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Summary

Microtubule-disrupting agents have been studied for decades for their potential
anticancer activity and resulted in discovery of an endogenous 17(3-estradiol derivative,
2-methoxyestradiol (2MEZ2). Since 2ME2 possesses low bioavailability, several
analogues with improved efficacy was in silico-designed to target tumorigenic cells.
This study investigated the influence of an 17B-estradiol analogue, (8R, 13S, 14S,
17S)-2-ethyl-13-methyl-7, 8, 9, 11, 12,13, 14, 15, 16, 17-decahydro-6H-
cyclopentala]phenanthrane-3, 17-diyl bis(sulphamate) (EMBS) on cell growth,
cytotoxicity, metabolism, morphology, cell cycle progression, reactive oxygen species
generation and induction of cell death via apoptosis in two adenocarcinoma cell lines
(MCF-7 and MDA-MB-231) and the non-tumorigenic epithelial breast cell line
(MCF-12A).

Crystal violet staining and the real-time xCELLigence approach indicated statistically
significant antiproliferative activity in an estrogen-independent manner (0.4 uM; 24 h) in
all three cell lines. Influence on morphological demonstrated several apoptotic
hallmarks including compromised cell density, apoptotic bodies, shrunken cells,
hypercondensed chromatin and several cells trapped in metaphase culminating in
apoptosis. Cell cycle progression studies revealed apoptosis induction and cells
blocked in the G,M phase. Apoptosis induction was verified by means of Annexin V-
FITC.EMBS-treated cells demonstrated a reduced mitochondrial membrane potential.
Furthermore, autophagy characteristics were observed including vacuoles and
autophagosomes. Mitotic indices demonstrated an increase in cells possessing
abnormal morphology associated with apoptosis and the number of cells trapped in
metaphase culminating in apoptosis. This was confirmed by cell cycle progression
studies that revealed apoptosis induction and a G,M block. Apoptosis induction was
verified by means of Annexin V-FITC and additional flow cytometry studies indicated

EMBS-treated cells demonstrated a reduced mitochondrial membrane potential.

Fluorescent microscopy exhibited increased lysosomal staining suggesting autophagy
induction which was verified by conducting flow cytometry employing LC3B conjugated
to DyLight 488. Flow cytometry studies also demonstrated that EMBS exposure

resulted in statistically significant increased hydrogen peroxide and superoxide
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production. EMBS exposure resulted in a statistically significant increase in p53 protein
expression, decreased Bcl-2 expression and a decrease in pBcl-2(s70) phosphorylation
supporting the notion that EMBS utilises crosstalk pathways to induce both autophagy
and apoptosis. These results were observed in all three cell lines with caspase 6 and 8
activation being more prominent in the tumorigenic cell lines and cell growth recovering

after 24 h exposure in the non-tumorigenic MCF-12A cell line.

Further research will focus on the molecular signal transduction utilized by EMBS and
an in-depth analysis of specific anticancer targets identified in vitro and subsequent in
vivo investigation. Thus this study contributes to the discovery of targets for cancer

therapies that will aid in the design of microtubule disrupting agents.

Keywords
Apoptosis, autophagy, antimitotic, EMBS, crosstalk, antiproliferative, reactive oxygen

species



Acknowledgements

" Professor AM Joubert (professor of Department of Physiology) as my
promoter for this project. Her assistance, insight, motivation, support and positive
attitude made this project possible.

" Professor D van Papendorp (Head of the Department of Physiology) for
allowing me the opportunity to further my postgraduate studies in the Department and
allowing me to use the facilities and apparatus at the department.

. Cancer Association of South Africa, the Struwig Germeshuysen Trust,
Research Council of the University of Pretoria (RESCOM), National Research
Foundation and The Medical Research Council for providing financial support.

" The Electron Microscopy Unit (University of Pretoria® Hatfield Campus,
Pretoria, South Africa) for the use of the transmission electron microscopy and
scanning electron microscope.

" The Flow Cytometry Unit (Department of Pharmacology, University of
Pretoria, Pretoria, South Africa) for the availability of the flow cytometer for use during
the research project.

" A very special thank you to my parents who always supported and motivated

me throughout my studies.

. Colleagues, friends and relatives for motivation, support and insight.
" Francina and Ezekiel for maintenance of the lab and sterilization of glassware.
" God Almighty, for without Him, none of this would have been possible.

10



List of Figures

Figure 1.1: The intrinsic (mitochondrial) and extrinsic (death receptor) apoptotic

pathway. 34
Figure 1.2: The autophagic pathway 41
Figure 1.3: The macroautophagy pathway 45

Figure 1.4: Structural differences between 2ME2 and (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) 55
Figure 3.1: Cell number determination by means of crystal violet staining of exposure to
EMBS (0.2-1uM) for 24 h. 83
Figure 3.2: Cell number determination by means of crystal violet staining of exposure to
EMBS (0.2-1uM) for 48 h. 84
Figure 3.3: Cell number determination by means of crystal violet staining of exposure to
EMBS (0.2-1uM) for 72 h. 84
Figure 3.4: The novel xCELLigence system demonstrated the in vitro effects of EMBS
on proliferation in the MCF-7 cell line. 85
Figure 3.5: The novel xCELLigence system demonstrated the in vitro effects of EMBS
on proliferation in the MDA-MB-231 cell line. 86
Figure 3.6: The novel xCELLigence system demonstrated the in vitro effects of EMBS
on proliferation in the MCF-12A cell line 86
Figure 3.7: Effect of EMBS on cell viability by means of quantification of lactate
dehydrogenase. 87
Figure 3.8: Influence exerted by EMBS on metabolism demonstrated by means of
NAD*/NADH quantification. 88
Figure 3.9: Influence exerted by EMBS on metabolism demonstrated by means of
NADP*/NADPH quantification. 88
Figure 3.10: PlasDIC of MCF-7, MDA-MB-231 and MCF-12A cells before exposure to
EMBS. 89
Figure 3.11: PlasDIC of MCF-7, MDA-MB-231 and MCF-12A cells propagated in
growth medium after 24 h. 89
Figure 3.12: PlasDIC of vehicle-treated MCF-7, MDA-MB-231 and MCF-12A cells after
24 h. 90

11



Figure 3.13: PlasDIC of MCF-7, MDA-MB-231 and MCF-12A cells exposed to 0.4 uM

EMBS for 24 h. 90
Figure 3.14: Haematoxylin and eosin staining of MCF-7, MDA-MB-231 and MCF-12A
cells propagated in growth medium after 24 h. 91
Figure 3.15: Haematoxylin and eosin staining of vehicle-treated MCF-7, MDA-MB-231
and MCF-12A cells after 24 h. 91
Figure 3.16: Haematoxylin and eosin staining of MCF-7, MDA-MB-231 and MCF-12A
cells exposed to 0.4 yM EMBS for 24 h. 91

Figure 3.17: Haematoxylin and eosin staining of MCF-7, MDA-MB-231 and MCF-12A
cells exposed to actinomycin D (0.1 pg/ml) used as positive control for induction of
apoptosis. 92
Figure 3.18: Haematoxylin and eosin staining of MCF-7, MDA-MB-231 and MCF-12A

cells MCF-7 cells with induced starvation used as a positive control for autophagy.

92
Figure 3.19: Mitotic indices of MCF-7, MDA-MB-231 and MCF-12A cells after exposure
to EMBS compared to vehicle-treated cells. 93

Figure 3.20: Transmission electron micrographs of MCF-7, MDA-MB-231 and MCF-12A
cells propagated in growth medium and vehicle-treated MCF-7, MDA-MB-231 and

MCF-12A cells after 24 h. 95
Figure 3.21: Transmission electron micrographs of MCF-7, MDA-MB-231 and MCF-12A
cells exposed to 0.4 yM EMBS for 24 h. 96

Figure 3.22: Transmission electron micrographs of MCF-7, MDA-MB-231 and MCF-12A
cells treated with actinomycin D (0.1 pg/ml) as positive control for induction of apoptosis
and with induced starvation as positive control for autophagy. 97
Figure 3.23: Scanning electron micrographs of MCF-7, MDA-MB-231 and MCF-12A
cells exposed to 0.4 uM EMBS for 24 h compared to cells propgagated in growth
medium, vehicle-treated cells and postitive controls for apoptosis (0.1 ug/mi
actinomycin D) and autophagy (starvation). 98
Figure 3.24: Hoechst 33342, acridine orange and propidium iodide staining of MCF-7,
MDA-MB-231 and MCF-12A cells exposed to 0.4 yM EMBS for 24 h compared to
vehicle-treated cells. 100
Figure 3.25: Cell cycle progression of MCF-7, MDA-MB-231 and MCF-12A cells
exposed to 0.4 yM EMBS for 24 h compared to cells propgagated in growth medium,

12



vehicle-treated cells and cells treated with 0.1 ug/ml actinomycin D used as a postitive
control for apoptosis. 101
Figure 3.26: Apoptosis detection using Annexin V-FITC of MCF-7, MDA-MB-231 and
MCF-12A cells exposed to 0.4 yM EMBS for 24 h compared to cells propgagated in
growth medium, vehicle-treated cells and cells treated with 0.1 pg/ml actinomycin D
used as a postitive control for apoptosis. 104
Figure 3.27: Analysis of modification in mitochondrial membrane potential in MCF-7,
MDA-MB-231 and MCF-12A cells propagated in growth medium and MCF-7, MDA-MB-
231 and MCF-12A vehicle-treated cells. 106
Figure 3.28: Analysis of modification in mitochondrial membrane potential in MCF-7,
MDA-MB-231 and MCF-12A cells exposed to 0.4 yM EMBS for 24 h and cells
treated with actinomycin D (0.1 ug/ml) as positive control for induction of apoptosis.

107
Figure 3.29: Spectrophotometry analysis of caspase 6 activity ratios of EMBS- and
actinomycin D-treated cells compared to vehicle-treated cells. 108
Figure 3.30: Spectrophotometry analysis of caspase 8 activity ratios of EMBS- and
actinomycin D-treated cells compared to vehicle-treated cells. 108
Caspase 3.31: Caspase 7 activity of MCF-7, MDA-MB-231 and MCF-12A cells
propagated in growth medium and MCF-7, MDA-MB-231 and MCF-12A vehicle-treated
cells. 109
Figure 3.32: Caspase 7 activity of MCF-7, MDA-MB-231 and MCF-12A cells exposed to
0.4 uM of EMBS for 24 h and cells treated with actinomycin D (0.1 ug/ml) as positive
control for induction of apoptosis. 110
Figure 3.33: Autophagy detection (anti-LC3 antibody) of MCF-7, MDA-MB-231 and
MCF-12A cells propagated in growth medium and MCF-7, MDA-MB-231 and MCF-12A
vehicle-treated cells. 111
Figure 3.34: Autophagy detection (anti-LC3 antibody) of MCF-7, MDA-MB-231 and
MCF-12A cells exposed to 0.4 uM of EMBS for 24 h and cells with induced autophagy
used as a positive control for autophagy induction. 112
Figure 3.35: Hydrogen peroxide production in MCF-7, MDA-MB-231 and MCF-12A
cells propagated in growth medium and MCF-7, MDA-MB-231 and MCF-12A vehicle-

treated cells. 113

13



Figure 3.36: Hydrogen peroxide production in MCF-7, MDA-MB-231 and MCF-12A
cells exposed to 0.4 uM of EMBS for 24 h and cells treated with hydrogen peroxide.

114
Figure 3.37: Superoxide production of MCF-7, MDA-MB-231 and MCF-12A cells
exposed to 0.4 uM EMBS for 24 h compared to cells propgagated in growth medium
and vehicle-treated cells. 115
Figure 3.38: Spectrophotometrical p53 expression data of MCF-7, MDA-MB-231 and
MCF-12A cells exposed to 0.4 yM EMBS for 24 h compared to cells propgagated in
growth medium, vehicle-treated cells and postitive control for apoptosis (0.1 pg/mi
actinomycin D). 116
Figure 3.39: Flow cytometry investigation of Bcl-2 expression and pBcl-2(s70)
phosphorylation of MCF-7, MDA-MB-231 and MCF-12A cells exposed to 0.4 yM EMBS
for 24 h compared to cells propgagated in growth medium, vehicle-treated cells and
postitive control for apoptosis (0.1 ug/ml actinomycin D). 118

Figure 4.1: Proposed signaling utilized by EMBS. 129

14



List of Tables

Table 3.1: Mitotic indices: percentage of cells in mitosis, interphase and cells featuring

characteristics of apoptosis. 94
Table 3.2: Cell cycle progression. 102
Table 3.3: Flow cytometry using annexin V-FITC demonstrating viable cells, cells in

early apoptosis, cells in late apoptosis and necrotic cells. 105
Table 3.4: Bcl-2 expression and pBcl-2(s70) phosphorylation. 119

15



Abbreviations

4EBP
2ME2
2MEBM
APAF-1
Adiol
AlF
AMP
AMPK
APC
APC/C
APO-2L
ADP
ANG-1
ANG-2
APO1
ARGs
ASK1
ATG
ATG6
ATG8p
ATM
ATP
ATR
BAD
BAK
BAX
BCL-2
BFP
BH3
BID
BIK
BIM

Eukaryotic Translational Initiation Factor 4E Binding Protein 1

2-Methoxyestradiol
2-Methoxyestradiol-bis-sulphamate
Apoptosis Activating Factor 1
Androstenediol

Apoptosis Inducing Factor
Adenosine Monophosphate
AMP-Activated Protein Kinase
Anaphase Promoting Complex
Promoting Complex/Cyclosome
Apo-2 Ligand

Adenosine Diphosphate
Angiopoietin 1

Angiopoietin 2

NF Receptor Superfamily, Member 6
Autophagy-Related Genes
Apoptosis Signal-Regulated Kinase 1
Autophagy-Related Proteins
Autophagy-Related Protein 6
Autophagy-Related Protein 8 Precursor
Ataxia Telangiectasia Mutated
Adenosine Triphosphate
Rad3-Related Kinase

Bcl-2 Antagonist Of Cell Death

Bcl-2 Homologous Antagonist/Killer
Bcl-2-Associated X Protein

B-Cell Lymphoma-2 Family Members
Back Focal Plane

Bcl-2 Homology Region 3
BH3-Interacting Domain Death Agonist
Bcl-2-Interacting Killer
Bcl-2-Interacting Mediator Of Cell Death

16



BRCA 1
BRCA 2
BSA
BUB1
BUB2
BUB3
CA
ca*
CARD
CAK
CBP
CD95
CD95L
CDC
CDC14
CDC20
CDC25A
CDC25B
CDC25C
CDC6
cdh1
CDK
CDK1
CDK2
CDK4
CDK®6
CDK7
cDNA
CHKA1
CHK2
Cl

CK
CMA

Breast Cancer Gene 1

Breast Cancer Gene 2

Bovine Serum Albumin

Budding Inhibited Benzimidazole 1
Budding Inhibited Benzimidazole 2
Budding Inhibited Benzimidazole 3
Carbonic Anhydrase

Calcium

Caspase-Recruiting Domain
Cyclin Activated Kinase
CREB-Binding Protein

Clonal Deletion 95

CD95 Ligand

Cell Division Cycle

Cell Division Cycle 14

Cell Division Cycle 20

Cell Division Cycle 25A

Cell Division Cycle 25B

Cell Division Cycle 25C

Cell Division Cycle 6

Cadherin 1

Cyclin Dependent Kinases

Cyclin Dependent Kinases 1
Cyclin Dependent Kinases 2
Cyclin Dependent Kinases 4
Cyclin Dependent Kinases 6
Cyclin Dependent Kinases 7
Complementary Deoxyribonucleic Acid
Checkpoint Kinase 1

Checkpoint Kinase 2

Cell Index

Cytokeratin

Chaperone-Mediated Autophagy

17



CRDs
DAPK-1
D-BOX
DCFDA
DD
DED
DHEA
DIC
DISC
DMEM
DMSO
DNA
DRAM
DR4
DR5
E2F
EMBS

EGFR
EndoG
EOR

ER

ERAD
ERK
FACS
FADD
FCS

FFP

FITC

FLD

FSC

Gy phase
G1 phase

Cysteine Rich Domains
Death-Associated Protein Kinase 1
Destruction Box

2,7-Dichlorofluorescein Diacetate

Death Domain

Death Effector Domain
Dehydroepiandrostene

Differential Interference Contrast

Death Inducing Signaling Complex
Dulbecco’s Minimum Essential Medium Eagle
Dimethyl Sulfoxide

