room temperature using 4%
formaldehyde in 1ml PBS. The cells were placed on ice for 1 min, followed by resuspension
in 4ml methanol for further fixation and permeabilization. After 30 min of incubation on ice,
the cells were rinsed with 2ml incubation buffer. The incubation buffer was prepared by
adding 0.05g BSA to 10ml of 0.1% Tween-20 in PBS (PBS-Tw) solution. The cells were
then resuspended in 100ul incubation buffer and after 10 min at room temperature, the cells
were then incubated with 0.5ml of the primary antibody cocktail (0.05% triton, 1% BSA and
0.5ug/ml anti-Atg5 antibody) prepared in PBS for 1 h at room temperature, in the dark.
Following the incubation, the cells were washed twice with 650ul of PBS-Tw and
immediately analysed with FACS FC500 System flow cytometer (Beckman Coulter South
Africa (Pty) Ltd), equipped with an air-cooled argon laser (Beckman Coulter Inc., United
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States of America) using the log FSC detector number 1 (FL1 Log detects 515-545nm
emissions) as DyLight 488 emits light at 518nm. Data was analysed from at least 30 000 cells
using Cyflogic 1.2.1 software.

2.6.4.4 Reactive oxygen species detection

There is a correlation between increased generation of cellular reactive oxygen species (ROS)
and the induction of the intrinsic apoptotic pathway, as well as the activation of autophagy'**.
Hydrogen peroxide (H,O,) production was detected using 2,7-dichlorofluorescein diacetate
(DCFDA), a non-fluorescent probe, however due to oxidation by ROS and peroxides, is
converted into the highly fluorescent derivative DCF. Hydroethidine (HE) was used to detect
superoxide generation, as this probe is oxidized only by superoxide to form a red fluorescing

compound.

i) Materials

DCFDA and HE were purchased from BIOCOM Biotech (Pty) Ltd (Clubview, South Africa).

ii) Method

Exponentially growing HeLa cells (500 000) were seeded into 25cm” culture flasks and
allowed to undergo attachment for 24 h. After 24 h, medium was discarded and the cells were
exposed to 0.2uM ESE-16, including all appropriate controls. After which, cells were
trypsinized and washed once with PBS. Following centrifugation, 1 x 10° cells were

resuspended in 1ml PBS.

Hydrogen peroxide detection

For H,O; detection, 0.25ul of DCFDA stock solution (10mM) was added to the samples and
incubated for 25 min at 37°C. Fluorescence was measured using a FACS FC500 System flow
cytometer (Beckman Coulter South Africa (Pty) Ltd), equipped with an air-cooled argon laser
(Beckman Coulter Inc., United States of America), with the log FSC detector number 1 used
for analyses, as DCF emits light at 530nm and FL1 log detects emissions 515-545nm.
Analysis of at least 10 000 cells and histogram formation was done using the Cyflogic 1.2.1
(CyFlo Ltd, Finland) software.
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Superoxide detection

For the detection of superoxide, 1ul of HE was added and the samples were incubated for 15
min at 37°C. Cells were then analysed using a FACS FC500 System flow cytometer
(Beckman Coulter South Africa (Pty) Ltd), equipped with an air-cooled argon laser
(Beckman Coulter Inc., United States of America), measuring fluorescence with the log FSC
detector number 3 (FL3 log) Data from at least 10 000 cells was analysed by means of the
Cyflogic 1.2.1 (CyFlo Ltd, Finland) software.
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2.7 Logistics

All techniques and protocols were standardized by the Department of Physiology. Majority
of experimentation were performed at the Cell Culture Laboratory in the Department of
Physiology. The xCELLigence RTCA was conducted at the Department of Biochemistry.
TEM and confocal microscopy were performed at the Laboratory for Microscopy and
Microanalysis and flow cytometry using the FACS 500 was done at the Department of

Pharmacology. All the above-mentioned departments are based at the University of Pretoria.

2.8 Statistical analysis

PlasDIC, TEM, light- and confocal microscopy were analysed qualitatively, with
haematoxylin and eosin staining providing both quantitative (mitotic indices) and qualitative
data. The xCELLigence, flow cytometric (cell cycle progression, cyclin B1, ROS, annexin V-
FITC and Atg5 detection) and spectrophotometry (crystal violet and caspase 3 colorimetric
assays) studies were analysed quantitatively. Data from mitotic indices were obtained by
counting 1000 cells on each slide of the replicates, repeated thrice. Flow cytometric data of
no less than 30 000 events were counted for each sample, with three independent repeats
conducted. Data produced was analysed using Cyflogic 1.2.1 (Perttu Terho & Cyflo Ltd).
The ANOVA students’ t-test was used to determine the analytical variation in experimental
procedures and biological variations within each experiment. Means are represented in bar
charts, with T-bars demonstrating standard deviations. A P-value < 0.05 was regarded as

statistically significant and indicated by an asterisk (*).
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Chapter 3
Results

3.1 Cell proliferation studies

3.1.1 Crystal violet staining

Crystal violet staining assay was used to spectrophotometrically determine the number of
fixed monolayer cells in a sample by measuring the adsorbed dye staining the cells’ nucleus.
Cell numbers were expressed as a percentage relative to HeLa cells propagated in growth
medium only, in order to assess the effects of ESE-16 on HeLa cell proliferation'>'*""*2,
Cells were exposed to concentrations of 0.1uM, 0.2uM and 0.3uM for 24-, 48- and 72 h, and
compared to the cells propagated in growth medium and vehicle-control cells. These selected

concentrations and exposure times were demonstrated to have antiproliferative effects on

HeLa cells based on previous studies performed at our laboratory'*’

The 50% growth inhibitory (Glsy) concentration was calculated according to the National
Cancer Institute in order to determine the growth inhibitory effect induced by ESE-16'". Gl
is the concentration of test drug that inhibits the growth of cells by 50%.

100 x (T-T,) /(C-T0) =50

T is the optical density of the test well after background subtraction following 24-, 48- or

72 h exposure

Ty 1s the optical density after background subtraction at time zero

C is the control optical density after background subtraction of the vehicle-control (DMSO).

After 24 h of exposure to ESE-16, growth inhibition of HeLa cells was already noted.
Although a minor inhibition was present at 0.1uM of ESE-16 after 24 h, this growth
reduction was not statistically significant. There was, however, a statistically significant
inhibition of cell growth (to 73.6%) after exposure to 0.2uM of ESE-16 (P-value <0.05)
(Figure 3.1A). Although the concentration of 0.3uM of ESE-16 also demonstrated a
statistically significant growth inhibition to 66.9%, the Glsy was calculated for both
significant concentrations with a growth inhibition of 48% and 33% for 0.2uM and 0.3uM
after 24 h respectively (Figure 3.2B).
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ESE-16 affected the HeLa proliferation pronouncedly after 48 h of exposure (Figure 3.1B).
Growth inhibition (Glso) was calculated to be 36%, 14% and 8% after treatment with 0.1uM,
0.2uM and 0.3uM of ESE-16 respectively (Figure 3.2B). Following 72 h of exposure, cell

growth inhibition caused by ESE-16 continued in a dose-dependent manner with the

concentration of 0.2uM of ESE-16 demonstrating inhibition (Glso) to 12% (Figure 3.2).

Based on these results, a concentration of 0.2uM of ESE-16 and an exposure time of 24 h
were determined by crystal violet as the optimal time and dose that significantly inhibited cell
proliferation (Figure 3.1A & Figure 3.2B). Previous studies performed also demonstrated
similar Glso concentrations of ESE-16'%""*!%"_ Subsequently, xCELLigence real-time cell

analysis was employed to confirm the effect of ESE-16 exposure on HeLa cell proliferation.
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Figure 3.1. HeLa cell numbers expressed as a % of cells relative to growth medium after exposure to
ESE-16 (0.1uM, 0.2uM and 0.3uM) and vehicle control for 24 h (A) and 48 h (B). A significant
antiproliferative effect was observed after a 24 h exposure to 0.2uM ESE-16 (73.6%). An * indicates

a P-value < 0.05. Bar indicates standard deviation.

72h

=24 h
-=-48h
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Figure 3.2. HeLa cells expressed as a % of cells relative to the growth medium after exposure to
ESE-16 (0.1uM, 0.2uM and 0.3uM) and vehicle control for 72 h (A) and the Gls, effects of ESE-16
after 24-, 48- and 72 h (B). Growth inhibition of 48% was observed at 0.2uM of ESE-16 after 24 h of

exposure. Bar indicates standard deviation.
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3.1.2. xCELLigence real-time dual plate cell analysis

The xCELLigence real-time cell analyser (RTCA) system operates by using electronic
impedance generated by adherent cell interaction with gold microelectrodes integrated on the
bottom of each well of the 16-well microtiter plates. This real-time label independent
technique provided the ability to quantify cell proliferation and cell adhesion of HeLa cells
after ESE-16 exposure continuously for 96 h. By plotting the CI values over time using the
xCELLigence RTCA software, an accurate analysis profile of the HeLa cells in response to
ESE-16 exposure was generated. Each curve represents an average of three replicates in one

. 196-198
experimental repeat .

This novel approach revealed the HeLa cell proliferation was significantly reduced by
0.2uM, 0.3uM and 0.5uM of ESE-16 causing a decrease in the cell index when compared to

the vehicle-treated control cells (Figure 3.3).
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Figure 3.3. The effects of ESE-16 exposure on HeLa cell proliferation using real-time monitoring.

Cell growth was significantly reduced by 0.2-0.5uM of the compound (P-value < 0.05).
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3.2 Morphology studies

3.2.1 Polarization-optical transmitted light differential interference contrast

Images of cells were taken prior to and after 24 h of exposure in order to visualize the in vitro
effects of ESE-16 on the morphology of HeLa cells, as well as to observe any features of cell
death. PlasDIC generates linear polarized light after the objective, thereby generating
superior quality three-dimensional images of individual cells, clusters of cells, as well as

thick cells'”’.

There were pronounced morphological differences observed in ESE-16-treated cells,
including compromised cell density when compared to cells before exposure, cells
propagated in medium and the vehicle-treated control cells (Figure 3.4 and Figure 3.5A). In
addition to the apoptosis-induced cells, using actinomycin D as a positive control, ESE-16-
treated cells showed cells blocked in metaphase, together with shrunken cells and apoptotic

bodies, indicative of cell death via apoptosis (Figure 3.5B and Figure 3.6A).

-

Cells are
confluent
. I\

Figure 3.4. PlasDIC of HeLa cells prior to exposure (A) and cells propagated in growth medium (B)
after 24 h of exposure. Cells were confluent showing no signs of distress, with the majority of cells in

interphase (20x magnification).
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Figure 3.5. PlasDIC of HeLa cells treated with vehicle (A) and ESE-16 (B) after 24 h of exposure. No

morphological changes were observed in the DMSO-exposed cells. Cells were confluent with visible
nucleoli. Cells treated with ESE-16 revealed a decrease in cell density. Several cells were blocked in
metaphase and shrunken cells, as well as apoptotic bodies were visible when compared to HeLa cells
propagated in growth medium and the vehicle-treated control after 24 h of exposure (20x

magnification).
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Figure 3.6. PlasDIC of HeLa cells treated with actinomycin D (A) and induced starvation (B) after

24 h. Cells exposed to actinomycin D revealed a decrease in cell density and hallmarks of apoptosis
similarly observed in the ESE-16-treated cells. Induced starvation showed cells in distress and

compromised cell density (20x magnification).