Deoxyribonucleic Acid
Damage-Regulated Autophagy Modulator
Death Receptor 4

Death Receptor 5

Elongation Factor 2

(8R,13S5,14S5,17S)-2-Ethyl-13-Methyl-7,8,9,11,12,13,14,15,16,17-
Decahydro-6H-Cyclopenta[A]JPhenanthrane-3,17-Diyl Bis(Sulphamate)

Epidermal Growth Factor Receptor
Endonuclease G

ER-Overload Response
Endoplasmic Reticulum
ER-associated Degradation
Extracellular Signal-Regulated Kinase
Fluorescence Activated Cell Sorting
Fas Associated Death Domain
Fetal Calf Serum

Front Focal Plane

Fluorescein Isothiocyanate

Flexible Loop Domain

Forward Scatter

Quiescent Phase

Gap 1 Phase

18



G, phase
GATA-6
GMNN
H

HC

HE
HER2
HIF
HIF-1
HIF-1a
HIFU
JNK

LAMPA-2A

LDH

M Phase
MAD1
MAD2
MAD3
MAPK
Mdm2
MMP
MMP-2
MMP-9
MOMP
MPS1
mRNA
mTOR
mTORCA1
mTORC2
MTT
NADH
NAMN
NMN

Gap 2 Phase

GATA binding protein 6

Geminin

Hours

Immunohistochemical

Hydroethidine

Human Epidermal Growth Factor Receptor 2
Hypoxia Inducible Factor

Hypoxia Inducible Factor 1

Hypoxia Inducible Factor 1a

High Intensity Frequency Ultrasound

C-Jun N-Terminal Kinase
Lysosomal-Associated Membrane Protein-2A
Lactate Dehydrogenase

Mitotic Phase

Mitotic Arrest-Deficient 1

Mitotic Arrest-Deficient 2

Mitotic Arrest-Deficient 3

The p38 Mitogen Activated Protein Kinase
Murine Double Minute 2

Mitochondrial Membrane Potential

Matrix Metaloproteinases 2

Matrix Metaloproteinases 9

Mitochondrial Outer Membrane Permeabilization
Meiotic Recombination 11 Homolog
Messenger RNA

Mammalian Target Of Rapamycin

mTOR Complex 1

mTOR Complex 2
3-(4,5-Dimethylthiazol-2-Y1)-2,5-Diphenyltetrazolium Bromide
Reduced Nicotinamide Adenine Dinucleotide
Nicotinic Acid Mononucleotide

Nicotinamide Mononucleotide

19



NOS
ORC
PAI-1
PDGF
PBS
PCD
PCNA
PCR

PE
PLASDIC
PgR
P13K
P13K/AKT
PPAR
pRB

PS
RAPTOR
RICTOR
RMCA1
ROS
RPM
RTCA

S Phase
SCF
SEM
siRNA
SSC
SKK1
STS
TEM
TIGAR
TNF
TNFR

Nitric Oxide Synthase

Origin Recognition Complex

Plasminogen Activator Inhibitor-1
Platelet-Derived Growth Factor B

Phosphate Buffer Solution

Programmed Cell Death

Proliferating Cell Nuclear Antigen

Polymerase Chain Reaction
Phosphatidylethanolamine

Polarization-Optical Transmitted Light Differential Interference Contrast
Progesterone Receptor Gene
Phosphatidyllinositol 3-OH Kinase
Phosphatidyl-3-Kinase

Peroxisome Proliferators-Activator Receptors
Retinoblastoma Protein

Phospholipid Phosphatidylserine
Regulatory-Associated Protein mTOR Complex 1
Rapamycin-Insensitive Companion Of mMTOR Complex 2
Ruthenium(ll) Methylimidazole Compound 1
Reactive Oxygen Species

Revolutions Per Min

The Real Time Cell Analyzer

Synthesis Phase

Skp1/CUL1/F Box Protein

Scanning Electron Microscopy

Small Interfering Ribonucleic Acid

Side Scatter

Ribosomal protein S6 kinase polypeptide

Steroid Sulfatase

Transmission Electron Microscopy
TP53-Induced Glycolysis And Apoptosis Regulator
Tumor Necrosis Factor

Tumor Necrosis Factor Receptor

20



TNFR1
Tao kinases
TRAIL
TRADD
TRPM2
TSC2
TUNEL
ubl
UCP-1
UCP-2
UPR
VEGF
Vps
WAF-1
WEE-1

Tumor Necrosis Factor Receptor 1

Thousand And One Kinases

Tumor Necrosis Factor Related Apoptosis-Inducing Ligand
Receptor Associated Death Domain

Melastin-Related Transient Receptor Potential

Tuberous Sclerosis Protein 2

Terminal Deoxynucleotidyl Transferase Nick End Labelling
Ubiquitin-Like Protein

Uncoupling Protein 1

Uncoupling Protein 2

Unfolded Protein Response

Vascular Endothelial Growth Factor

Vacuolar Protein Sorting

Wild-Type p53-Activated Fragment 1

Wee1-Like Protein Kinase

21



Graphic demonstration of signaling pathways

All graphical diagrams of signaling- and transduction pathways were created using
Microsoft® Office Publisher (Microsoft office enterprise 2007, 2006 Microsoft
Corporation, United States of America). Structures were created by MH Visagie using
ACD/ ChemSketch version 1101 released on 2007/10/19 (Advanced Chemistry
Development, Inc., ACD/ Labs, Toronto, Canada). All figures of the results section were
done using CorelDraw X3 version 13.0.0.0576 (2005 Corel Corporation, Canada) and
exported in the TIFF format.

22



Chapter 1

1. Introduction

1.1 Cancer

1.1.1 Cancer incidence and risk factors

Cancer is the principal mode of death in developed countries and the second leading
cause of death in developing countries (1). Breast cancer is the most frequently
diagnosed cancer amongst women worldwide and an estimated 1.7 million new
diagnoses will be made annually by the year 2020 (2, 3). Breast cancer patients (40%)
often suffer a recurrence with 60-70% that experience distal metastases resulting in
death (3, 4).

Complementary  deoxyribonucleic acid (cDNA)  microarray studies and
immunohistochemical markers demonstrated different categories into which breast
cancer can be classified including luminal A (estrogen receptor positive), progesterone
receptor positive, human epidermal growth factor receptor 2 (HER2) negative, luminal
B (estrogen receptor positive and/or progesterone receptor negative), HER2
overexpression (estrogen receptor negative, progesterone receptor positive, HER2
positive), basal-like (estrogen receptor negative, progesterone receptor negative, HER2
negative, cytokeratin 5/6 positive and/or epidermal growth factor receptor (EGFR)

positive) and normal breast-like tumors (5, 6).

Risk factors for breast cancer include high socioeconomic status, being of Caucasian
descent, obesity, increasing age, late onset of menopause, advanced age of first
pregnancy carried to term, and having a first relative diagnosed with breast cancer (6).
Elevated genetic susceptibility to breast cancer is due to a mutation in breast cancer
gene 1 (BRCA 1) or breast cancer gene 2 (BRCA 2) (7). Furthermore, p53 mutations
also increase breast cancer risk (8).

Northern America and Northern Europe reported amplified cancer incidence in women
who postpone childbearing and who exert a lifestyle with a Western diet accompanied
with little exercise (9). Supplementing steroid hormones including oral contraceptives,
hormone replacement therapy and endogenous hormones also results in increased

breast cancer risk. Environmental causes leading to increased breast cancer risk
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include cigarette smoke, high alcohol consumption, disrupted sleeping routine and night
shift occupations, use of anti-hypertensive agents for five years or more, exposure to

diethylstilbestrol and ionisation radiation (10).

1.1.2 Current available breast cancer treatments

Primary breast cancer is confined to a small area; however, subclinical metastasis may
still occur. Secondary breast cancer arises once tumorigenic cells separate from the
primary breast cancer location, and are redistributed to different parts of the body for

example in the brain, lungs and liver (4).

Local treatment affects the tumor and immediate surrounding cells and includes
lumpectomy, mastectomy and radiotherapy; however metastasis is still possible (11).
Surgery risks include infection, pulmonary complications, cardiac arrhythmias, heart
attack and stroke. Radiotherapy is a significant part of conserving breast tissue in local
therapy (11). Side effects of radiotherapy include hyperpigmentation, dry or moist
desquamation, fatigue, meylosuppression, contralateral breast cancer, myocardial
infarction, pneumonitis, lymph oedema, brachial plexopathy and skin shrinkage (8, 11).
High intensity frequency ultrasound (HIFU) employs high intensity auditory waves and
heat directing it at the tumor and surrounding tissues and destroys the target tissue.
Since tissues are largely composed of fluids, HIFU potentially results in cavitation and

significant cellular thermal damage (12).

Systemic treatment entails hormone- and chemical-infusions that lead to cell cycle
arrest. Specific treatment is dependent on several factors including the tumor
characteristics, cancer stage at time of diagnosis, age, weight and the physical

condition of the individual (13).

Hormonal-dependent breast cancer treatment options typically utilize estrogen
deprivation by means of ovarian ablation, estrogen receptor-specific interactions and
aromatase inhibitors. Treatment options demonstrate aromatase inhibition and they
include aminoglutethimide, formesatane, rogletimide, fadrozole, anastrozole, letrozole
and exemestane. These compounds exert their anti-tumorigenic activity by inhibiting

estrogen production through blocking the conversion of androstenedione to oestrone
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(14, 15). Aromatse inhibition takes place by competing for the substrate of androgens.
This is demonstrated by anastrozole and letrozole which contain triazole groups that
interact with the heme group of aromatase (14). Aminoglutethimide, a non-selective
aromatase inhibitor, is frequently accompanied with lethargy and rashes, while
anastrozole is associated with headaches, hot flushes, gastrointestinal disturbances,

weight gain, oedema, thrombo-embolic disturbances (16).

Analysis of estrogen receptor positive tumors treated with tamoxifen after primary
surgery demonstrated differentially expressed genes of responders when compared to
non-responders (17). Qualitative polymerase chain reaction (PCR) data revealed that
HOXB14 and IL17BR messenger RNA (mRNA) levels are sufficient to predict the
outcome of the therapy (17). In vitro research showed that these genes confer motile
and invasive properties of the MCF-10A mammary cell line (17, 18). The progesterone
receptor expression has been linked to benefits of tamoxifen treatment and letrozole
(14). Tamoxifen treatment exerts several side-effects including increased risk of deep
vein thrombosis, pulmonary embolus, hot flashes, vaginal discharge, irregular
menstruation, weight gain, depression, cataracts and an increased possible risk of
stroke in postmenopausal women (11, 18). However, tamoxifen in combination with
lapatinib, results in rapid synergistic antipropliferative activity when compared to the
drugs on its own (19). Lapatinib is also able to restore cells’ sensitivity to tamoxifen.
This is supported by studies involving lapatinib and trastuzumab in various different
ErbB-2-overexpressing cell lines (19). Side effects of lapatinib include diarrhoea, rash,

nausea, vomiting, headache and anorexia (18, 19).

1.1.3 Estrogen and estrogen receptors in breast carcinogenesis

A correlation between breast cancer risk and persistently elevated estrogen levels have
been found consistently in various studies. Biologically strong estrogens such as 16a-
hydroxylated estrogen metabolites are associated with breast cancer risk (20). In
addition, woman diagnosed with breast cancer possessed an overall 15% higher
concentration of estradiol present in their blood when compared to women that
remained cancer-free (21). Animal studies have demonstrated that estrogens and
estrogen-metabolites exert carcinogenic effects on several tissues including kidneys,

liver, uterus and mammary glands (22).
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The exact mechanisms responsible for estrogen-mediated carcinogenesis remains
poorly understood. The conventional theory states that estradiol stimulates cell
proliferation via the estrogen receptor a, and initiates mutations developing from
replicative errors during pre-mitotic deoxyribonucleic acid (DNA) synthesis.
Subsequently, estradiol enhances proliferation of cells harbouring mutations. Over a
period of time, an adequate quantity (10-15%) of mutations occurs inducing tumorigenic
transformation (23). More than 70% of breast cancers express high levels of estrogen
receptors and many of these tumors require estrogen for sustained growth and
progression (24). Increased estrogen receptor activity is mainly regulated by HER2
gene upregulation and results in poor response to endocrine therapy. The latter is
treated with HER2-targeted therapy and endocrine therapy (25, 26). This combination
leads to antiproliferative activity accompanied with inhibition of survival signaling

originating from the estrogen receptor pathway (27).

1.2 Overview of the cell cycle

The cell cycle is a sequence of coordinated events resulting in cellular proliferation,
senescence and cell death. The eukaryotic cell cycle consists of five stages: quiescent
phase (Gy), the synthesis (S) phase, the mitotic phase (M) and two gap phases (G4 and
Gy). The S phase entails DNA replication, the M phase involves the segregation of two
complete sets of chromosomes resulting in two daughter cells. The G phase separates

the M phase and the S phase, the G, phase separates the S phase and M phase (28).

The cell cycle is regulated and controlled by several protein heterodimer complexes
that involve cyclins and cyclin-dependent kinases (CDKs). Kinase activity requires the
presence of cyclins (28). There are 11 CDK family members recognised presently.
CDK1, 2, 3, 4 and 6 play essential roles in the cell cycle and CDK7 activates the CDKs
involved in the cell cycle (28, 29). Cyclins are of importance in the control of cells
moving from the S phase to the M phase. B cyclins are essential in G,M transition and
the regulation of cells in the M phase. H cyclins are plays a role in CDK-activating

kinase process (30).
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Phosphorylation and dephosphorylation of CDK and cyclins are essential in the cell
cycle since they regulate kinase activity (31). Phosphorylation is accomplished utilizing
cyclin-activating kinase and the cell division cycle 25 (CDC25) family of dual-specificity
protein phosphatases is responsible for mediating dephosphorylation (32). An example
of the latter includes p34COIC2 phosphorylation at threonine 14 and tyrosine 15 resulting
in the subsequent inactivation of CDC2/cyclin B complexes regulating cells entering the
M phase. Once cells are prepared for the G,M transition, CDC25 removes the
phosphates from the kinase (31). CDK-activating kinase (CAK) is an enzyme
accountable for activation by CDK1, CDK2, CDK4 and CDK6 phosphorylation (33). The
subunit of CAK is CDK7. Active human CAK contains additional polypeptides of
approximately 36 and 32-kDa. The 32kDa polypeptide is also known as cyclin H (31).

1.2.1 Cell cycle phases

1.2.1.1 The G phase

The G4 phase determines whether all conditions based on nutrients and growth factor
availability are acceptable for the cell to enter the S phase (28). This is accomplished
by utilizing the retinoblastoma (RB)/E2F/DP pathway (30). In the G4 phase, D cyclins
are produced and bind to CDK4 and CDK6. The RB gene is phosphorylated by CDK4-
cyclin D and CDK®6-cyclin D and subsequently transcription factor E2F release. This
results in transcription of genes necessary for the G4/S transition and S phase. CDK2-
Cyclin E also phosphorylates Rb and E2F to ensure its own transcription. These two
actions create a positive feedback loop promoting the S phase (28). The E2F family
can be divided into 2 categories based on the function namely, activating E2F (E2F1,
E2F2 and E2F3) and repressing E2F’s (E2F4 and E2F5). Activated E2Fs upregulates
target gene transcription during the G+4/S transition. Repressed E2F’s mediates gene
silencing during Go/Gy. pRB, p107 and p130/Rbl2 confer cell cycle dependent-
regulation to the E2F activities by means of phosphorylation and dephosphorylation.
During the G+/S transition, the above-mentioned genes are hyperphosphorylated by
CDK-complexes liberating E2F1, E2F2 and E2F3 that activate gene transcription

necessary for DNA synthesis and cell cycle progression (34).

1.2.1.2 The S phase
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During the S phase, chromosomes are replicated by means of DNA replication. It is
essential that this step occurs correctly since the eukaryote cell’'s fate depends on it
(35). Initiation of DNA replication during the S phase involves six-subunit complexes
called origin recognition complex (ORC) binding to chromosomal regions called origins
of replication (36). There are 6 ORC’s currently known, ORC1 to ORC6, named in
descending molecular mass; which is located among six chromosomes (37). Cdt1 and
CDC6 bind and recruit the MCM2-7 complex to the origin. The MCM2-7 refers to the
putatative replication origin that unwinds DNA and allows downstream factors to access
DNA replication initiating. The pre-replicative complex (pre-RC) active in M and G4
phases consists of ORC, Cdt1, CDC6 and MCM2-7 complex (38). Geminin, a DNA
replication inhibitor, (also known as GMNN) avoids chromosomal polyploidy, while

contributing to cell cycle progression and proliferation (38).

1.2.1.3 G,M phase

The G, phase and the S phase are compelled to continue through activated CDK1-
cyclin A and CDK1-cyclin B complexes. Cyclin B expression is upregulated in the G,
phase and when cyclin B reaches the threshold, depending on this kinase and the cell
will enter mitosis. Mitosis consists of several phases including prophase, metaphase,
telophase and anaphase. Cyclin B activity continuous during mitosis and is degraded in
anaphase. CDK1 activity loss results in activation of the mitotic exit and subsequent cell
cycle completion (39). Mitotic exit consists of an orchestrated sequence of events
leading to the segregation of sister chromatids to mitosis completion. Anaphase is
initiated by the anaphase promoting complex (APC) ubiquitination and its activator
CDC20 (APCCP“?). Securin is degraded, allowing for the release of separase that
cleaves cohesions and instigates chromatid separation (40). APCCP? targets mitotic
cyclins for degradation accompanied with CDK downregulation (41). The APC consists
of multi-subunit E3 ubiquination ligase that is responsible for the transitions in the cell
cycle. A subunit emb-30 is required for the metaphase-anaphase transition and
encodes APC4 (41).

1.2.2 Protein degradation in the cell cycle
Protein degradation is essential for several cellular processes including cell cycle

transitions. Cell cycle regulators are degraded by two ubiquitin E3-ligase complexes
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namely, Skp1/CUL1/F box protein (SCF) and anaphase promoting complex/cyclosome
(APC/C) (42, 43). Proteins contain domains and sequence motifs that serve as
degradation signals for proteolysis by proteases. These regions are rich in proline,
glutamic acid, serine and threonine indicating that the protein possesses a short lifetime
(44). The majority of proteins in eukaryotic cells are degraded by 26S proteases that
contain 20S core and 19S regulatory complexes. The 20S core unit included two
chymotrypsin-like sites responsible for severing peptide bonds, two trypsin-like sites
that cleave basic residues and two caspase-like proteolytic sites that separate acidotic
residues (44, 45).

A short sequence near their N terminus called the destruction box (D-box) is essential
for ubiquitin/proteasome-dependent proteolysis of cyclin A and cyclin B. The ubiquitin
ligase E3 for cyclin B1 in mitosis is the anaphase-promoting complex/cyclosome
complex with CDC20. Cyclin A is degraded by anaphase-promoting
complex/cyclosome-CDC20, although the difference in the timing of degradation
between cyclin A and cyclin B1 argues for the involvement of distinctive mechanisms
(45).

Thus, eukaryotic cells react to cellular stress by utilizing several cell cycle checkpoints
that is accountable for the cell cycle arrest. Two major cell cycle checkpoints have been
classified namely, G41/S and the G,M checkpoint. The p38 mitogen activated protein
kinase (MAPK) pathway is involved in both these checkpoints (46).

1.2.3 Cell cycle checkpoints

1.2.3.1 G4/S checkpoint

Prior and following DNA replication the G1/S checkpoint is responsible and active (46).
Cellular damage leading to slower DNA replication resulted in the detection of Ataxia
Telangiectasia Mutated (ATM) that phosphorylates several proteins active in checkpoint
signaling. DNA replication is possibly slowed down by the checkpoint or ORC resulting
in inhibition of the replication fork (47). Stress activates ATM and Rad3-related kinase
(ATR) or only ATM that activates checkpoint kinase 2(CHK2). CHK2 phosphorylates
CDC25A resulting in its degradation. ATR activates checkpoint kinase 1 (CHK1) and
subsequent CDC25A degradation in reaction to UV radiation. CDC25A phosphatase
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degradation prevents dephosphorylation and activation of CDK2-cyclin E (47). Double
strand DNA breaks activates p38 MAPK pathway that is dependent on Ser/Thr protein
kinases activation. ATM activates thousand and one (TAO) kinases that induce the p38
MAPK pathway. Furthermore, the p38 MAPK pathway is also activated in the presence
of caffeine which is an ATM inhibitor. Thus, p38 MAPK pathway activation can be
induced by additional signaling pathways where ATM/ATR is not involved.
Nonetheless, these alternative signaling pathways that induce the p38 MAPK pathway

still remains elusive and several questions remain (46).

1.2.3.2 Restriction point

The transition from the serum-dependent (cells entering G4 from mitosis needs serum
mitogens) to the serum-independent state is known as the restriction (R) point (48, 49).
Cyclin D (D1, D2 and D3) and their associated partners, CDK4/CDK6 are implicated in
the initial pRB phosphorylation (49, 50). Phosphorylation of pRB at the entry and exit of
the S phase are regulated by CyclinE/CDK2. When pRB is hypophosphorylated, the
cell is unable to enter S phase due to the association of pRB with a group of E2F
transcription factor members (E2F1-5). E2F1-3 binds to pRB, E2F4 and E2F5 binds to
pRB-related proteins p107 and p130 (50). Following cell transition past the restriction
point, the cell is committed to DNA replication even in the absence of proliferative

signals (33).

1.2.3.3 G,M checkpoint

Double strand DNA breakage activates the p38 MAPK pathway resulting in the
activation of the G,M checkpoint (46). The pathway by which p38 MAPK induces G;M
arrest remains inadequately understood. One possibility involves the p53
phosphorylation and activation leading to the G,M checkpoint. Dissociation of p53 and
Murine double minute 2 (Mdm2) results in p53 accumulation. Mdm2 is a protein that
inhibits p53 and induces degradation using ubiquitination. Activation of p53 results in
the activation of genes involved in the G,M checkpoint including DNA damage inducible
factor a, p21 and 14-3-3 (46). Furthermore, p38 MAPK activates the G,M checkpoint
through CDC25B phosphorylation. CDC25B dephosphorylates CDC2, activating cyclin
B/CDC2 responsible for cell cycle progression. CDC25B phosphorylation inhibits its

own activity by enhancing association with 14-3-3 proteins sequestered in the
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cytoplasm. MAPK promotes CDC25B phosphorylation by activating MK2, a substrate of
p38 MAPK. Activation of MK2 has been suggested as an essential component for GoM

checkpoint induction (46).

The CDK1/cyclin B1 complex regulates mitosis entry, cyclin B degradation permits
mitosis entry for the cell (51). Unsuitable CDK1/cyclin B1 complexes activation result in
cell cycle succession, bypassing the G,M checkpoint and subsequent improper mitosis
entry and formation of tetraploidy cells containing damaged DNA (52). Cyclin B is
degraded by p21 however. Studies demonstrate that cyclin B associates with p21 after
DNA damage has occurred. Cyclin B1 then is directed to the APC/C that targets it
obliteration (51).

1.2.3.4 Mitotic checkpoint

During mitosis, replicated chromosomes segregate to both daughter cells. Sister
chromatids attach to the bipolar mitotic spindle in prometaphase and then advances
through mitosis. Erroneous attachment of chromatids to mitotic spindle results in
asymmetrical separation of chromosomes (53). The spindle checkpoint regulates the
transition of metaphase to anaphase until the chromosomes are attached in the correct
bipolar way to the mitotic spindle (53). The mitotic checkpoint postpones anaphase by
employing inhibitory signals produced by the kinetochore to prevent APC/C activation.
This leads to high levels of cyclin B and securin that delay anaphase onset. The
kinetochore coordinates the assembly of centromeres. With the occurrence of
chromosomal attachment at the sister kinetochores, the inhibitory signals discontinue to

be generated, resulting in the transition of the cell into anaphase (54).

The APC is inactive in cells arrested via the mitotic checkpoint. APC is thus believed to
be targeted by the mitotic checkpoint. Previous reports indicate that several genes are
involved in the mitotic checkpoint machinery, including MAD1, MAD2, MAD3, BUB1,
BUB2, BUB3 and MPS1 (55). Bub1 and Mad1 serve as scaffolds for recruitment of
Mad2 and BubR1/Mad3 that are capable of generating inhibitory signals. Mad2
interacts with CDC20 which is required for inhibition of APC by the mitotic checkpoint
(53).
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1.3 Mechanisms of cell death

Several modes of cell death including apoptosis, oncosis, autophagy, mitotic
catastrophe, metabolic catastrophe and necrosis are acknowledged and will be
discussed below. Cell death may be classified according to its morphological
appearance (which may be apoptotic, necrotic, autophagic or associated with mitosis),
enzymological criteria (the possible involvement of nucleases of proteases, such as
caspases, cathepsins and transglutaminases), functional aspects (programmed or
accidental) and immunological characteristics (immunogenic or non-immunogenic) (56,
57, 58). Programmed cell death (PCD) is critical for development, regulation and
maintenance of multicellular organisms. Although PCD is used several times as a
synonym for apoptosis, other forms of PCD also exist including autophagy. Necrosis

and metabolic catastrophe are types of uncontrolled cell death (56, 57).

1.3.1 Apoptosis

The term ‘apoptosis’ originates from Greek referring to the falling off of leaves (58, 89).
Apoptosis is an energy-dependent irreversible systematic eradication of redundant,
aged, injured and abnormal cells by a series of controlled molecular steps regulated by
an intracellular program (60). Apoptosis is a well-known vital component of several
processes including controlled cell turnover, appropriate development and functioning
of the immune system, hormone-dependent degeneration, embryonic development and
chemically-induced cell death. Improper apoptosis regulation results in serious
consequences including neurodegenerative diseases, ischemic damage, autoimmune
disorders and cancer (60). Apoptosis is generally categorized as one of three modes
namely, intrinsic (also known as the mitochondrial pathway), extrinsic (also known as

death receptor pathway) and the endoplasmic pathway.

The extrinsic pathway entails death receptors and the intrinsic pathway entails the
mitochondria and the BCL-2 family (Figure 1.1) (58). Intrinsic and extrinsic apoptosis
are triggered by cell death stimuli from intracellular- and extracellular environments,
respectively. This results in caspase activation which is the core component of the
apoptotic machinery (60, 61). In addition, caspase-independent apoptotic pathways

have also been described.
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Apoptosis encompasses specific morphological hallmarks including rounding of the cell,
retraction of pseudopodes, cytoplasmic- and nuclear condensation, chromatin
condensation, nuclear fragmentation, plasma membrane blebbing and engulfment by
surrounding phagocytes (58, 59). An additional characteristic of apoptosis is the
externalization of the lipid phosphatidylserine bilayer regulated by activation of calcium-
dependent phospholipid scramblase activity accompanied with aminophospholipid
translocase inactivation at the cellular surface (56, 59, 61, 62). This results in
expression of cell surface indicators that generates early phagocytic recognition by
surrounding cells of apoptotic cells, allowing for phagocytosis with minimal damage to

the neighbouring tissue (56).
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Figure 1.1: The intrinsic (mitochondrial) and extrinsic (death receptor) apoptotic pathway. During the intrinsic
pathway the cell experiences an injury (toxic stress and DNA damage) resulting in a mitochondrial membrane
potential depolarisation and subsequent cytochrome c release. Apoptosis activating factor 1 (APAF-1) activates
caspase 9 leading to caspase 3 activation. Furthermore, SMAC/Diablo inhibits the inhibitor of factors (IAPs). In the
extrinsic pathway the ligand binds the receptors (CD95 and Tumor Necrosis Factor Related Apoptosis-Inducing
Ligand (TRAIL)) resulting in the formation of death inducing signaling complex (DISC) which assists in caspase 8
activation. Caspase 8 can cleave BH3-Interacting Domain Death Agonist (Bid) resulting in activation of the intrinsic
pathway or caspase 8 also cleave caspase 3. Caspase 3 activation will result in apoptosis or can induce apoptosis
by activating caspase 6 or caspase 7 (56, 58, 60, 61).
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1.3.1.1 Caspase-dependent apoptosis

Caspases is a family of cysteinyl aspartate proteinases (cysteine proteases that cleave
substrates at specific aspartyl residues) and are required for apoptosis induction (63,
64). Apoptotic caspases belong to one of two categories; initiator (upstream) caspases
or effector/executioner (downstream) caspase (65). Initiator caspases include caspases
2, 8,9, and 10 (66). Effector caspases include caspases 3, 6, and 7 (65). An example
of the latter is caspase 9 that is involved in muscle differentiation (67). There are three
caspase-dependent cell death pathways including the mitochondrial pathway (intrinsic),
death receptor pathway (extrinsic) and endoplasmic-specific pathway (56). Although
the intrinsic and extrinsic cell death pathways operate independently to initiate cell
death in particular signaling pathways, in most tumorigenic cells, there is a delicate
crosstalk between these pathways which results in the activation of executioner

caspases (68).

1.3.1.2 Death receptor (extrinsic) pathway

The extrinsic pathway eliminates abnormal or unnecessary cells and is initiated by the
ligand-bound death receptors at the plasma membrane, including tumor necrosis
factor/tumor necrosis factor receptor 1 (TNF-TNFR1), FasL-Fas and TRAIL-death
receptor (DR) 4 or -DR5 (Figure 1.1) (69, 70). Death receptors are a component of the
tumor necrosis factor receptor (TNFR) gene superfamily and have numerous
responsibilities including triggering apoptosis. The TNFR superfamily is characterised
by presence of cysteine-rich domains (CRDs) that regulate binding between ligands
and type | transmembrane domain receptors including TNF receptor-1 (TNFR1), CD95
(also known as Apo-1 or Fas) and TRAIL receptors DR4 and DRS. A soluble Fas decoy
receptor, DcR3, and additional decoys for TRAIL including DcR1, DcR2 and OPG were
also identified (68, 70). Following extrinsic pathway initiation, death receptors
accumulate at the cell surface after ligand binding to the extracellular domains.
Subsequently, adaptor molecules are recruited to the receptors at the aggregated
intracellular domains of (70). One of the adaptor molecules, Fas-associated death
domain (FADD) consists of two domains where the death domain (DD) interacts with
ligand directly or by using another adaptor molecule namely, TNF-receptor associated
death domain (TRADD) (56, 68). The second FADD protein interaction domain, death

effector domain (DED) interacts with the DED of the zymogen, pro-caspase 8
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producing DISC (68). DISC facilitates the cleavage of caspase 8 resulting in activation
of effector caspases 3- and 7 (Figure 1.1) (8, 71). More than 280 proteins have been
identified so far that are degraded by these effector caspases. These proteins are
involved in various areas of cellular processes including scaffolding of the cytoplasm
and nucleus, signaling transduction, regulation of cell cycle progression and DNA

replication and repair (72, 73).

Several chemotherapeutic compounds trigger apoptosis by altering death receptors on
the cell surface. For example, doxorubin elevates FAS expression on tumor cell
surfaces (74). Apo-2 ligand (Apo-2L) is a member of the TNF-superfamily with
structural and functional similarities to Fas/Apo-1L (75). Apo-2L induces apoptosis in
tumors. Combination treatment of Apo-2L and 5-fluorouracil (CPT-11) demonstrated
considerable tumor regression (74). Studies indicate that TRAIL alone is inadequate in
cancer treatment since resistance frequently occurs. Receptor regulation and cytosolic
factors modulating apoptosis are induced by TRAIL and regularly results in TRAIL
resistance. Infant neuroblastoma cells possessing a silent caspase 8 gene is resistant
to TRAIL (76). However, chemotherapy agents including doxorubicin, epirubicin and
cisplatin associated with TRAIL successfully treated TRAIL-resistant renal, prostate and
bladder carcinomas as the chemotherapeutic agents, sensitize the tumorigenic cells to
TRAIL (77, 78).

1.3.1.3 Mitochondrial (intrinsic) pathway

The intrinsic pathway initiates apoptosis by means of mitochondria involvement and is
triggered by DNA damage due to irradiation, chemicals, lack of growth factors or
oxidative stress (Figure 1.1) (70). Mitochondrial apoptotic pathway is characterised by
mitochondrial outer membrane permeabilization (MOMP) that is considered the ‘point of
no return’ (79). MOMP occurs as the electrochemical gradient across the mitochondrial
membrane collapses through the formation of pores in the mitochondria by B-cell

lymphoma-2 (BCL-2) proapoptotic family members proteins (79, 80, 81, 82, 83).