3.2.2 Light microscopy — haematoxylin and eosin staining

Light microscopy, utilizing haematoxylin and eosin (H&E) staining, was conducted to
observe the effects of ESE-16 on the morphology of the nuclear- and cytoplasmic machinery
of HeLa cells 24 h post-exposure. This method stains the nucleus blue-purple and the

cytoplasm pinkish-red by haematoxylin and eosin respectively and enables detection of
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different mitotic phases of the cell, as well as characteristics of apoptosis and abnormal cells.
This technique provided both qualitative (photomicrographs) and quantitative data (mitotic
indices). Data for mitotic indices were obtained by counting 1000 cells on each slide of three
replicates and results were expressed as a percentage of cells in interphase, each phase of
mitosis (prophase, metaphase, anaphase and telophase), as well as abnormal cells that

included cells showing hypercondensed chromatin, membrane blebbing, apoptotic bodies and

general hallmarks of apoptosis.

H&E staining after 24 h of exposure to ESE-16 revealed an increased number of cells
blocked in metaphase, compromised cell density and hallmarks of apoptosis such as
membrane blebbing and the presence of apoptotic bodies when compared to the vehicle-
treated control cells (DMSO) and cells propagated in growth medium which showed no signs
of distress and were undergoing normal cell division (Figure 3.7 and Figure 3.8A). Control
cells exposed to actinomycin D and with induced starvation after 24 h revealed apoptotic
characteristics and a severe decrease in cell numbers, respectively (Figure 3.8B and Figure
3.9). Mitotic indices were determined by identifying cells in interphase, mitotic phases and
undergoing apoptosis (abnormal cells), and counting one thousand cells on each slide of the
biological replicates. This quantitative data revealed an increase in the number of cells in
metaphase (9.25%) and abnormal/apoptotic cells (4.9%) after 24 h of exposure to 0.2uM of
ESE-16 (Figure 3.10), when compared to the vehicle-treated control cells (3% in metaphase,

0.6% abnormal cells).

1

Figure 3.7. Haematoxylin and eosin staining of HeLa cells propagated in growth medium (A) and
vehicle-treated control cells (B) after 24 h showed a dense population and normal division. Most

cells were found to be in interphase (40x magnification).
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Figure 3.8. Haematoxylin and eosin staining of HeLa cells exposed to 0.2uM ESE-16 (A) and
0.1pg/ml actinomycin D (B) after 24 h of exposure. The ESE-16-treated cells showed membrane
blebbing, apoptotic bodies and an increased number of metaphase cells. Similarly, characteristics of
apoptosis were observed after treatment with actinomycin D. Both treatments indicated a

compromised cell density (40x magnification).
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Figure 3.9. Haematoxylin and eosin staining of HeLa cells after 24 h of induced starvation showed a

-

severe decrease in cell number and cell distress (40x magnification).
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Figure 3.10. Mitotic indices of HeLa cells propagated in medium, vehicle-treated control cells and
ESE-16-exposed cells. The cells treated with ESE-16 demonstrated an increased number of cells in

metaphase when compared to the medium propagated and vehicle-treated control cells.

3.2.3 Transmission electron microscopy

TEM was conducted to observe the morphological changes of intracellular components of the
control and treated cells. Since TEM provides an amplified image of the interior
ultrastructures of the cell, specific cell death characteristics can be identified that may be not

be detectable through light microscopy.

TEM results revealed nuclear fragmentation and apoptotic bodies, as well as extension of the
cell membrane, indicating cellular stress in HeLa cells after exposure to 0.2uM of ESE-16
after 24 h when compare to the vehicle-treated control cells (Figure 3.11, Figure 3.12 and
Figure 3.13). Vacuoles and autophagy vesicles (autophagosomes) were also observed in the
ESE-16-treated cells which are characteristics of autophagy. HeLa cells treated with 0.1pg/ml
actinomycin D as a positive control for apoptosis and induced starvation with PBS as a
control for autophagy demonstrated apoptotic bodies and autophagic vesicles, respectively

(Figure 3.14).
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Nucleus

Nucleus

Figure 3.11. TEM images HeLa cells propagated in growth medium (A) and vehicle-control (B) after
24 h showed no signs of distress. The nuclear membrane was still visible, with no nuclear

fragmentation and minimum vacuoles present (6000x magnification).

Vacuoles

Apoptotic ﬁ
bodies

Figure 3.12. TEM images of ESE-16-treated cells after 24 h of exposure (A&B) showed the presence

of vacuoles and apoptotic bodies (6000x magnification).
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Figure 3.13. TEM images of ESE-16-treated HeLa cells revealed increased cell membrane processes
and considerable morphological changes with apoptotic bodies (B) and autophagy vesicles (A)
present (15000x magnification).

- g vesicles
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Figure 3.14. HeL a cells after 24 h of treatment with actinomycin D (A) and complete PBS (starvation

induction) resulted in characteristics of apoptosis and autophagy, respectively (6000x magnification).

3.2.4 Confocal microscopy

The morphology of the tubulin structure was examined by immunofluorescence using an o-
tubulin antibody and DAPI in order to determine whether ESE-16 alters the microtubule

network of cancer cells in order to exert its antitumor effect.
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Intact microtubules were observed from HeLa cells propagated in growth medium and the
vehicle-treated control cells (Figure 3.15). ESE-16-treated cells however, showed disruption

and breakdown of the microtubule network, as well as an increased number of cells in

metaphase block (Figure 3.16).

Microtubule
network

Microtubule
network

/

Nucleus

|

Nucleus

Figure 3.15. Immunofluorescence of HeLa cells propagated in medium (A) and vehicle-control cells

(B) after 24 h of exposure. Both treated cells showed normal and intact microtubules.
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Figure 3.16. Immunofluorescence of HeLa cells treated with 0.2uM ESE-16. Exposed cells revealed a

complete loss and disruption of the microtubule network, and increase in metaphase blocked cells.

55



4

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

YUNIBESITHI YA PRETORIA
4

3.3 Cell cycle studies
3.3.1 Cell cycle progression

DNA content was analysed by flow cytometry using PI in order to investigate the in vitro
effects of ESE-16 on cell cycle progression. Analyses of the cell subpopulations revealed a
statistically significant increase in the number of ESE-16-treated cells in the Go/M phase
(41%) when compared to cells propagated in medium (30%) and vehicle-treated control cells
(29%), as well as those in sub-G; (16%) when compared to controls (Figure 3.17, Figure 3.18
and Figure 3.19). Results indicate a metaphase block (increase in G»/M) and the presence of
apoptosis (increase in sub-Gy), suggesting that the growth of the HeLa cells is inhibited in

vitro by ESE-16 through mechanisms inducing cell cycle arrest and apoptosis.

95
95

Events
Events

FL3 Lin FL3 Lin
Figure 3.17. Histograms of the cell cycle distribution of cells propagated in growth medium (A) and

vehicle-control cells (B) after 24 h.
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Figure 3.18. Histograms of the cell cycle distribution after 24 h of exposure to 0.2uM ESE-16 (A) and
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Figure 3.19. Percentage of HeLa cells in the sub-G;-, G-, S- and G,/M phases. Results revealed a
statistically significant increase in the numbers of cells present in the sub-G;- and G,/M phase in ESE-

16-treated cells when compared to controls. An * indicates a P-value < 0.05.
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Table 3.1. The percentage of HeLa cells in sub-G;-, G-, S- and Go/M phases calculated using
Cyflogic 1.2.1 software (Perttu Terho & Cyflo Ltd).

Phase of cell cycle
Sub-G, G, S G,/M
Growth Medium 3.33 47.04 13.28 29.76
Vehicle-control (DMSO) | 3.43 46.38 14.10 29.31
ESE-16 16.21 2531 10.68 40.56
Actinomycin D 12.68 32.16 12.24 35.30

3.3.2 Quantification of cyclin B

Since the degradation of cyclin B is necessary for the cell cycle to transition through the
G2/M phase, an increase of cyclin B consequently indicates a metaphase arrest. Flow
cytometry using a cyclin BI-FITC conjugated antibody was used to quantify cyclin Bl
protein upregulation and determine the ability of ESE-16 to induce a metaphase block in the

HeLa cells.

There was an overall 1.4-fold increase of cyclin Bl compared to controls (Figure 3.20).
Results are the average mean fluorescent intensity (MFI) of all three repeats and showed that
the ESE-16-treated cells had a statistically significant increased MFI of 8.65 compared to the
vehicle-control (6.22) and cells propagated in growth medium (6.21) (Figure 3.21).
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Figure 3.20. Overlay histogram of mean fluorescent intensity of cyclin B1 expression showing an

increase in the upregulation of the cyclin in HeLa cells exposed to ESE-16 (green) compared to

vehicle-control (pink) and cells propagated in growth medium (blue).
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Figure 3.21. Bar graph representing the average mean fluorescent intensity increase in the ESE-16-
treated cells indicating an increase in cyclin B1 upregulation when compared to vehicle-treated

control cells and cells propagated in growth medium. An * indicates a P-value < 0.05.

3.4 Determination of the types of cell death

3.4.1 Apoptosis detection — annexin V-fluorescein isothiocyanate

The translocation of phosphatidylserine (PS) from the inner- to the outer plasma membrane is

considered as an early sign of apoptosis®. The induction of this early apoptotic event by
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ESE-16 in the HeLa cells was investigated using annexin V conjugated to FTIC. The
externalization of PS allows preferential binding sites for annexin V, a 35-36 kDa, calcium-
dependent phospholipid binding protein with a high affinity for PS. Conjugation with FITC
allows for the detection and quantification of apoptotic cells via flow cytometry. PI was used

to detect necrotic cells, since this fluorescent dye enters cells with compromised plasma

membranes.

ESE-16 exposed cells showed an increase in the number of cells present in early (2.6%) and
late apoptosis (8.82%), when compared to cells propagated in growth medium and vehicle-
treated control cells (Figure 3.22 and Figure 3.23). Data also revealed an average statistically
insignificant increase in the MFI of the ESE-16-treated cells (23.7) compared to controls
(vehicle-treated control with an average of 12.4) (Figure 3.24). This insignificant increase (P-
value > 0.05) may be owed to PS externalization being an early indicator of apoptosis and
after 24 h of exposure HeLa cells may have already passed this early apoptotic phase. The

average MFI for the positive control (actinomycin D-treated cells) was 17.75.
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Figure 3.22. Flow cytometry investigating the presence of apoptosis represented as annexin V (FL1

Log) versus PI (FL3 Log) dot-plots of cells propagated in the growth medium (A) and vehicle-treated
control cells (B). Cell viability in both A and B of over 95% was revealed.
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Figure 3.23. Flow cytometry investigating the presence of apoptosis represented as annexin V (FL1
Log) versus PI (FL3 Log) dot-plots of ESE-16-treated cells (A) and actinomycin D-treated cells (B).
Results revealed 82.33% of the ESE-16-treated HeLa cells were viable, 2.6% were present in early

apoptosis with 8.82% in late apoptosis and 6.22% undergoing necrosis.
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Figure 3.24. Bar graph representing the average mean fluorescent intensity increase in the ESE-16-
treated cells indicating the presence of apoptotic cells when compared to vehicle-treated control cells

and cells propagated in growth medium.
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3.4.2 Apoptosis detection — caspase 3 colorimetric assay

To ascertain a further understanding into the mechanism of action and confirm apoptosis
induction by ESE-16 in the HeLa cells, caspase 3 detection with a calorimetric assay using
spectrophotometry was performed. Caspase 3 is an executioner caspase involved in the later

degradation phase of apoptosis.