The BCL-2 family consists of anti-apoptotic and pro-apoptotic proteins and these
proteins share regions of sequence homology within conserved regions known as BCL-

2 (BH) domains. Anti-apoptotic protein members (Bcl-2 and Bcl-X.) and the pro-
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apoptotic protein subset (Bax and Bak) are multidomain proteins sharing sequence
homology within three or four BH domains (84). The BCL-2 Homology Region 3-subset
(BH3) of pro-apoptotic proteins include Bad, Bid, Bim, Noxa, Bik, Hrk, and Puma that all
demonstrate sequence homology located within a single a helical segment, the BH3
domain. These domains are also identified as the minimal death domain necessary for

binding to multidomain BCL-2 family members (84, 85).

MOMP involvement in apoptosis takes place by releasing molecules necessary for
apoptosis induction and loss of mitochondrial functions crucial for cell survival.
Permeabilization of the outer membrane results in release of cell death activating
factors into the cytosol including cytochrome ¢, second mitochondria-derived activator
caspase/direct IAP protein with low Pl (Smac/DIABLO), apoptosis-inducing factor (AlF)
and endonuclease G. These cell death activating factors activate caspases that cleave
cellular substrates resulting in the demise of the cell (86). Once cytochrome c is
released into the cytosol, the apoptosome forms and functions as a molecular platform
for caspase 9 activation (87). The apoptosome contains three components namely,
cytochrome c, apoptosis activating factor 1 (APAF-1) and ATP/dATP. APAF-1 contains
three domains including a N-terminal caspase-recruiting domain (CARD), an expanded
nucleotide domain and a 12-13 WD40 repeats domain (negative regulatory element
which binds to CARD) at the carboxy terminal (88, 89). CARD interacts with the
prodomain of caspase-9, and in combination with the nucleotide binding domains are
responsible for oligomerization of APAF-1 in the presence of cytochrome c¢. The WD
repeats interact with cytochrome c for the removal of this domain. The aforementioned
activities result in caspase 9 activation. Furthermore, the binding of cytochrome ¢ and
APAF-1 result in hydrolysis of ATP to dATP, releasing energy and heat (90). Active
caspase 9 cleaves executioner caspases to induce apoptosis mainly through the
activation of caspase 3 and caspase 7 (91, 92).

The mitochondrial pathway is targeted in several cancer treatments. Reports indicate
that a compound, MPTOB214 derived from the backbone of 5-amino-2-aroylquinolines
activates the intrinsic mitochondrial-dependent pathway by a reduction in the
mitochondrial membrane and caspase 9 activation in cervical adenocarcinoma cells

contaminated papilloma virus (KB cells) (93). Exposure to a ruthenium(ll)
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methylimidazole compound, RMC1, resulted in a reduction in the mitochondrial
membrane potential, upregulated Bax and Bad expression, downregulated Bcl-2 and
Bcl-xl expression and cytochrome c release in the human lung adenocarcinoma A549
cell line cells (94). Another study demonstrated allyl isiothiocyanate induced the
mitochondrial pathway in human breast adenocarcinoma (MDA-MB-468) cell line by
loss of mitochondrial membrane potential and release of cytochrome ¢ and APAF-1
(95). Mitochondrial dynamics and their regulation are potential crucial targets for cancer
cells resulting in improved and increased proliferation, as well as a manner to efficiently
escape the programmed cell death machinery, the major protective mechanism against
tumorigenesis. Thus, treatment targeting the mitochondria may be hugely beneficial in

eradicating cancer (96).

1.3.1.4 Endoplasmic reticulum pathway

The endoplasmic reticulum (ER) is highly sensitive to modifications in the surrounding
environment including calcium (Ca®*) homeostasis (97). The ER also possesses an
imperative role serving as the major supplier of Ca?* within the cell. This Ca®* source is
essential for several signaling pathways including fertilization, differentiation,
proliferation and transcription factor activation thereby influencing gene transcription

and expression, protein and steroid synthesis and apoptosis (98).

Chemical agents, inhibitors of glycosylation, oxidative stress and accumulation of
misfolded proteins can potentially disrupt ER function known as ER stress. This results
in unfolded protein response (UPR), ER-overload response (EOR) and ER-associated
degradation (ERAD) (97). Prolonged ER stress might be due to apoptosis activation via

both the mitochondrial dependent and independent pathway.

The mitochondrial-independent pathway takes place using initiator caspase 12.
Activation of caspase 12 appears to be triggered only by various stimuli that activate
ER stress. Caspase 12, localised in the ER membrane is produced as an inactive
proenzyme consisting of a regulatory prodomain and two catalytic subunits and is
cleaved and activated by the Ca**-dependent protease m-calpain. Active caspase 12
activates caspase 9 which activates effector caspase 3 (97, 98, 99). Caspase 4 is the

human homolog of murine caspase 12 and is localized to the ER membrane and is
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specifically activated by and required for ER stress-induced apoptosis (100).
Overexpression of the transmembrane portion of Bap31 leads to premature Ca?'
release into the mitochondria, resulting in the mitochondria being sensitized to caspase
8 and cytochrome ¢ (101). Recent findings demonstrated that Bcl-2 is involved in the
ER pathway as well. Release of Ca®* from the ER is taken up into the mitochondria

resulting in reduced apoptosis in Bax and Bak knockout mice (102).

1.3.2 Caspase-independent apoptosis

Non-caspase proteases including cathepsins, calpains (cytosolic calcium activated
cysteine proteases), granzymes, endonuclease G (endoG) and AIF are reportedly
effectors of apoptosis (58,103). The release of EndoG and AIF occurs during the
permeabilization of the outer mitochondrial membrane resulting in cell obliteration (86).
Subsequently, EndoG and AIF translocate to the nucleus, where AIF induces DNA
fragmentation and peripheral nuclear condensation. Furthermore, mitochondrial EndoG
is a mitochondrial nuclease that aids in preservation the mitochondrial genome by
participating in mitochondrial DNA duplication and repair (104, 105). Following EndoG
entrance into the nucleus, endoG cleaves the nuclear chromatin (56, 86). Calpain and
cathepsin activated by Ca** influx degrade cytoplasmic proteins resulting in the ultimate
cell destruction (70). Granzyme B is a serine protease family member exclusively
expressed by cytotoxic T-lymphocytes. Granzyme subfamilies are first expressed as
zymogens containing cytolytic granules. Following receptor-mediated fusion cytotoxic
lymphocyte with an infected target cell, granzyme enters the cell and triggers apoptosis.
Granzyme B includes active sites similar to cysteine proteases of the caspase family.
The latter permits for the cleavage of aspartate residues and activates the caspase
cascade by activating several procaspases (106). Furthermore, granzymes are also
able to cleave the pro-apoptotic Bcl-2 family members Bid and Bax, thereby inducing
mitochondrial membrane permeabilization (107).

1.3.3 Autophagy

Another form of cell death is autophagy which literally means ‘self-eating when
translated from the original Greek word (108). Autophagy is an evolutionary conserved
multistep catabolic pathway where unnecessary or impaired intracellular contents are

degraded while providing nutrition. Autophagy functions include remodelling during
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development, amino acid production, energy creation and removal of unwanted or

damaged organelles.
Autophagy is induced by a variety of stimuli including stress, starvation, changes in cell

volume, oxidative stress, accumulation of misfolded proteins, irradiation, TRIAL

treatment and hormonal signaling (Figure 1.2).
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Figure 1.2: Autophagy is a result of nutrient deprivation, genotoxic stress and signaling from Phosphatidyl-3-Kinase
(PI3K/akt) and P38 Mitogen Activated Protein Kinase/Extracellular Signal-Regulated Kinase 1/2 (MAPK/ERK1/2).
Mammalian Target Of Rapamycin (mTOR) interacts with Regulatory-Associated Protein mTOR Complex 1
(RAPTOR) and proline-rich Akt substrate of 40 kilodaltons (PRAS40). If mTOR is activated, autophagy does not take
place. However, if mTOR is effectively inhibited by rapamycin, autophagy is induced and cellular nutrients are
sequestered and degraded (67, 102, 108).
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Two major systems involved in protein degradation include the ubiquintin-proteosome
pathway and autophagic system (102). Autophagy includes numerous steps namely
nucleation, expansion, maturation and docking and fusion. During nucleation an
unidentified membrane source transports lipid bilayers for phogophore formation
(preautophagosomal structure in yeast). The expansion step (also known as isolation
membrane stage) refers to the double-membrane vesicle formation by means of

invagination from the preautophagosomal structure.

During maturation the autophagsosome experiences several steps including fusion
events with multi-vesicular and endosomes. During docking and fusion the inner
membrane  compartment and its constituents are fused with the
lysosome/autolysosome that is degraded by lysosomal hydrolases (108, 109). Several
modes of autophagy have been described including chaperone-mediated autophagy
(CMA), piecemeal microautophagy, macroautophagy and microautophagy. During
CMA, unfolded proteins are the transported across the membrane at the lysosomal
membrane. Piecemeal microautophagy has only been reported to occur in yeast and
degrades nucleus portions by transporting them to the vacuole yeast. Macroautophagy
utilizes specialised cytosolic vesicles that fuse with lysosome with the intention of
cytoplasm sequestering and consequent degrading. During microautophagy the
cytoplasm is internalised into the lysosome by means of invaginations in the lysosome

membrane (110).

1.3.3.1 Chaperone-mediated autophagy

Starvation induces CMA resulting in protein degradation in a molecule-to-molecule
fashion (111). CMA involvement has been found in autophagy induced by nutrient
deficiency, stress and several diseases like Parkinson’s disease (wild-type a-synuclein
degradation) (111, 112, 113). The substrate of CMA consists of cytosolic proteins
recognised by the heat shock protein (hsp) 70 chaperones. The chaperone-substrate
complex attaches to the CMA receptor, lysosomal-associated membrane protein-2A
(LAMP-2A) (112). Three different isoforms of LAMP-2 exist by alternative splicing
namely, LAMP-2A, LAMP-2B and LAMP-2C. LAMP-2A alone acts as a receptor in
autophagy. The role of LAMP-2B and LAMP-2C are uncertain (111, 112). Removal of

all LAMP-2A isoforms results in accumulation of autophagic vacuoles in cytoplasm
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(114). A pool of LAMPA-2A residues in the lysosomal lumen is capable of reinserting
themselves for CMA activation. In old liver cells this process is defective indicating that
LAMP-2A levels in older cells are declining, suppressed or inactive. Nevertheless, the
degradation rate of LAMP-2A is accelerated in senescent fibroblasts (114). This
accelerated process is due to different proteases than proteases used in younger cells
for LAMP-2A degradation. An increase in LAMP-2A transcription rate may restore CMA
rates (111).

1.3.3.2 Macroautophagy

Macroautophagy is a process by which cellular components and organelles are
sequestered into double membrane vesicles known as autophagosomes with
subsequent degradation conducted by lysosomes and endosomes (115). Following
autophagy induction, autophagy-related genes (ATGs) coordinate the configuration of
autophagic vesicles from the phogophore, segregation of the membrane to the
phagosome and ultimately the autolysosome. The ULK-ATG13-FIP200 and the Beclin-
1-hVps34-p150 complexes mediate nucleation events, whereas the ubiquitin-like
conjugation systems (ATG5-ATG12 and LC3-ll) direct vesicle elongation and
autophagosome formation. Cellular constituents are eventually sequestered within the
autophagosome and are thus removed from the cytoplasm. Intracellular content is
degraded into autolysosomes, which is the product of lysosome and autophagosome
fusion (108). The autolysosome refers to an acidic vesicle in which the intracellular
material is destroyed by lysosomal hydrolases, for example cathepsins. Amino acids
and other end products generated during the catabolic process are subsequently
released from the autolysosome in order to fuel cellular processes and cell
maintenance (108, 115, 116).

Studies have identified 30 ATG genes in yeast including ATG genes involved in
starvation-induced autophagy and cytoplasm-to-vacuole targeting pathway. The core
machinery includes ATG9, the recycling system consisting of ATG9 and the ATG1
kinase complex, ATG2 and ATG18. Other core machinery include phosphatidylinositol
3-OH kinase (PI3K) complex (vacuolar protein sorting (Vps) 34, Vsp15, ATG6, ATG14)
and the ubiquitin-like protein (Ubl) system. The latter consists of two Ubl proteins

(ATG8 AND AGT12), an activating enzyme namely AGT7, two analogues of ubiquintin-

43



conjugating enzyme (AGT10 and AGT3), Agt8 modifying protease (Agt4) and the
protein target of ATG12 attachment (ATG5) and ATG 16 (Figure 1.3) (110). Vesicle
nucleation development is dependent on PI3K activity, hVsp34 and the formation of the
complex with Beclin 1 (Agt6) and hVps35.

Vesicle elongation and completion is dependent on two Ubl systems which is triggered
through ATG7 and binds to AGT10 that is transferred to ATG5. Subsequently, ATGS
forms a multimeric complex (ATG12-ATGS5-ATG16) with ATG16. Several ortholoques
has been identified in mammalian cells namely MAP1LC3 (LC3), GABARAPL2
(GATE16), GABARAP and GABARAPL1 (ATG8L) (52). LC3 is the target of post-
translational modifications. LC3-I (distributed in the cytoplasm) is transformed to LC3-II
by a series of reactions catalyzed by Apg7 and Apg3 (117). In addition, LC3 competes
with LC3-l in order to bind to phosphatidylethanolamine (PE) to form LC3-Il on the
autophagosome surface (Figure 1.3) (108, 117). Enhancement of LC3-I conversion to
LC3-Il results in the increased occurrence of autophagy. Detection of LC3-Il is thus a

valuable indicator for autophagy induction (118).
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Figure 1.3: Macroautophagy elongation and completion is dependent on the interaction between various components
and genes. ATG12 interacts with ATG7, ATG5 and ATG16L to produce a multimeric complex containing ATG12-
ATG5-ATG16L. LC3-ll is formed by a sequence of steps with LC3 interacting with ATG4, LC3-1 binds to ATG7 and
ATG3 and lastly with PE and subsequently LC3-1l is formed on the autophagosome surface (52, 110, 117).
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Autophagy is mediated by negative feedback mechanism since the final products
namely, amino acids, act as a negative feedback regulator (119). Furthermore,
serine/threonine kinase mTOR inhibition containing ULK1/2 triggers autophagy, even in
the presence of amino acids. mTOR is an upstream regulator of amino acid-dependent
suppression of autophagy (119). Inhibition of mMTOR-induced phosphorylation of ULK
and ATG13 releases ULK kinase activity (120, 121). mTOR serves as the major kinase
for two multiprotein complexes including mMTOR complex 1 and mTOR complex 2
(mTORC1/2). Regulatory-associated protein mTOR complex 1 (RAPTOR) is a
constituent of TORC1 and mTORC1. Rapamycin-insensitive companion of mTOR
complex 2 (RICTOR) is a component of mMTORC2. Activation of mMTORC1 results in
protein production using RPS6KBI, ribosomal protein S6 kinase polypeptide (SKK1)
and EIF4EBP1, eukaryotic translational initiation factor 4E binding protein 1 (4EBP1).
Studies suggest that mTORC2 initiates AKT activity using phosphorylation and
enhances hypoxia-inducible factor 1a (HIF-1a) (108). TORC1 activity is mediated by
TSC1, TSC2 and LKB1 that blocks mTOR activation by inhibiting small GTPase. AKT
regulates mTOR activity through phosphorylating and TSC2 downregulation, which in
turn impedes the function of the TSC1-TSC2 complex, promoting mTOR activation
(115).

Beclin 1 is the mammalian homologue of the yeast protein AGT14 (53). Beclin 1 forms
a complex with PI3K. Beclin 1 is a haploinsufficient tumor suppressor and inhibited by
anti-apoptotic proteins such as the BCL-2 family members (120). Beclin 1 forms a
heterodimer that is stabilised by BCL-2 anti-apoptotic members through the BCL-2-
homology domain 3 domain (108). This complex is present in the Golgi complex
indicating that it responsible for autophagy regulation through providing
phosphatidyllinositol 3-phosphate to the isolation membranes (119). Beclin 1 also
participates in proteolytic processing of procathepsin D from the Golgi apparatus to the
lysosomes (120). MCF7 breast epithelial adenocarcinoma cells expressing low Beclin 1
levels do not exhibit starvation-induced upregulation of autophagy. Beclin 1-regulated
rescue of starvation-induced autophagy in MCF-7 cells is subdued by Bcl-2 and Bcl-X,
expression (120).
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1.3.3.3 Microautophagy

Microautophagy is a term first used in 1966 and is defined as the degradation process
in which portions of the cytoplasm, organelles and intracellular components including
the macromolecules are directly taken up and internalised into the lysosomal matrix by
means of invaginations in the lysosomal membrane that provides intralysosomal
vesicles (121, 122). Lysosomal membrane invaginations are then pinched off and
degraded with the sequestered cytoplasm and cellular components (122). Dubouloz et
al. (2005) reported that rapamycin-sensitive mTOR signaling pathways positively
regulate proliferation in reaction to nutrient availability. mTOR depletion or treatment
with rapamycin demonstrated that cells were present in the quiescent phase (123).
Microautophagy is employed in fungi for selective organelle destruction for example
oleate-induced cells of Aspergillus nidulans indicated microautophagy induction of

peroxisomes during nutrient deprivation of (113, 124).

1.3.4 Mitotic catastrophe

‘Mitotic catastrophe’ was initially used to describe the lethal fate of cells compelled to
enter mitosis prematurely attributable to upregulated CDC2 (125). Mitotic catastrophe
refers to the consequence of inadequate mitotic checkpoints, tubulin-targeting agents
or unsuccessful cell cycle arrest prior to mitosis followed by DNA injury, resulting in

severe chromosomal abnormalities, segregation and finally cell death (125, 126, 127).

Mitotic catastrophe is a highly conserved response that occurs due to damaging agents
disrupting the mitotic spindle. For example, paclixatel treatment resulting in abnormal
metaphase accompanied with CDC2 activation leading to prolonged metaphase and
mitotic catastrophe is induced (102). In addition, mitotic catastrophe is another entry
point for apoptosis and necrosis (58, 126). Morphological hallmarks of mitotic
catastrophe include fragmented nucleus, the formation of multinucleated, giant cells
containing uncondensed chromosomes and micronucleation (58, 125). Multinucleated
cells are the result of two or more nuclei with heterogeneous sizes derived from an
incomplete division during cytokinesis and micronucleation occurs due to evenly

distributed chromosomes (58).
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As discussed earlier, the cell cycle comprises of various phases including the M phase
which involves mitosis (prophase, metaphase, anaphase and telophase) and
cytokinesis (125). The G, checkpoint is responsible for cell cycle arrest of abnormal or
damaged cells prior to its entrance into mitosis as DNA damage results in the release
of various agents leading to cell cycle arrest, apoptosis or DNA repair. However, if the
G2 checkpoint is defective the damaged cell enters mitosis prior to DNA damage can be
repaired (70). Impaired mitotic checkpoints and anti-tubulin compounds potentially
result in unscheduled CDC2 activation forcing the cell into mitosis (127). Mitotic cell
fusion with interphase cells produce mitotic catastrophe due to premature entry in
mitosis accompanied by incomplete S and G,. In addition, the G, checkpoint also
involves ATR, CHK1 and WAF1 resulting in DNA damaged cells and mitotic
catastrophe (95). An inhibitory spindle assembly checkpoint ‘wait-anaphase’ signal is
generated at unattached or inappropriately attached kinetochores. This signal arrives at

the APC/C resulting in the stabilization of securin and cyclin B (128).

1.3.5 Metabolic catastrophe

During the 1920s, Otto Warburg demonstrated that tumorigenic cells metabolize more
glucose to lactate when compared to non-tumorigenic cells (129, 130). Quantifying
lactate production and oxygen expenditure rates indicated that normal tissue inhibited
lactate production in the presence of oxygen. However, tumor tissue sustained lactate
production despite of oxygen availability. The latter is known as the Warburg effect
(129, 130).

Glycolysis is a vital cellular process where glucose is converted to pyruvate and 2 ATP
molecules. In non-tumorigenic cells pyruvate is transformed to acetyl coenzyme A that
enters the citric acid cycle and the product undergoes oxidative phosphorylation.
However, in cancer cells pyruvate is converted to lactate with tumor hypoxia and
hypoxia-inducible factor (HIF) playing a critical role in tumorigenesis, angiogenesis and
higher glycolysis levels (130). Hypoxia-inducible factor 1 (HIF-1) has been implicated in
angiogenesis-independent tumor proliferation by means of glucose metabolism and
biosynthetic pathways (131). Hypoxia is a well-known cause of HIF activation in tumors
since 50-60% of solid tumors containing hypoxic/anoxic tissues produced by an

imbalance between oxygen availability and oxygen consumption. HIF activates the
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expression of various pro-angiogenic genes including vascular endothelial growth factor
(VEGF), plasminogen activator inhibitor-1 (PAI-1), angiopoietins (ANG-1 and -2),
Platelet-derived growth factor B (PDGF-B) and matrix Metaloproteinases (MMP-2 and -
9) (132).

Several genes involved in glucose uptake and glycolysis are HIF-1 target genes
resulting in elevated lactate production and an increased acidotic environment due to
enhanced anaerobic glycolysis (133). Genes mediating glucose metabolism is
regulated by peroxisome proliferators-activator receptors (PPAR). During nutrient
deprivation PPAR and AMP-dependent protein kinase collaborate to trigger metabolic
catastrophe (134). Elevated glycolysis potentially produces mutations contributing to
enhanced cellular proliferation accompanied by a hypoxic tumorigenic environment.
Furthermore, signaling pathways enabling uncontrolled cellular proliferation also inhibit
autophagy leading to genomic instability and enhanced tumor development (135).
Constant PI3 kinase pathway activity and oxidative metabolism in tumorigenic cells

may also result in metabolic catastrophe (134, 135).

1.3.6 Oncosis

The term oncosis is derived from the Greek word ‘onco’ and refers to swelling and was
first used by von Recklinghausen in 1910 (136). Morphological characteristics of
oncosis include cellular swelling, membrane blebbing, vacuolization, protein denaturing
and increased membrane permeability with a non-specific DNA fragmentation pattern
(136, 137). Oncosis is a passive uncontrolled process triggered due to severe tissue
damage as a result of either ischemia, heat or toxic agents (136, 138). The molecular
signaling transduction of oncosis remains elusive, although autophagy, apoptosis and
oncosis possibly share common signaling pathways in the early cell death pathway. A
common stimulus induces cell death may also follow apoptosis, autophagy or oncosis
pathways depending on the energy and magnitude of the cell (139). Furthermore,
oncosis develops into necrosis within 24 h (136). The most popular proposed
mechanism responsible for oncosis is related to malfunctioning of ion pumps located at
the plasma membrane accompanied by reduced ATP levels (136, 140).

1.3.7 Necrosis
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Necrosis is defined as a passive energy-independent degradation process
accompanied with cellular alterations the cell experiences after cell death (141, 142).
Necrotic morphological hallmarks include cellular swelling, chromatin condensation,
chromatin devastation, nuclear fragmentation, cell membrane disruption, insignificant
cytoplasmic vacuoles, cytoplasmic blebs, swollen or injured mitochondria, ribosome
detachment, disrupted organelle membranes and disrupted lysosomes (56). Disruption
of the cell membrane results in release of cellular constituents into the surrounding
environment (56, 74). The latter responds by sending chemotatic signals resulting in
subsequent inflammation and cytokine release (70, 143). Several death domain
receptors, Toll-like receptors, CA2+, ceramide and the C-Jun N-terminal kinase
(JNK)/p38 pathway and TNF-R1 are involved in necrosis (70, 144).

1.3.8 Involvement of reactive oxygen species in cell death

Reactive oxygen species (ROS) refer to molecules produced from incomplete one-
electron reduction of oxygen (145). ROS are generated through the mitochondrial
electron transport chain, arachidonic acid metabolizing enzymes, lipoxygenase and
cyclooxygenase, cytochrome P450, xanthine oxidase, NAD(P)H oxidases, uncoupled
nitiric oxide synthase (NOS), peroxidase and hemoproteins. ROS include hydrogen
peroxide, superoxide, singlet oxygen, hydroxyl radicals, nitric oxide and hypocholorous
acid (146). Additionally, ROS are products of cellular metabolism and signaling
transduction including proliferation, senescence, apoptosis, autophagy and necrosis
(147, 148).

During standard physiological circumstances, a balance between ROS generation and
eradication is preserved. As ROS are hazardous, it must be eliminated by superoxide
dismutase, peroxidases and redox molecules (149). Reduction of oxygen produces
superoxide and may potentially be converted to several other ROS (148). Superoxide
dismutase catalyses superoxide producing hydrogen peroxide that is capable of

generating hydroxyl radicals in the presence of transitional metals (148).

Since the mitochondria are responsible for superoxide production that is capable of
producing various other ROS, the mitochondria are regarded as the major source of

ROS generation (149). Increased ROS levels result in oxidative stress leading to
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damaged nucleic acid, proteins and lipids and subsequent pathological conditions.
These damaged nucleic acid, proteins and lipids are responsible for chromosomal

instability, mutations and membrane injury contributing to tumorigenesis (148).

ROS generation is controlled by Ras on the transcriptional level. Once GATA binding
protein 6 (GATA-6) is phosphorylated at the serine residue by MEK-activated ERK,
GATA-6 DNA binding is facilitated. A site-directed mutation (PYA (120) P to PYA
(120)P) of GATA-6 eliminates the trans-activation activity which inhibits epithelial
colorectal adenocarcinoma cells (CaCo-2). In addition, NOX1 (homolog of the catalytic
subunit of the superoxide-generating NADPH oxidase of phagocytes, gp91phox) is
required for tumorigenic angiogenesis and transcription is enhanced by means of Ras

signaling (148).

Elevated ROS generation results in cytochrome c release that binds to apaf-1 in the
presence of dATP and ATP. This results in caspase 9 activation that induces apoptosis
(149). Myc is a transcription factor that regulates the expression of genes involved in
proliferation, metabolism and apoptosis. Previous research studies have indicated that
ROS generation can result in c-Myc activation and that c-Myc treatment can lead to
reduced ROS quantities (147).

Studies have reported mitochondrial ROS play an essential role in survival and cell
death by means of autophagy. Low ROS levels potentially promotes survival by
autophagy induction in order to redistribute intracellular resources under starvation,
while increased ROS production promotes controlled autophagic cell death when
survival is unachievable (150). Caspase inhibition leading to autophagic cell death
requires ROS accumulation, membrane lipid oxidation and impaired cell membrane
integrity (57). ROS is an integral part in the induction of autophagy due to nutrient
deprivation and involves Agt4 activity. Starvation results in hydrogen peroxide formation
that directly targets cysteine protease Agt4 contributing to ATG8 lipidation and
promoting autophagosome formation. Some studies have indicated that nerve growth
factor deprived neurons demonstrated ROS accumulation in the mitochondria and
subsequent autophagy induction (151). Furthermore, TP53-induced glycolysis and
apoptosis regulator (TIGAR) inhibit glycolysis and reduce ROS production. TIGAR
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regulates ROS generation in response to starvation and inhibits autophagy (146).

Induction of ROS production is thus a potential target for anticancer therapy.

1.4 Estradiol analogues as antimitotic agents

Antimitotic agents represent a class of anticancer drugs including taxanes and vinca
alkaloids which are both potent microtubule-disrupting agents (152, 153). Vinca
alkaloids including either vinblastine or vincristine that binds to the vinca tubulin domain
and either nocodazole or combretastatins that bind to the colchicine tubulin domain are
destabilizing agents resulting in inhibition of microtubule polymerization. Stabilizing
agents include taxanes, such as paclitaxel, docetaxel, and epothilones that enhance
tubulin polymerization (152). These agents target microtubuli that are part of the

microtubule network which are essential in cell proliferation (152, 153).

The endogenous metabolite of 17B-estradiol, 2-methoxyestradiol (2ME2) possesses
antiproliferative, antiangiogenic and antitumor in vitro and in vivo activity by targeting
tubulin for destruction (154). 2ME2 exerts antitumor activities; previous literature
revealed that its effects are biphasic, as well as dose- and cell line-dependent (155,
156, 157, 158, 159). 2ME2 has a low affinity for estrogen receptors; thus its
antiproliferating effect on cells is independent of the presence of estrogen receptors
(155). 2MEZ2 targets several proteins including cofactors of DNA replication and repair,
proliferating cell nuclear antigen (PCNA), cell division cycle kinases and regulators (p34
and cyclin B) and DR5 upregulation (154). Inhibition of cell proliferation mainly results
from the induction of apoptosis, since 2ME2 targets active proliferating cells thereby not
affecting quiescent cells (154, 155). Due to the above-mentioned in vitro effects, 2ME2
phase Il clinical trials for 2ME2 (Panzem™) was completed; however lacked sufficient

affectivity to continue to stage Ill trials (156).

Due to limited bioavailability and rapid metabolic degradation in vivo, several promising
analogues of 2ME2 were developed. 2-Methoxyestradiol-bis-sulphamate (2MEBM) is a
bis-sulphamoylated derivative of 2ME2 with antiproliferative activity that inhibits steroid
sulphatase (STS) activity (160, 161, 162). STS is accountable for the conversion of
estrogen sulphate to estrone. STS activity is elevated by (1000x) in breast tissues when

compared to aromatase activity (163). Estrone synthesis in breast tumor tissue is ten
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times higher via the sulfatase pathway (89%) when compared to the aromatase
pathway (63%) (164, 165, 166). The latter suggests that steroid sulfatase may have a

central role in the regulation of estrogen synthesis in breast tissues (163).

STS is one of twelve sulfatases that have been characterized in human cells. Seven of
these twelve STSs are present in lysosomes and play an essential role in the lysosome
function in an acidic environment where they are critical for glycoaminoglycan-and
sulpholipid degradation (167). The remaining five STS’s are involved with the
intracellular membranes and abide by a neutral pH (167). STS also assists in the
hydrolysis of oestrone sulphate to oestrone which contribute to oestradiol production in
breast tumor tissues (167, 168). STS participates in the conversion of
dehydroepiandrostene (DHEA) from DHEA-sulphate (162, 167). DHEA is found
significantly increased in tumorigenic breast tissue (166). Studies have shown that STS
MRNA expression is higher in malignant than in normal breast tissue and also
suggested that high levels of STS mRNA expression in breast tumors are associated
with poor prognosis (168). Androstenediol (adiol) is produced by the reduction of
DHEA. Adiol can bind to the estrogen receptors and stimulate breast cancer cell

growth. Adiol production is thus dependent on the sulfatase pathway (167, 168, 169).

Cancer cells are known to have a high rate of aerobic glycolysis and this in turn
contributes to the production excess lactic acid and a decrease in pH in the immediate
environment of the hyper proliferative neoplastic cells (170). The acidotic environment
contributes to metastatic processes associated with malignant cancers through
breakdown of the basement membrane and breachment into the circulation (171).
Carbonic anhydrases (CAs) are ubiquitous zinc-dependent metalloenzymes present in
vertebrates. Among the important physiological functions of CAs is the regulation of
acid/base homeostasis by controlling the COa/bicarbonate ratio (169). Two membrane
bound CA isozymes (IX and Xll) are overexpressed in many tumors and contribute to
the regulation and adaptation of cancer cells in acidotic environment (172). Both of
these isoenzymes are thus targets for drug design that could be specifically targeted
towards malignant cancer phenotypes with an abrogated acid/base homeostasis. In
addition, the estrogen 3-O-sulphamates are highly reversible inhibitors of carbonic

anhydrase IlI. The latter is most likely responsible for the high bioavailability of the
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sulphamoylated analogues as reversible uptake by red blood cells and interaction with
carbonic anhydrase Il ensures transiting the liver without undergoing first pass
metabolism (173, 174, 175).

Previous reports indicate that estrogen sulphamate analogues featuring a 2-methoxy,
2-ethyl, or 2-methyl sulphanyl group possess optimal antiproliferative activity (173, 174,
175). Compounds possessing a 2-methoxy, 2-ethyl, or 2-methyl sulphanyl group exert
potent antitumor activity due to their ability to interact sulphatase, carbonic anhydrase
and tubulin (174). The addition of the 3-O-sulphamate group to the original 2ME2
compound ensures more potent antiproliferative activity (10x) and also allows for
resistance to inactivating conjugation of the C-3 hydroxyl group to which the
corresponding estradiol derivatives are subject (173). Research studies conducted in
our laboratory demonstrated that addition of an ethyl group to position 2 and a
sulphamate group to position 3’ to give 2ME2 resulted in superior antiproliferative
activity in estrogen receptor negative breast metastatic cell line (MDA-MB-231),
estrogen receptor positive breast adenocarcinoma cell line (MCF-7), oesophageal cell
line (SNO) and cervical cell line (HeLa) in nanomolar concentration range and
significant antimitotic activity and apoptosis induction in the MDA-MB-231 cell line
(175).