Results revealed that caspase 3 activity was statistically significantly increased in the ESE-
16-treated cells and actinomycin D-exposed cells when compared to the vehicle-treated
control (Figure 3.25). HeLa cells exposed to ESE-16 showed an average ratio to medium

value at 2.6034, whereas the vehicle-control had a value of 1.0917.

25

Ratio of caspase 3 activity relative to cells propagated in medium

Medium DMSO ESE-16 Actinomycin D

Figure 3.25. Ratio of caspase 3 activity of vehicle-treated control, ESE-16- and actinomycin D-treated
cells relative to cells propagated in medium after 24 h of exposure. Compound-treated cells showed a
statistically significant increase in caspase 3 activity compared to vehicle-treated control cells. An *

indicates a P-value < 0.05.

3.4.3 Autophagy detection — Autophagy-related gene 5

Autophagy-related gene (Atg) 5 plays a role in the completion of the autophagosomes,
specifically in the elongation of the autophagophore, as well as conjugates to other Atgs to

form a complex to promote the conversion of LC3-I to LC3-II. Therefore, the presence of this
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protein would confirm the presence of autophagy as was observed on morphological

evaluations.

An increase in the MFI of 1.2-fold was observed in ESE-16 exposed cells when compared to
the control (Figure 3.26). The average MFI of all three repeats showed a statistically
significant increase of 26.16 in the ESE-16-treated cells when compared to the vehicle-

treated control (22.59) and cells propagated in growth medium (22.15) (Figure 3.27).
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Figure 3.26. Histogram of mean fluorescent intensity of Atg5 indicating an increase in the

upregulation of the protein in the ESE-16-treated cells (green) when compared to vehicle-treated

control (pink). The grey histogram represents the positive control (starved cells in PBS).
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Figure 3.27. Bar graph representing the average mean fluorescent intensity increase in the ESE-16-
treated cells showing an increase in the presence of Atg5 when compared to the vehicle-treated

control cells. An * indicates a P-value < 0.05.

3.4.4 Reactive oxygen species detection

HeLa cells that are denoted as viable cells are those showing minor, if any, increase in
fluorescence therefore no increase in the production of reactive oxygen species (ROS).
Conversely, non-viable cells are those representing an increase in fluorescence and therefore

an increase in ROS production.

Hydrogen peroxide

Hydrogen peroxide (H,O») production was detected using DCFDA, a non-fluorescent probe
that, after oxidation by ROS and peroxides, is changed into the highly fluorescent derivative
DCF. Following treatment with ESE-16, the non-viable cell population was indicated to be
12.25% after 24 h of exposure compared to the non-viable population of cells propagated in
medium (2.79%) and the vehicle-control cells (3.7%) (Figure 3.28). These results also
indicated a statistically significant increase in the mean fluorescent intensity (a shift to the
right) of 1.4-fold of the ESE-16-treated cells when compared to controls (Figure 3.29),
thereby revealing that ESE-16 causes an increase in hydrogen peroxide production in HeLa

cells.
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Figure 3.28. Hydrogen peroxide production was detected in cells propagated in medium (A), vehicle-

treated control cells (B) and ESE-16-treated cells (C). HeLa cells exposed to ESE-16 resulted in a
12.25% increase in hydrogen peroxide production (cells represented by non-viable population) when

compared to the controls.
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Figure 3.29. Overlay histogram of the mean fluorescent intensity of hydrogen peroxide production in

ESE-16-treated cells (green), vehicle-control cells (pink) and cells propagated in growth medium
(blue) after 24 h of exposure. There was a statistically significant increase in the MFI of ESE-16-

exposed cells when compared to controls.

Superoxide

Using flow cytometry, HE was used to detect superoxide generation, since HE is oxidized
only by superoxide to form a red fluorescing compound. Results revealed the non-viable cell
population at 11.03% after 24 h of exposure to ESE-16 compared to the controls (cells
propagated in medium — 5.91% and vehicle-treated control cells — 5.8%) (Figure 3.30). An
increase in the mean fluorescent intensity (a shift to the right) of 1.3-fold of the ESE-16-

treated cells was also observed when compared to controls (Figure 3.31) indicating the
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compound can increase superoxide production in HeLa cells, albeit this result was

statistically insignificant.
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Figure 3.30. Superoxide production was detected in cells propagated in medium (A), vehicle-treated
control cells (B) and ESE-16-treated cells (C). HeLa cells exposed to ESE-16 resulted in the non-

viable cell population to be 11.03%, thus revealing an increase in superoxide production.
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Figure 3.31. Overlay histogram of the mean fluorescent intensity of superoxide production of ESE-16-
treated cells (green), vehicle-treated control cells (pink) and cells propagated in growth medium (blue)
after 24 h of exposure. There was a statistically insignificant increase in superoxide levels in cells

treated with ESE-16 when compared to the control cells.
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Chapter 4

Discussion

One of the most successful groups of chemotherapeutics used in the fight against cancer to
date is those targeting and disrupting microtubules dynamics of cancer cells'?”-!*%!2%1%,
These compounds inhibit mitotic progression and therefore the rapid division of the cancer
cells. One such microtubule-targeting agent (MTA), 2ME, has demonstrated antiproliferative

136,143,145,149,155,199 .
SRR However, due to this

action both in vitro and in vivo in a variety of cancers
compound’s low bioavailability and rapid in vivo metabolism via oxidation and conjugation,
analogues of 2ME have been developed over recent years to increase its anticancer potential

- i i 152,153,160,161,170
and bioavailability ™77

Taking into account the outcomes of various 2ME analogues produced over the years and the
parental compound's limitations, novel estradiol derivatives were in silico-designed at our

laboratory and synthesized to be tested in vitro'®

. Previous studies performed on this
commercially unavailable, novel analogue revealed that ESE-16 has a more potent
antiproliferative effect when compared to 2ME in a variety of cancer cell lines, although the

exact mechanism of action remained to be elucidated!?">290-20!