However, 2ME2 possesses poor bioavailability when compared to its sulphamoylated
derivatives. Research conducted in our laboratory involved the in silico identification of
several sulphamoylated analogues of 2ME2. In silico identification of several antimitotic
sulphamoylated 2ME2 compounds was conducted by means of docking studies that
involved structures related to the binding to CAII, tubulin and CAIX to optimize
anticancer activity. Our research group thus has in silico-designed new and improved
estradiol analogues for tubulin-, kinesin motor protein and carbonic anhydrase (CA)
(CA I, IX, XII) binding affinity and subsequent detailed elucidation of each compound’s
biochemical pathway of signaling needs to be investigated to verify potential anticancer
activity in vitro to complement the improvement of analogues with therapeutic potential.
(175).
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The chemical modifications made by additions of the sulphamate groups, ethyl and the
methyl group merits investigation of possible in vitro anticancer activity exerted by (8R,
13S,14S5,17S)-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) (Figure 1.4). This project
investigated the differential in vitro effects on an adenocarcinoma receptor positive cell
line (MCF-7), estrogen receptor negative metastatic cell line (MDA-MB-231) and a non-

tumorigenic epithelial breast cell line (MCF-12A).

H, G IOH
1

2-Methoxyestradiol (B8R, 138, 145, 175)-2-Ethyl-13-methyl-
7,8,9, 11,1213, 14, 15, 16, 17-
decahydro-6H-cyclopenta[alphenanthrane-
3, 17-diyl bis(sulphamate) (EMBS)

Figure 1.4 (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) is a sulphamoylated analogue of 2ME2. Structural
differences between EMBS and 2ME2 are shown above. Structures were created by MH Visagie using ACD/
ChemSketch version 1101 released on 2007/10/19 (Advanced Chemistry Development, Inc., ACD/ Labs, Toronto,

Canada).

1.5 Relevance and aim of research project

This research project is regarded as a preclinical in vitro study and data cannot directly
be extrapolated to an in vivo environment. Scientific information gained from this
investigation contributes to establishing the mechanism of action used by EMBS in the
induction of cell death by investigating the biochemical pathways and in vitro effects of
EMBS on various targets in estrogen receptor positive and estrogen receptor negative
breast adenocarcinoma cell lines and a estrogen receptor negative non-tumorigenic

breast cell lines, paving the way for in vivo studies.
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The main aim is this research was to investigate differential cell signaling events
exerted by the sulphamoylated 2ME2 analogue , EMBS, in adenocarcinoma cell lines
(MCF-7 and MDA-MB-231) and the non-tumorigenic epithelial breast cell line (MCF-
12A) respectively by analyzing its influence on cell growth, cytotoxicity, metabolism,
redox reactions and energy transformation, morphology, cell cycle progression,
mitochondrial membrane potential, caspase activation, reactive oxygen species

generation and possible induction of apoptosis and autophagy.

1.6 Objectives

This knowledge involved an in silico-designed 17B-estradiol analogue with unknown
antiproliferative and antimitotic activity with possible induction of apoptosis and
autophagy. This study investigated the biochemical pathways of signaling events to
verify potential anticancer activity in vitro to complement the improvement of analogues
with therapeutic potential. Potential targets included in this project included lactate
dehydrogenase and metabolic activity, cell cycle progression, caspase activation,
reactive oxygen species production, p53 activation, bcl-2 regulation and cell death via

apoptosis and autophagy and the crosstalk between these modes of cell death.

In this study the differential in vitro signal transduction is exerted by EMBS in an
estrogen receptor positive breast adenocarcinoma cell line (MCF-7), an estrogen
receptor negative metastatic cell line (MDA-MB-231) and a non-tumorigenic breast

epithelial cell line (MCF-12A) were investigated by:

e to perform time- and dose dependent growth studies in order to determine the effect
of EMBS on cell numbers by means of spectrophotometry and xCELLigence real-time
label-independent approach

e to determine the effects of EMBS on lactate dehydrogenase production, redox
reactions and energy transformation by means of spectrophotometry.

e to study morphological changes induced by EMBS in tumorigenic and non-
tumorigenic cell lines with polarization-optical transmitted light differential interference
contrast, light microscopy (haematoxylin and eosin staining), fluorescent staining
(hoechst 33342, acridine orange and propidium iodide triple), transmission electron

microscopy and scanning electron microscopy techniques.
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¢ to determine the influence of EMBS on reactive oxygen species production.

e to investigate the effects that EMBS exerts on cell cycle progression, apoptosis and
autophagy.

e to demonstrate the influence of EMBS on the crosstalk between autophagy and

apoptosis
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Chapter 2

2. Materials and methods
2.1 Materials

2.1.1 Cell lines

MCF-12A is an estrogen receptor negative non-tumorigenic spontaneously

immortalised adherent human breast epithelial cell line (176). The MCF-12A cell line
was established from tissue taken at reduction mammoplasty from a nulliparous patient
with fibrocystic breast disease that contained focal areas of intraductal hyperplasia.
These cells are produced by long-term cultures and demonstrate luminal epithelial
morphology and forms domes in confluent cultures. The MCF-12A cells were a gift from
Professor Parker (Department of Medical Biochemistry, University of Cape Town,
South Africa). Cells were grown in sterile 25 cm? tissue culture flasks at a humidified
atmosphere at 37°C and 5% COj,. MCF-12A cells were cultured in growth medium
consisting of a 1:1 mixture of Dulbecco’s minimum essential medium eagle (DMEM)
and Ham’s-F12 medium, 20 ng/ml epidermal growth factor, 100 ng/ml cholera toxin, 10
pg/ml insulin and 500 ng/ml hydrocortisone, supplemented with 10% heat-inactivated
fetal calf serum (FCS) (56°C, 30 min), 100 U/ml penicillin G, 100 pg/ml streptomycin
and fungizone (250 pgl/l).

MCF-7 is an estrogen receptor positive human tumorigenic adherent breast epithelial
cell line that is derived from adenocarcinoma metastatic sites (176). MCF-7 cells are
able to process estradiol via cytoplasmic estrogen receptors and are capable of forming
domes and are positive for cytokeratin and negative for desmin, endothelin, GFAP,
neurofilament and vimentin. MCF-7 cells are commercially accessible from Highveld
Biological (Pty) Ltd (Sandringham, South Africa). These cells were grown and
maintained in 25 cm? tissue culture flasks in a humidified atmosphere at 37°C and 5%
COg, Dulbecco’s Minimum DMEM supplemented with 10% heat-inactivated FCS (56°C,
30 min), 100 U/ml penicillin G, 100 pg/ml streptomycin and fungizone (250 pg/l) was

used to propagate cells.

MDA-MB-231 is a triple negative tumorigenic breast cell line indicating that MDA-MB-
231 cells do not express receptors for steroid hormones (estrogen and progesterone),

type Il receptor tyrosine kinase (RTK) Her-2, but do possess upregulation of basal
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cytokeratins and epidermal growth factor response (177). The MDA-MB-231 cell line
was derived for adenocarcinoma metastatic site and is commercially available from
Microsep (Pty) Ltd. (Johannesburg, South Africa). Cells were grown and maintained in
25 cm? tissue culture flasks in a humidified atmosphere at 37°C and 5% CO, in DMEM
supplemented with 10% heat-inactivated FCS (56°C, 30min), 100 U/ml penicillin G, 100
Mg/ml streptomycin and fungizone (250 ug/l).

2.1.2 Reagents

All required reagents of cell culture analytical grade were purchased from Sigma (St.
Louis, United States of America) unless otherwise specified. DMEM, Trypsin-EDTA and
crystal violet were supplied by Sigma Chemical Co. (St. Louis, United States of
America). Heat-inactivated FCS, sterile cell culture flasks and plates were acquired
through Sterilab Services (Kempton Park, Johannesburg, South Africa). Penicillin,
streptomycin and fungizone were obtained from Highveld Biological Pty (Ltd)
(Sandringham, SA).

Phosphate buffered saline (PBS) was prepared by diluting a ten times concentrated
solution consisting of 80 g/l NaCl, 2 g/l KCI, 2 g/l KH,PO, and 11 5g/l Na;HPO,
(purchased from Merck (Munich, Germany)) to a 1 times concentrated solution. Diluted
PBS solution was autoclaved (20 min, 120°C, 15psi) before use (Sterilizer
Technologies CC, South Africa).

EMBS was synthesized by iThemba Pharmaceuticals (Pty) Ltd. (Modderfontein,
Gauteng, South Africa), since this compound is not commercially available. Stock
solutions of EMBS were prepared with a concentration of 10 mM and were stored at
4°C. Appropriate controls were used in each experiment and included controls where
cells were propagated in growth medium and vehicle-treated controls where media of
all control experiments were supplemented with an equal volume of dimethyl sulfoxide
(DMSO). The DMSO content of the final dilutions never exceeded 0.05% (v/v) (178,
179). Vehicle controls containing and growth medium, as well as positive controls for
apoptosis- and autophagy were included.
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Aseptic techniques were applied throughout, with all work being conducted in a laminar
flow cabinet from Labotec (Midrand, South Africa). Solutions were filtered-sterilized
(0.22 ym pore size) and all glassware and non-sterile equipment were sterilized by

autoclaving (20 min, 120°C, 15psi).

2.2 Generalised methods followed for experiments

For experiments, cells were seeded in a 96-well (5 000 cells per well) tissue culture
plates, on heat-sterilized coverslips in 6-well culture plates (350 000 cells per well) or in
25 cm? tissue culture flasks (500 000 cells per flask). Cells were incubated for 24 h to
allow for attachment after which medium was removed and cells were exposed to
EMBS appropriate concentrations ranging from 0.2-1 pM including vehicle-treated
controls and incubated for 24 h at 37°C. These conditions were selected since previous
studies in our laboratory have demonstrated successful antiproliferative activity in
tumorigenic cell lines within this [0.2-1 uM] series. Sample controls for apoptosis- and
autophagy were also included. Actinomycin D (0.1 ug/ml in the growth medium) was
used as a positive control for apoptosis. Controls for autophagy consisted of cells that

were starved (1:3 ratio relative to growth medium: phosphate buffered saline (PBS)).

Cells were harvested by tripsinization and counted by making use of a
haemocytometer. Suspended cells (20 pl) where mixed with 80 ul PBS, 20 ul of that
solution was then resuspended in 20 ul trypan blue to provide a concentration of cells
with a dilution factor 10 X. Dead cells take up the dye and are consequently stained

blue, which is then left uncounted.

The number of viable cells per ml was determined by:
Cells/ml = Average count of viable cells in corner squares in haemocytometer x dilution

factor x 10*

2.3 Analytical protocol for experiments

2.3.1 Antiproliferative activity

2.3.1.1 Spectrophotometry (crystal violet)

Crystal violet is a method used to determine cell number by staining DNA (180).

Staining cell nuclei of fixed cells with the triphenylmethane cationic dye, crystal violet
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allows for rapid, accurate and reproducible quantification of cell numbers in cultures
grown in 96-well plates. Crystal violet thus allows for the quantification of the cell
number in monolayer cultures as a function of the absorbance of the dye taken up by
the cells (180, 181, 182). Quantification is possible by solubilising the absorbed dye into
a solution of triton X-100 and determining optical density using spectrophotometry.
Absorbance of the dye measured spectrophotometrically at 570 nm corresponds to cell
numbers (179, 180, 181).

A time-dependent study was conducted with time intervals of 24 h, 48 h and 72 h. A
dose-dependent study was conducted with a concentration range of 0.2 uyM - 1 uM
since previous studies conducted by our collaborators in Grenoble, France and
conducted in our laboratory (Department of Physiology, South Africa) demonstrated
successful anticancer activity within this concentration range (175).

A) Materials

Glutaraldehyde, crystal violet and triton X-100 were purchased from Merck (Munich,
Germany).

B) Methods

Crystal violet staining was conducted according to Visagie et al. (2010) (178).
Exponentially growing MCF-7, MDA-MB-231 and MCF-12A cells were seeded in 96-
well tissue culture plates at a cell density of 5 000 cells per well. Cells were incubated
at 37°C for 24 h to allow for attachment. Medium was discarded and cells were
exposed to a 0.2-1 yM EMBS concentration series for 24 h, 48 h and 72 h respectively
37°C. A baseline was also included, seeded in a separate 96-well plate and cells were
stained before exposure to determine the starting number. Cells were fixed with 100 pl
of 1% gluteraldehyde and incubated for 15 min at room temperature. Subsequently,
glutaraldehyde was discarded and cells were stained using 100 pl 0.1% crystal violet
(incubated at room temperature for 30 min). The crystal violet solution was discarded
and the 96-well plate was submersed under running water. Crystal violet dye was
solubilized using 200 pl 0.2% triton X-100 and incubated at room temperature for 30
min. The solution (100 pl) was transferred to a new microtitre plate. Afterwards, the
absorbance was read at 570 nm using an EL,800 Universal Microplate Reader (Bio-

Tek Instruments Inc., Vermont, United States of America).
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2.3.1.2 xCELLigence real-time label-independent approach

Real-time cell electronic awareness based on impedance determination is used in cell
biology to monitor cell proliferation (176, 183). The xCELLigence method is a system
based assay developed by Roche Applied Science (Penzberg, Germany) to
demonstrate cell growth, adhesion and morphology in real-time utilizing a label-
independent manner and was employed to confirm whether the dosage exerts optimal
antiproliferative activity (176). This system measures electrical impedance across the
micro-electrodes integrated on the bottom of tissue culture 96-well plates therefore
allowing real-time and continuous cellular analysis as cells attach and proliferate. The
change in impedance was expressed as the cell index and is an indication of cell
number, cellular attachment and morphology. By plotting cell index values over time, a
precise real time cellular analysis profile was generated (183).

A) Materials

The xCELLigence system which includes the real-time cell analyzer (RTCA) SP
Station, RTCA Analyzer and RTCA Control Unit created by ACEA Biosciences, Inc.
(San Diego, United States of America), were kindly provided by Roche Products (Pty)
Ltd. (Randburg, Johannesburg, South Africa) as a demonstration model and disposable
E-Plate 96 microtitre plates were purchased from Roche Products (Pty) Ltd. The e-plate
96 is a specialized disposable device that differs from the standard 96-well plate by the
incorporation of gold cell sensor arrays in the bottom of each well that allows for the
measurement of electrical impedance created by cellular events (184). This is
accomplished by sensor electrodes that measure impedance to allow for physiological
changes on cellular level on the electrodes. Approximately 80% of the wells are coated
by the circle-on-line electrodes which are optimised for 15-40°C with relative humidity
98% without condensation (184).

B) Method

The RTCA SP Station was connected to the RTCA control unit and the xCELLigence
system was tested by Resistor plate verification prior to placing the xCELLigence
system inside the incubator at a humidified atmosphere at 37°C and 5% CO,.
Background quantification was done by adding 100 ul of the appropriate growth
medium to the wells and subsequently the plate was calibrated using RTCA software
package 1.2. Cells were seeded at 5 000 cells per well and was then placed on a

rotator for 30 min at room temperature and samples were placed in the xCELLigence
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system that was linked to the incubator in a humidified atmosphere at 37°C and 5%
CO, (176, 184). The xCELLigence system monitored cell adhesion and proliferation for
24 h to allow for attachment. Thereafter, cells were exposed to 0.2-1 yM EMBS
concentration series. As the cells were proliferating, the electrical impendence created
by the cells were converted to cell index values corresponding to each well. Cell index
values are directionally proportionate to cell number, size and attachment (176).

Subsequently, cell adhesion and proliferation were determined for the next 72 h.

2.3.2 Cell viability and metabolism

2.3.2.1 Spectrophotometry (quantification of lactate dehydrogenase)

Lactate dehydrogenase (LDH) is a soluble cytosolic enzyme that catalyzes the
interconversion of lactate and pyruvate. LDH cannot be measured extracellularly unless
the cell membrane has been damaged (178). Cells release LDH during injury or cell
damage, following the loss of membrane integrity consequential from either apoptosis
or necrosis. LDH activity can therefore be used as an indicator of cell membrane
integrity and serves as a general means to assess cytotoxicity resulting from exposure
to chemical compounds. This LDH colorimetric assay is based on the reduction of the
tetrazolium salt 3-(4,5-dimethylthiazol-2-Y1)-2,5-diphenyltetrazolium bromide (MTT) in a
NADH-coupled enzymatic reaction to a reduced form of MTT which exhibits an
absorption maximum at 565 nm. The purple colour intensity is directly proportional to
the enzyme activity.

A) Materials

Lactate dehydrogenase assay kit was supplied by BIOCOM biotech Pty (Ltd)
(Clubview, Gauteng, South Africa).

B) Methods

Cells were seeded in 96-well plates at a cell density of 5 000 cells per well with an
overnight attachment policy (incubated at 37°C at 5% CO,). Subsequently, cells were
exposed to EMBS. Various controls were included in the experiment according to the
supplier's manual. The background control consisted of growth medium only and
represents the LDH represent in the growth medium. The low control referred to cells
resuspended in growth medium referring to the LDH released by unexposed cells in
propagated in growth medium (178). The high control contained cells resuspended in

growth medium with cell lysis solution added to the cells shortly before the experiment
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is terminated (according to the manufacturer’s instructions). Medium (200 ul) was
transferred and centrifuged at 5 000 revolutions per min (rpm) for 10 min. Afterwards,
10 pl was transferred to a clear 96-well plate. LDH reaction mix (100 pl) (mixed
according to the kit pamphlet instructions) was added to the sample. After 90 min of
incubation at room temperature, the absorbance was read at 460 nm, with a reference
wavelength of 630 nm by means of EL800 Universal Microplate Reader (Bio-Tek

Instruments Inc., Vermont, United States of America).

2.3.2.2 Spectrophotometry (NAD*/NADH and NADP*/NAPPH quantification)

Energy transformation induced by EMBS was evaluated by quantifying NAD*/NADH
and NADP*/NADPH. In the salvage pathway nicotinamide and nicotinic acid are
converted to nicotinamide mononucleotide (NMN) or nicotinic acid mononucleotide
(NaMN) by means of the phophoribosyl transferases (186). NMN and NaMN are then
converted to NAD" and NaAD. The latter is converted to NAD" by utilizing NAD*
synthase. In the de novo pathway quinolinic acid generated from L-tryptophan
(mammals) or L-aspartate (plants) is converted to NaMN by quinolinic acid
phosphoribosyltransferase. NaMN is then converted to NAD" by means of NAD*
synthase (186).

NAD" is required for the production of NADH, NADP" and NADPH (149, 185, 186).
NADP™ acts as a precursor for the formation of NADPH. Major biological functions of
NAD" involve cellular respiration, acting as an electron source in the biosynthesis of
fatty acids, steroids and DNA, being a substrate of NADPH oxidase that generates RO
and calcium homeostasis (186). Calcium homeostasis is mediated by NAD" by means
of production of cyclic ADP-ribose that inhibits ryanodine receptor-mediated calcium
channels and activates the melastin-related transient receptor potential (TRPM2)

resulting in calcium influx.

NADPH is of vital importance in neutralizing hydrogen peroxide, reactivating catalase
and is involved in the conversion of glutathione disulfide (GSSG). The latter is
imperative for the functioning of several antioxidant enzymes (glutathione peroxidase
and glutathione S-transferase). Cellular metabolism is dependent on NAD" and NADH,

since NADH is an electron donor for the electron transport chain. NAD® acts as
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coenzyme in three rate-limiting steps in the tricarboxylic acid cycle. NAD" is a cofactor
for the glycolytic enzyme GAPDH and NAD" also modulates the pyruvate conversion to
lactate. NADH is capable of inhibiting the voltage-dependent anion channels (186).

A) Materials

NAD'/NADH quantification kit and NADP*/NAPPH quantification kits were acquired
from BIOCOM biotech Pty (Ltd) (Clubview, Gauteng, South Africa).

B) Methods

NAD*/NADH quantification

Cells were seeded at a density of 500 000 cells per 25 cm? flask and were incubated
overnight. Afterwards cells were exposed EMBS for 24 h. Cells were trypsinized and
resuspended in 1 ml growth medium. Cells were counted and 200 000 cells were
utilized for each assay. Cells were extracted by adding 400 ul NADH/NAD™ extraction
buffer. Samples were left on ice for 20 min and then for 10 min at room temperature.
The freeze/thaw cycle was repeated twice. Samples were votexed for 10 s and
thereafter centrifuged at 14000 rpm for 5 min. The extracted NADH/NAD" supernatant
were transferred to a new tube. Using NADH standards provided by the NAD*/NADH
quantification kit, a standard curve was created (according to supplier’s instruction).
Extracted samples (50 ul) were transferred into a sterile 96-well plate. Remaining
extracted samples were left in a water bath at 60°C for 30 min and centrifuged (2000
rom). Decomposed samples (50 pl) were transferred in duplicate to sterile wells. NAD
cycling mix (100 pl) (mixed according to supplier’s instructions) was added to samples
and incubated for 5 min at room temperature. NADH developer (10 ul) was
subsequently be added to all samples. After 60 min the absorbance was determined at
450 nm.

NADP*/NADPH quantification

Cells (500 000) were seeded in a 25 cm? flask incubated overnight. Subsequently, cells
were exposed EMBS and appropriate controls were included. After 24 h cells were
trypsinized and resuspended in 1 ml growth medium. Cells were counted in order to
obtain 100 000 cells per assay. NADP*/NADPH extraction buffer (400 ul) was added;
samples were left on ice for 20 min and then for 10 min at room temperature. This
procedure was repeated twice. Samples were votexed for 10 s and thereafter
centrifuged at 14000 rpm for 5 min. The extracted NADPH/NADP" supernatant was
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transferred to a new tube. Using NADPH standards provided by the NADP*/NADPH
quantification kit, a standard curve was created (according to supplier’s instruction).
Extracted samples (50 pl) were transferred into a sterile 96-well plate. Remaining
extracted samples were left in a water bath at 60°c for 30 min and then centrifuged
(2000 rpm). Decomposed samples (50 pl) were transferred in duplicate into sterile
wells. NADP cycling mix (100 pl) (mixed according to supplier’s instructions) was added
to all samples and incubated for 5 min at room temperature. NADPH developer (10 ul)
was added to all samples. After 60 min, absorbance was read at 450 nm on the EL,800
Universal Microplate Reader available from Bio-Tek Instruments Inc. (Vermont, United

States of America).

2.3.3 Morphology

2.3.3.1 Polarization-optical transmitted light differential interference contrast
Polarization-optical transmitted light differential interference contrast (PlasDIC) is a
contrast method used to view morphology. Unlike conventional differential interference
contrast (DIC), linearly polarized light is only generated after the objective. PlasDIC is a
system produced by Zeiss, which is made out of a slit aperture in the condenser front
focal plane, a combination of polarizer (polarizers that are cemented to the Wollaston
prisms), prism and analyzer that is interleaved in the objective back focal plane (BFP)
(53, 54). PlasDIC displays the required phase profile which is relative to the product of
the section thickness and the refractive index difference between the environment and
the average refractive index of quartz. PlasDIC has high-quality DIC imaging of
individual cells, cell clusters and thick individual cells in plastic cell-culture vessels
possible for the first time (178, 179).

A) Materials

No additional material required

B) Methods

Cells were photographed before and after exposure using the Axiovert 40 CFL

microscope (Carl Zeiss, Goettingen, Germany).

2.3.3.2 Light microscopy (haematoxylin and eosin staining)
Haematoxylin and eosin staining method was used to determine the in vitro influence of

EMBS on cell morphology and mitotic indices were determined. Haematoxylin and
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eosin staining allows for the identification of different mitotic phases and interphase
(178, 179). In addition, apoptotic- and autophagic characteristics were also identified.
This staining technique therefore provides qualitative and quantitative information.
Haematoxylin is a natural compound originating from haematoxylin campechianum.
Haematoxylin is oxidised, forming haematein and combines with aluminium ions to
produce its staining capability (187). Positively-charged metal-haematein binds to the
negatively charged phosphate pertaining to the cell nucleus and stains it blue. Eosin is
fortified with ploxine to enhance the staining (187).

Materials

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

Method

Cells (500 000) per well were seeded on sterile coverslips in 6-well plates and
incubated overnight. Cells were then exposed to EMBS for 24 h and the appropriate
controls respectively. Coverslips were transferred to staining dishes and cells were
fixed with Bouin’s fixative for 30 min. Bouin’s fixative was discarded and 70% ethanol
was added for 20 min to coverslips at room temperature before they were rinsed with
tap water. Mayer's haematoxylin was added to the coverslips for 20 min. Coverslips
were rinsed with tap water for 2 min. Afterwards 70% ethanol was added to the
coverslip followed by 1% eosin for 5 min. Eosin was discarded and coverslips were
consecutively rinsed twice for 5 min with 70%, 96%, 100% and xylol. Coverslips were
mounted on microscope slides with resin and left to dry. Photos were taken with a Zeiss
Axiovert MRc microscope (Zeiss, Oberkochen, Germany). Mitotic indices were also
determined from the haematoxylin and eosin-stained cells. Quantitative data for mitotic
indices were obtained by counting 1000 cells on each slide of the biological triplicates
and expressing data as a percentage of cells in each phase of mitosis, interphase and
abnormal cells. Distinction was made between mitotic cells (prophase, metaphase,
anaphase and telophase), cells present in interphase and abnormal cells which

displayed hallmarks of apoptosis and autophagy (178).

2.3.3.3 Transmission electron microscopy
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Transmission electron microscope (TEM) was used to view and identify chromatin
condensation, nuclear fragmentation, membrane blebbing and apoptotic bodies formed
by apoptosis. TEM was conducted to identify characteristics of autophagy, namely the
autophagic vacuolization of the cytoplasm. These vacuoles are large double-membrane
vesicles containing degenerating sequestered cytoplasmic constituents (188, 189).
Apoptotic characteristics were also noted such as rounding of the cell, retraction of
pseudopodes, cytoplasmic and nuclear condensation (pyknosis), chromatin
condensation, nuclear fragmentation (karyorrhexis), plasma membrane blebbing and
engulfment by resident phagocytes (188, 189).

A) Materials

Aqueous osmium tetroxide, glutaraldehyde, phosphate buffer quetol, Reynolds’ lead
citrate, aqueous uranyl acetate were purchased by the Electron Microscopy Unit of the
University of Pretoria from Merck Co. (Munich, Germany). The JOEL JEM 2100F
transmission electron microscope (Electron Microscopy unit, University of Pretoria,
South Africa) was used for viewing the prepared samples.

B) Methods

Cells were seeded in a 25 cm? flask at a density of 500 000 cells per flask with an
overnight attachment policy. Subsequently, medium was discarded and cells were
exposed to EMBS and appropriate controls were included. After 24 h, cells were
trypsinized and resuspended in 1 ml medium. Cells were then fixed with 2.5%
glutaraldehyde in 0.075 M phosphate buffer for 1 h, rinsed thrice with 0.075 M
phosphate buffer, fixed with osmium tetroxide for 30 min, rinsed thrice with distilled
water and dehydrated with increasing ethanol concentrations (30%, 50%, 70%, 90%,
and 100%). Cells were then infiltrated with 50% quetol in ethanol for 1 h and then with
100% quetol for 4 to 6 h (178, 179). Ultra-thin sections were prepared using a
microtome and contrasted by means of 4% uranyl acetate-staining for 10 min and
rinsed with water. Images were taken using TEM (Electron Microscopy Unit, University

of Pretoria, Pretoria, South Africa).

2.3.3.4 Scanning electron microscopy
Scanning electron microscopy (SEM) was used where high resolution images
demonstrated the effects of EMBS on external morphology. The sample is coated by a

layer of electron dense material where electrons are emitted from a cathode and are
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accelerated towards an anode. After emission, low secondary electrons initiated within
a few nanometers from the exterior and are detected by means of a scintillator-
photomultiplier. The resulting signal is rendered into a two-dimensional intensity
distribution that can be viewed as a digital image (190, 191).

A) Materials

Aqueous osmium tetroxide, glutaraldehyde, phosphate buffer and gold were purchased
by the Electron Microscopy unit of the University of Pretoria from Merck Co. (Munich,
Germany). The Cryo- Scanning electron microscope (JEOL 840 with Cryostage) of the
Electron Microscopy Unit (University of Pretoria, Pretoria, South Africa) was utilised for
viewing the samples.

B) Methods

MCF-7, MDA-231 and MCF-12A cells were seeded at 500 000 cells per well on heat-
sterilized coverslips in 6-well plates. After 24 h attachment, cells were exposed to
EMBS and incubated for 24 h. Cells were fixed in 2.5% glutaraldehyde in 0.075 M
phosphate buffer for 1 h and rinsed 3 times for 5 min each with 0.075 M phosphate
buffer. Cells were fixed in 0.25% aqueous osmium tetroxide for 30 min and rinsed three
times in distilled water in a fume cupboard. Samples were dehydrated with increasing
concentrations of ethanol (30%, 50%, 70%, 90%, 100%, 100%, 100%). Samples were
dried utilizing critical point drying whereby the samples are mounted in a chamber and
liquid Carbon dioxide (CO;) was supplied to the chamber until it is full. Ethanol was
then expelled from the chamber by opening a valve and thereby releasing CO,
dissolved ethanol. The valve was closed and the sample was left in liquid CO, for 1 h.
The vessel was then warmed to 34°C so that the CO, became a gas. Pressure was
released slowly and the sample was completely dried. The dried coverslips were
mounted on a stub and sprayed with a thin layer of gold. The samples were viewed with
a Cryo-SEM (JEOL 840 with Cryostage).

2.3.3.5 Fluorescent microscopy (apoptosis, autophagy and necrosis detection)

A triple staining fluorescent microscopy method was employed to visualize induction of
autophagy by EMBS. Autophagy literally means ‘self-eating when translated from the
original Greek word (192). Autophagy is the evolutionary conserved multistep
lysosomal pathway by which the cellular components are disintegrated to sustain an

equilibrium of synthesis and degradation in the metabolism of eukaryotic cells (193,
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194). This triple staining method included utilising propidium iodide, hoechst 33342 and
acridine orange. Propidium iodide is a fluorescent dye that is unable to penetrate an
intact membrane and therefore stains the nucleus of cells that have lost their
membrane’s integrity due to necrotic processes (195). Hoechst 33342 is a fluorescent
dye that can penetrate intact cell membranes of viable cells and cells undergoing
apoptosis and stain the nucleus (196). Acridine orange is lysosomotropic fluorescent
compound that moves freely across cell membranes when uncharged. However,
acridine orange accumulates in its protonated form in acidic compartments and thus
serves as a tracer for acidic vesicular organelles including autophagic vacuoles and
lysosomes (194).

A) Materials

Acridine orange, bisbenzimide (Hoechst 33342) and propidium iodide were purchased
from Sigma-Aldrich (St. Louis, United States of America).

B) Methods

Cells (300 000) were seeded in 6-well plates and incubated overnight. Cells were
exposed to EMBS for 24 h. Hoechst 33342 solution (0.5 ml) (3.5 yg/ml in phosphate
buffered saline (PBS)) was added to the medium to provide a final concentration of 0.9
MM and cells were incubated for 25 min at 37°C. Subsequently, 0.5 ml of acridine
orange solution (4 yg/ml in PBS) was added to the medium to give a final concentration
of 1 ug/ml. Samples were incubated for 5 min at 37°C and 0.5 ml of propidium iodide
solution (40 ug/ml in PBS) was added to the medium to provide a final concentration of
12 pM. Cells were washed three times with PBS. Photos were taken with appropriate
filters in a dark room to prevent quenching. A Zeiss Axiovert CFL40 microscope and
Zeiss Axiovert MRm monochrome camera (Zeiss, Oberkochen, Germany) were used
employing a Zeiss filter 2 for Hoechst 33342 stained (blue) cells and a Zeiss filter 9 for
acridine orange-stained (green) cells and a Zeiss filter 15 for propidium iodide-stained

(red) cells.

2.3.4 Flow cytometry and ethanol fixation (cell cycle progression)

Flow cytometry was employed to measure the DNA content of cells exposed to EMBS
and control cells to monitor the effect on cell cycle progression of MCF-7, MDA-MB-231
and MCF-12A cells. The latter was accomplished by means of ethanol fixation and

propidium iodide staining of cells. Propidium iodide determined the amount of DNA in

70



attendance correlating with stages of the cell cycle during cell division (175). In flow
cytometry a laser beam of a single frequency 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 (FSC))
and several perpendicular to it side scatter (SSC) and one or more fluorescent
detectors (197). Each suspended particle passing through the beam scatters the light.
Fluorescent chemicals in the particle may be excited into emitting light at a lower
frequency than the light source (198). This combination of scattered and fluorescent
light is detected by the detectors. By analyzing fluctuations in brightness at each
detector (one for each fluorescent emission peak) it is possible to deduce the size,
quantity and fluorescent intensity (DNA content when stained with propidium iodide) of
cells. FSC correlates with cell volume and SSC depends on inner complexity of the
particle e.g. amount of DNA, shape of nucleus, etc.