. This in vitro study
investigated the effects of ESE-16 on cell proliferation, morphology, cell cycle progression,
reactive oxygen species and cell death induction (apoptosis and/or autophagy) in a cervical

carcinoma.

To determine the antiproliferative effects of ESE-16 on HelLa cells, crystal violet staining was
performed using 0.1uM, 0.2uM and 0.3uM concentrations for 24-, 48- and 72 h of exposure.
Data revealed a statistically significant Glsy of HeLa cells after 24 h at an exposure
concentration of 0.2uM. This antiproliferative activity exerted by ESE-16 was confirmed
using the xCELLigence RTCA system. Stander et al. (2011) performed growth studies on
various carcinoma cell types, which demonstrated that ESE-16 decreased cell proliferation in
the nanomolar range by means of dose-dependency in cervical-, oesophageal-, estrogen

9

.. . . 12
receptor-positive and -negative breast cancer cell lines ~. Subsequent research also

demonstrated that ESE-16 significantly reduced HelLa cell growth at similar nanomolar

- - 129,195,200,202
concentrations, following 24 h of exposure = >~
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Dose-dependent studies revealed antiproliferative activity of other sulphamoylated estradiol

analogues namely, 2-ethyl-3-O-sulphamoyl-estra-1,3,5(10),15-tetraen-17-0l (ESE-15-0l),

(8R,13S,14S,17S)-2-ethyl-13-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-6H

cyclopenta[a]phenanthrane-3,17-diyl-bis(sulphamate) (EMBS) and  2-ethyl-17-(1’-

methylene)estra-1,3,5(10)-trien-3-O-sulphamate (compound 10(C10)) at similar nanomolar

concentrations in various cancer types'*-2%*2%

The most researched, less recent sulphamoylated 2ME derivative, 2-MeOE2bisSMATE,
indicated growth inhibition at a concentration range of 0.17-0.4uM in oesophageal (SNO),
cervical (HeLa), estrogen receptor-positive (MCF-7) and -negative (MDA-MB-231) breast
carcinoma cell lines, prostate (LNAcAP), human uterine sarcoma (MES-SA) including a

118,159,160,163,165,200,202 .
27T ATARS  The concentration

multidrug-resistant uterine sarcoma (MES-SA/DXY)
range causing cell growth inhibition is similar to that of ESE-16 which indicates that
cytotoxicity is not influenced to any great degree with the addition of a second sulphamate

group at C17.

Qualitative data produced by means of PlasDIC, light microscopy, TEM and fluorescence
microscopy were used to observe the mechanism by which ESE-16 may influence cell
growth and morphology of cervical carcinoma cells. These techniques revealed a decrease in
cell density, cells in a metaphase block that culminates in visible features of apoptosis such as

hypercondensed chromatin, membrane blebbing, shrunken cells and apoptotic bodies.

Hallmarks of autophagy including autophagic vacuoles were also found during TEM. ESE-16
exposure to MCF-7, MDA-MB-231 and oesophageal SNO carcinoma cells also demonstrated
the induction of both apoptosis and autophagy as a form of cell death '*193:204206
Furthermore, the same morphological features were induced by ESE-15-ol, EMBS and 2-
MeOE2bisSMATE on HeLa cells'®?%. 2-MeOE2bisMATE also revealed apoptotic and

autophagy characteristics in MCF-7 and SNO cell lines''"'"®,

Mitotic indices revealed that treatment with ESE-16 showed a significant increase in the
quantity of cells in metaphase and cells with abnormal characteristics associated with
apoptosis when compared to medium propagated and vehicle-treated control cells (DMSO).
This quantitative data support the observational data obtained through various microscopy

techniques and is comparable with results which revealed a rise in metaphase and apoptotic
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cells in SNO cells after 24 h treatment with ESE-16 including similar results obtained from

exposure of MCF-7 cells to 2-MeOE2bisMATE'**"*,

Studies previously performed on 2ME, the parental molecule of ESE-16, reported that 2ME
interacts with the microtubules by binding to tubulin at the colchicine site, inhibiting
polymerization resulting in cell cycle arrest, and leading to subsequent cell death’®'**'**, The
a-tubulin immunofluorescence assay demonstrated that ESE-16 interferes with normal
microtubule function and causes tubulin disintegration in the cervical carcinoma. Visagie et
al. (2013) performed a tubulin polymerization assay which supported the latter results
indicating ESE-16 caused depolymerizing activity and exerted a more pronounced effect
compared to other 2ME analogues®’*. Results therefore show that chemical changes made to
2ME did not alter ESE-16’s target binding ability to tubulin. The compound also exerted a
negative effect on tubulin causing microtubule abrogation in SNO and MDA-MB-231
cells'*1**22 Similarly, other sulphamoylated 2ME analogues had the same effect on tubulin

. - 164,165,203,205,207
in various cancer cell types = 77

The effect of ESE-16 on cell cycle arrest, and subsequent apoptotic induction was quantified
by employing cell cycle progression, cyclin Bl levels, and annexin V-FITC, caspase
activation, respectively. Mitotic indices were confirmed with cell cycle progression using PI
revealing a statistically significant increase in the number of HeLa cells in sub-G;- and Go/M
phases, suggesting the occurrence of apoptotic cells and cells enduring a mitotic (metaphase)
block, respectively. This finding was supported by ESE-16 also causing a rise in the number
of apoptotic- and metaphase cells in oesophageal, estrogen receptor-positive and -negative

. 129,195,201
breast carcinoma cells = "

. Further cell cycle analysis revealed a statistically significant
upregulation in cyclin Bl in the ESE-16-treated HeLa cells when compared to control cells
which is consistent with research performed in our laboratory on ESE-16 and
2-MeOE2bisMATE'®2%2%  Thjs finding supported results from the cell cycle analysis
suggesting activation of the spindle assembly checkpoint (SAC). Stander et al. (2013) also
showed through global gene and protein expression studies that ESE-16 increased protein
levels of cyclin B in the MDA-MB-231 cell 1ine®®®. Paclitaxel, 2-MeOE2bisSMATE, as well as
2ME induced an upregulation of cyclin B levels in prostate and estrogen-receptor positive
breast cancer cells with 2-MeOE2biSMATE causing the strongest induction of the

122,170,208

cyclin . High levels of cyclin B inhibit cell cycle progression as well as apoptosis and

only when the levels of cyclin B decrease, the cells can undergo apoptosis. It has been
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reported that cyclin B degradation can vary between different cells lines®”. Newman et al.
(2008) demonstrated after 24 h, 500nM of paclitaxel and 2-MeOE2bisSMATE induced p53

mediated apoptosis, with cyclin B levels declining after 48 h'™.

Annexin V-FITC further confirmed induction of apoptosis by ESE-16. In the compound-
treated cells, there were 2.6% and 8.82% of HelLa cells in early and late apoptosis,
respectively. This statistically insignificant increase of the PS externalization could be due to
the fact that at the time of termination, HeLa cells may have already been present in the latter
phases of apoptosis. Results are compatible with previous research from our laboratory,
whereby the compound’s effect on PS was insignificant at an exposure concentration of
0.5uM on HeLa cells and at 0.2uM on SNO cells'****. However, 0.2uM of ESE-16 caused a
significant increase in PS externalization after 24- and 48 h in the MCF-7 and MDA-MB-231
cells®®**%. Although ESE-16 seems to have variable effects on apoptotic induction in
different cell types, the characteristic and ability of 2ME sulphamoylated analogues to induce

apoptosis in a variety of cell lines is retained.

Our data also indicated the upregulation of caspase 3, which is an executioner caspase
responsible for the execution of definitive apoptotic events such as condensation of the
nucleus, DNA degradation, membrane blebbing and breakdown of caspase substrates - all of
which lead to cell death®'®’. This activation of caspase 3 indicates that ESE-16 induces
apoptosis and does so in a caspase-dependent manner. Previous studies performed at our
laboratory showed that ESE-16 also upregulated caspase 6 and -8 in HeLa, MCF-7 and
MDA-MB-231 cells, with caspase 7 also activated in MCF-7 cells'*>?%?%2, Various research
reports that 2ME and 2-MeOE2biSMATE initiate both the intrinsic and extrinsic apoptosis
pathways through the depolarization of the mitochondrial membrane potential and
consequent release of cyt ¢ or upregulation of DRS'"12%143:160209210 “The activation of the
former caspases supports the idea that ESE-16 also induces apoptosis by the involvement of
both the extrinsic- and intrinsic apoptotic pathways. This notion is further supported by the
activation of caspase 6 and -8, with reduced mitochondrial membrane potential in HeLa cells

by the sulphamoylated analogues, ESE-15-o0l and EMBS'*2%%,

Results from TEM demonstrated that ESE-16 induced autophagy as one of the types of cell
death. The status of Atg5 regulation was conducted to further confirm the presence of

autophagy in HeLa cells after ESE-16 exposure. Results revealed a significant increase in the
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level of Atg5, which plays a role (together with Atgl2 and Atgl6L) in the elongating of the
membrane eventually forming the autophagosome. ESE-16 has also previously demonstrated
the induction of autophagy in MCF-7- and SNO cells through a variety of morphological- and
flow cytometric evaluations'®>*”'. Another sulphamoylated analogue, 2-MeOE2bisMATE
also induced autophagy, concurrently with apoptosis, in SNO- and MCF-7 cell lines after 24-

and 48 h, respectively'' "8,

A vast amount of evidence suggests that many cancer cell types produced higher levels of
ROS compared to their normal counterparts due to rapid proliferation rates and increased

56,119

metabolic stress . Consequently, manipulating ROS levels could be a strategy to

selectively target cancer cells that are more vulnerable to further ROS insults without causing

significant harm to normal cells''**"!

. Thus, the generation of ROS after ESE-16 exposure
was performed and resulted in a significant increase in hydrogen peroxide production with an
insignificant increase in superoxide. This may be due to the fact that superoxide is regarded
as a precursor to most ROS, and, at the time of measurement, dismutation of superoxide to
hydrogen peroxide may have already started"”’. Data resulting from our laboratory, which
supports this result, revealed exposure to ESE-16 increased hydrogen peroxide and
superoxide in MCF-7- and MDB-MB-231, as well as an increase in superoxide in SNO
cells'*?*%. Chua et al. (2010) also demonstrated that the conformational change to 2ME at
position 3 and position 7 led to increased superoxide production in a colon cancer cell line
(HCT-116)"". The novel ex vivo research by Repsold et al. (2014) revealed that ESE-16 did
not increase ROS formation in blood samples with platelets and erythrocytes remaining
morphologically normal after 24 h of exposure®'**"*. ESE-16 has also been tested on non-
tumorigenic breast cell line (MCF-12A) and showed more sensitivity for cancerous cells

compared to normal cells”***%.

Reactive oxygen species regulate many signal transduction pathways and also participate in
cell death signalling. Both the intrinsic- and extrinsic apoptotic pathways depend on ROS*'".
Apoptosis can be induced indirectly through the extrinsic pathway by ROS generated from
the Fas ligand, which then binds to the Fas receptor, as well as by Fas phosphorylation at the
tyrosine residue that leads to consequent recruitment of Fas-associating protein with death
domain and caspase 8 activation®''. Additionally, ROS can enhance Fas activation through
the ubiquitination and degradation of the FLICE inhibitory protein, where hydrogen peroxide

has also been involved in the upregulation of the Fas and TRAIL death receptor’ *'*. The

71



y
ﬁ U!I“‘."EPSI!E” VAN FRE'IORIl
<< YUNIBESITHI YA PRETORIA
intrinsic pathway is particularly susceptible to ROS, whereby ROS promotes outer
mitochondrial membrane permeabilization and cyt ¢, AIF, Smac/Diablo, EndoG release

15

resulting in apoptosome formation®'>. ROS can also activate membrane depolarization

through inhibiting mitochondrial membrane stabilizer proteins, such as Bcl-2 and Bcl-
X, 211216

Evidence suggests that elevated ROS levels plays a signalling role in autophagy through
upregulation of Beclin 1, inducing mitochondrial damage, oxidation of Atg4 and increasing
Atg5 expression”’. Atg4 is a direct target for oxidation by hydrogen peroxide whereby this
inactivation promotes stabilized lipidation form of LC3, enabling autophagosome

. 191218
formation

. Scherz-Shouval et al. (2011) reviewed a study wherein autophagy and
apoptosis was induced simultaneously in malignant glioma cells via hydrogen peroxide
treatment with reduced Bcl-2 expression and increased Bax levels resulting in loss of
mitochondrial membrane potential together with increased Beclin-1 levels'®'. Although ROS
can be viewed as an important signalling molecule in the crosstalk between apoptotic- and
autophagic cell death, with suggested convergence taking place at the mitochondria, there is a
gap in the understanding of molecular and chemical mechanisms linking these two pathways

with several questions to be targeted and unravelled.

The induction of these two modes of cell death by 2ME and its sulphamoylated analogues has
been reported in various cancer cell types''™!#%:124193:198201202204  Bociqes ROS, there are
other common signalling pathways and molecules that are involved in the complex interplay
between apoptosis and autophagy''**'*?%°. These include the regulatory gene p53, signalling
pathways such as PI3k/Akt, as well as some central components of the cell death programs

20911329 Beclin-1, which usually plays a role in autophagy

for example Atg5 and Bcl-
induction, can be inhibited by Bel-2 and Bcel-X; both anti-apoptotic proteins, through binding
to its Bcl-2 homology 3 domain. It is also postulated that BH3-only proteins are also able to
then trigger autophagy by binding and liberating Beclin-1 from its inhibition by Bcl-2/Bcl-X¢.
and furthermore these proteins induce apoptosis by stimulating pro-apoptotic proteins, i.e.
Bax®!1*21922% gimilarly, Atg5 can generate a truncated protein, though calpain-mediated

cleavage which then interacts with mitochondrial Bel-2 to facilitate apoptosis induction®'">.

Despite these researched and postulated interactions, a better understanding of the exact

mechanisms and mediators involved in the crosstalk between apoptosis and autophagy needs
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these two types of cell death caused by ESE-16.

This in vitro study demonstrated that ESE-16 acts as an antiproliferative and antimitotic agent
in HeLa cells and induced cell death via apoptosis and autophagy. The proposed action
mechanism for ESE-16 is through microtubule disruption, which inhibits cell cycle
progression and subsequently leads to the induction of the two types of programmed cell
death (Figure 4.1). Antimitotic activity was demonstrated by cell cycle progression, mitotic
indices and cyclin B regulation. Morphological findings included abrogated microtubules,
hallmarks of apoptosis and autophagic characteristics. Apoptosis induction was confirmed by
cell cycle progression, PS exposure on the outer plasma membrane and an increase in the
activity of caspase 3, although the PS results were not statistically significant. Autophagy
induction was verified by means of elevated Atg5 expression. The increase in ROS
production could substantiate a possible crosstalk between apoptotic and autophagic cells,
however further investigations are needed to expand on this knowledge base and ROS’s

involvement as a signalling molecule.
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Figure 4.1. Schematic overview of the proposed signalling mechanism of ESE-16 in an epithelial

cervical carcinoma. ESE-16 induced a metaphase block through disruption of the microtubules. ROS
was produced as a result of ESE-16 exposure with the presence of PS on the outer membrane and
increased caspase 3 activity, Atg5 protein levels and lysosomal activity confirming the induction of
apoptosis and autophagy. The blue represents mechanisms elucidated in the current study with the
purple representing signalling verified from previous research done at our laboratory with ESE-16,
and the dotted lines signify possible proteins or molecules that could be involved in ESE-16’s

mechanism of action.
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Chapter 5

Conclusion

In conclusion, the aim of this study was to investigate the effect of ESE-16 on cell
proliferation, morphology, cell cycle progression, caspase activation, reactive oxygen species
production, as well as its ability to induce certain types of cell death in a human epithelial
cervical carcinoma (HeLa) cell line. Results revealed that 0.2uM of ESE-16 inhibited cell
growth, caused microtubule disruption and increased the number cells arrested in metaphase
after 24 h of exposure. Both apoptotic and autophagic types of cell death were induced in the
ESE-16 exposed cells, whereby the increased ROS produced could be viewed as the potential
signalling connection between these two types of cell death induced by ESE-16.

Forthcoming studies will be conducted to elucidate the crosstalk occurring between apoptosis
and autophagy induced by ESE-16 in the HeLa cells with other molecular targets within these
types of cell death to be investigated. In addition, future research will involve ex vivo- and in
vivo studies of this potential anticancer agent, from which outcomes will aid in the

improvement and/or development of novel chemotherapeutics against cervical cancer.
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