A) Materials

99.9% ethanol was supplied by Merck Co. (Munich, Germany). Propidium iodide was
purchased from Sigma-Aldrich (St. Louis, United States of America).

B) Methods

Exponentially growing MCF-7, MDA-MB-231 and MCF-12A cells were seeded at 500
000 cells per 25 cm? flask. After 24 h attachment, cells were exposed to EMBS. Cells
were trypsinized and resuspended in 1ml growth medium. Cells (1x10°) were
centrifuged for 5 min at 300 x g. The supernatant was discarded and cells were
resuspended in 200 ul of ice-cold PBS containing 0.1% FCS. Ice-cold (4 ml) 70%
ethanol was added in a drop wise manner and cells were stored at 4°C for 24 h. After
24 h, the cells were pelleted by centrifugation (300 x g) for 5 min. The supernatant was
removed and cells were resuspended in 1 ml of PBS containing propidium iodide (40
pug/ml) and incubated at 37°C and 5% CO; for 45 min. Propidium iodide fluorescence
(relative DNA content per cell) was measured with a fluorescence activated cell sorting
(FACS) FC500 System flow cytometer (Beckman Coulter South Africa (Pty) Ltd)
equipped with an air-cooled argon laser excited at 488 nm. Data from at least 10 000
events were analyzed with CXP software (Beckman Coulter South Africa (Pty) Ltd).
Data from cell debris (particles smaller than apoptotic bodies) and clumps of 2 or more
cells were removed from further analysis. Cell cycle distributions were calculated with
Cyflogic 1.2.1 released 2008/11/19 (Perttu Terho & Cyflo Ltd) by assigning relative
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DNA content per cell to sub-G4, G4, S and G,M fractions. Propidium iodide molecules
emit light at 617 nm therefore, data obtained from the log forward scatter detector nr 3

(FL3 log, detects 600 nm emissions) were represented as histograms on the x-axis.

2.3.5 Apoptosis

2.3.5.1 Flow cytometry utilizing annexin V- fluorescein isothiocyanate

The presence of apoptosis was evaluated and quantified using flow cytometry in
combination with Annexin V-fluorescein isothiocyanate (FITC). One of the earliest
indications of apoptosis is the externalization of the membrane phospholipid
phosphatidylserine (PS) layer of the plasma membrane. Once exposed to the
extracellular environment, binding sites on PS become available for Annexin V, a 35-36
kDa, Ca?*-dependent, phospholipid binding protein with a high affinity for PS. Annexin
V-FITC binds in the presence of calcium ions with high affinity to the negatively charged
phospholipids including phosphatidylserine (199, 200). Viable cells preserve an
asymmetric division of several phospholipids between inner- and outer leaflets of the

plasma membrane (201).

Phosphatidylserine is mainly located in the inner membrane leaflet facing the cytosol. In
apoptosis the calcium-dependent phospholipids scramblase activity is activated which
results in the scrambling the aminophospholipids over the inner and outer membrane
leaflets (199, 200). The latter leads to the loss of the plasma membrane asymmetry and
the externalization of the phosphatidylserine layer of the cell membrane (199).
Aminophospholipid flippase is responsible for the externalization of phosphatidylserine
and phosphatidylethanolamine that provide binding sites for Annexin V (199).
Propidium iodide was excluded from the plasma membrane of viable cells and only
entered and stained the DNA of unviable cells (199). Thus Annexin V-FITC in
conjunction with propidium iodide utilizing flow cytometry allowed identification of
different stages of apoptosis (early and late) and necrosis.

A) Materials

The Annexin V-FITC Kit was purchased from BIOCOM biotech Pty (Ltd) (Clubview,
Gauteng, South Africa).

B) Methods
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Exponentially growing MCF-7, MDA-MB-231 and MCF-12A cells were seeded at
500 000 cells per 25 cm? flask. After 24 h attachment, cells were exposed to EMBS.
Cells were trypsinized and 1 x 10° cells were resuspended in 1 ml of 1x Binding Buffer
and centrifuged at 300 x g for 10 min. The supernatant was removed and cells were
resupended in 100 pyL of 1x Binding Buffer. Annexin V-FITC (10 ul) was added and
samples were incubated for 15 min in the dark at room temperature. After 15 min, cells
were washed by adding 1 ml of 1x Binding Buffer and thereafter cells were centrifuged
at 300 x g for 10 min. The supernatant was pipetted off and cells were resuspended in
500 ul of 1x Binding Buffer solution. Immediately prior to analysis, 5 ul of propidium
iodide (100 ug/ml) was added and gently mixed. Propidium iodide fluorescence (oncotic
cells) and annexin V fluorescence (apoptotic cells) were measured with FACS FC500
System flow cytometer (Beckman Coulter South Africa (Pty) Ltd) equipped with an air-
cooled argon laser excited at 488 nm. Data from at least 10 000 events were analyzed
with CXP software (Beckman Coulter South Africa (Pty) Ltd). Data from cell debris
(particles smaller than apoptotic bodies) and clumps of 2 or more cells were removed
from further analysis. Propidium iodide molecules emit light at 617 nm and FITC emit at
530 nm therefore, data obtained from the log forward scatter detector nr 1 (FI Lin,
detects 515-545 nm emissions) and the log forward scatter detector nr 3 (FI3 Lin,
detects 600 nm emissions) were represented as a single dot-plot. FL3 log (propidium
iodide) was represented on the x-axis and FL1 log (FITC) was represented on the y-
axis. The FL3 log/FL1 log dot-plot was divided into for quadrants. The bottom-left
quadrant was assigned to measure the viable cells, top left quadrant was assigned to
cells in the early stages of apoptosis, the top-left quadrant was assigned to cells
undergoing late apoptosis and the bottom-right quadrant was assigned to cells in the
late stages of apoptosis which have become necrotic. Distributions of cells within the
quadrants were calculated with Cyflogic 1.2.1 released 2008/11/19 (Perttu Terho &
Cyflo Ltd).

2.3.5.2. Flow cytometry (mitochondrial membrane potential)

The mitocapture mitochondrial kit provided quantitive information apoptosis information
where a cationic dye, 5,5’,6,6’-tetrachloro-1,1",3,3'-
tetraethylbenzimidazolylcarbocyanine iodide was used to detect the loss of the

mitochondrial membrane potential. The reduction of the mitochondrial membrane
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potential is an early feature during apoptosis due to the loss of the electrochemical
gradient across the mitochondrial membrane (202). The mitochondrial membrane
potential is dependent upon the mitochondrial permeability transition pore (PTP). The
PTP consists of adenine nucleotide translocator protein, the voltage dependent anion
channel, benzodiazepine receptor and cyclophilin D. The opening of PTP results in
mitochondrial swelling and subsequent rupture of the intermembrane space leading
cytochrome c¢ release and apoptosis induction (203). In healthy cells, the dye
concentrated in the mitochondrial matrix that formed red fluorescent aggregates. In any
event that reduces the mitochondrial potential, such as apoptosis induced by
sulphamoylated 2ME2 analogues, the dye remained in the cytoplasm in a green
fluorescent monomeric form. The intensity of the fluorescence in cells was measured
by cytometry analysis.

A) Materials

MitoCaptureTM Mitochondrial Apoptosis Detection Kit was purchased from BIOCOM
biotech Pty (Ltd) (Clubview, South Africa).

B) Methods

Exponentially growing MCF-7 and MCF-12A cells were seeded at 500 000 cells per 25
cm? flask. After 24 h of attachment, medium was discarded and cells were exposed to
EMBS and incubated for 24 h. Cells were trypsinized and centrifuged at 13 000 x g and
resuspended in 1ml of diluted Mitocapture solution (1 pl mitocapture: 1 ml pretreated
incubation buffer). Cells were incubated at 37°C, 5% CO, for 20 min and centrifuged
thereafter at 500 x g. The supernatant was discarded, cells were resuspended in 1ml of
prewarmed incubation buffer at 37°C. Cells were analyzed immediately after following
the above-mentioned step using fluorescence activated cell sorting (FACS) FC500
System flow cytometer (Beckman Coulter South Africa (Pty) Ltd). Apoptotic cells were

detected in the FITC channel (usually FL1) showing green fluorescence.

2.3.5.3. Spectrophotometry and flow cytometry (detection of caspase activation)

Caspases is a family of cysteinyl aspartate proteinases (cysteine proteases that cleave
their substrates at specific aspartyl residues) and are instrumental to the execution of
apoptosis (63, 202). Apoptotic caspases belongs to one of two categories; initiator
caspases or effector / executioner caspase (64). Initiator caspases that trigger

apoptosis include caspases 2, 8, 9, and 10 (65). Effector caspases include caspases 3,
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6, and 7 that execute the apoptotic cell death (66). Apoptosis was detected by means
of kits that detect caspases 6, caspase 7 (effector caspases) and caspase 8 (an
initiator caspase). There are three caspase-dependent cell death pathways including
the mitochondrial pathway (intrinsic), death receptor pathway (extrinsic) and the
endoplasmic-specific pathway. Although the intrinsic and extrinsic cell death pathways
act independently to initiate the cell death in some cellular networks, in most
tumorigenic cells there is a delicate crosstalk between these two pathways which
results in the activation of executioner caspases (204).

A) Materials

Caspase 6 colorimetric assay kit, the Flice/Caspase 8 colorimetric assay and the rabbit
polyclonal antibody for anti-active caspase 7 and the anti-rabbit antibody conjugated to
Dylight™ 488 were acquired from BIOCOM biotech Pty (Ltd) (Clubview, Gauteng,
South Africa). The Fixation buffer, permeabilization buffer and the assay buffer from the
FlowCellet™ Bcl-2 activation dual detection kit was supplied by Microsep (Pty) Ltd
(Johannesburg, Gauteng, South Africa).

B) Methods

Caspase 6 and caspase 8

Cells (500 000) were seeded with an overnight attachment policy (30, 31). After 24 h of
exposure to EMBS, cells were trypsinized and centrifuged at 12000 rpm. Subsequently,
500 000 cells were resuspended in 50 ul of chilled cell lysis buffer and incubated on ice
for 10 min. Cells were centrifuged at 10,000 x g for 1 min. The supernatant was
transferred to a fresh tube and put on ice. After determining the protein concentration
using the BCA protein assay (Thermo Fisher Scientific, Johannesburg, SA), 100 ug
protein/50 pl cell lysis buffer was mixed with 50 yl 2X reaction buffer (containing 10mM
DTT). Afterwards 5 pl 4mM Ac-Leu-Glu-His-Asp-p-nitroanilide (Ac-VEID-pNA)
(caspase-6-specific  substrate), Ac-lle-Glu-Thr-Asp-p-nitroanilide  (Ac-IETD-pNA)
(caspase-8-specific substrate) (200 uM final concentration) was added and incubated
at 37°C for 120 min. Samples were read at 405 nm on the EL,800 Universal Microplate

Reader available from Bio-Tek Instruments Inc. (Vermont, United States of America).

Caspase 7
Cells were seeded at 500 000 cells per flask and after 24 h attachment cells were

exposed to EMBS with appropriate controls. Subsequently, cells were trypsinised and
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500 000 cells were centrifuged and medium discarded. Cells are then resuspended in
wash buffer and centrifuged again. The supernatant was removed and cells were
resuspended in fixation buffer (0.1% formaldehyde) and incubated for 20 min at room
temperature. Afterwards, the supernatant was removed; cells were resuspended in
assay buffer (1% bovine serum albumin (BSA)) and centrifuged. Cells were then
resupended and resuspended in 500 pl ice-cold permeabilization buffer (100%
methanol) and left on ice for 10 min. Samples were then centrifuged and the sediment
was resuspended in assay buffer. Cells were centrifuged and resuspended in 100 pl
assay buffer with 15 ug/ml primary antibody (rabbit anti-active caspase 7). Cells were
then incubated on ice for 90 min. Subsequently, 900 pl assay buffer was added to
samples. After centrifugation (2000 rpm), samples were washed twice with 500 pl
assay buffer, centrifuged and resuspended in 100 pl assay buffer with 0.2 pg/ml anti-
rabbit antibody conjugated to Dylight™ 488 fluorochrome. Samples were incubated on
ice for 60 min in the dark. Assay buffer (900 pl) was added; samples were centrifuged
and washed twice with 500 pl assay buffer. Fluorescence was then measured using the
FL1 channel by means of the fluorescence activated cell sorting (FACS) FC500 System
flow cytometer equipped with an air-cooled argon laser excited at 488 nm that was
supplied by Beckman Coulter South Africa (Pty) Ltd. (Pretoria, Gauteng, South Africa).
Data from at least 10 000 events were analyzed with CXP software (Beckman Coulter
South Africa (Pty) Ltd).

2.3.6 Flow cytometry using rabbit polyclonal anti-LC3B conjugated to DylLight 488
(autophagy induction)

The Rabbit polyclonal anti-LC3B conjugated to DyLight 488 was used to detect
autophagy induction. The detection of the conversion of LC3-1 to LC3-Il is a useful and
sensitive marker for identifying autophagy in mammalian cells (117, 118). LC3B
antibody allowed for autophagy detection and confirmation (results provided by light
microscopy and Hoechst 33342, propidium iodide and acridine orange staining) in
mammalian cells during fluorescence microscopy by binding to the autophagosome
membrane.

A) Materials

Formaldehyde, methanol, triton X-100, propidium iodide and bovine serum albumin
(BSA) were purchased from Sigma-Aldrich (St. Louis, United States of America). Rabbit
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polyclonal anti-LC3B conjugated to DyLight 488 was supplied by BIOCOM biotech Pty
(Ltd) (Clubview, South Africa).

B) Methods

Exponentially growing MCF-7, MDA-MB-231 and MCF-12A cells were seeded at
500 000 cells per 25 cm? flask. After 24 h attachment the medium was discarded and
cells were exposed to EMBS. Cells were washed with cold PBS and pelleted. Cells
were fixed with 3 ml 0.01% formaldehyde in PBS for 10 min at 4°C. Cells were
centrifuged and resuspended in 200 pl PBS, followed by 1 ml ice-cold methanol (-20°C)
for 15 min at 4°C. Afterwards, cells were washed twice with cold PBS. Cells were
stained with the 0.5 ml antibody cocktail (0.05% triton X-100, 1% BSA, 40 pg/ml
propidium iodide and 0.5 pg/ml conjugated rabbit polyclonal anti-LC3B antibody)
prepared in PBS for 2 h at 4°C. Cells were washed trice with PBS/0.05% triton X-
100/1% BSA and analyzed with flow cytometry. Data from at least 10 000 — 30 000
events were analyzed by means of Cyflogic version 1.2.1 software (Pertu Therho,
Turko, Finland).

2.3.7 Crosstalk between autophagy and apoptosis

2.3.7.1 Reactive oxygen species (ROS)

In the following experiments ROS generation induced by EMBS was investigated.
Increased ROS production results in release of cytochrome c¢ that binds to apoptosis
activating factor 1(apaf-1) in the presence of and ATP and leads to the activation of
caspase 9 that triggers apoptosis (146). Studies have reported mitochondrial ROS play
an essential role in survival and cell death by means of autophagy. Low ROS levels
potentially promote survival by autophagy induction in order to redistribute intracellular
resources under starvation, while increased ROS production promotes controlled
autophagic cell death when survival is unachievable (150). 2,7-Dichlorofluorescein
diacetate (DCFDA), a non-fluorescent probe, which upon oxidation by ROS and
peroxides, is converted to the highly fluorescent derivative DCF. The latter was used to
detect hydrogen peroxide (205). Superoxide generation was evaluated using
hydroethidine (HE). HE is oxidized by superoxide to a red fluorescing compound (145,
205).

A) Materials
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DCFDA, HE and PBS was acquired from BIOCOM biotech Pty (Ltd) (Clubview, South
Africa).

B) Methods

Hydrogen peroxide detection

Exponentially growing MCF-7, MDA-MB-231 and MCF-12A cells were seeded at
500 000 cells per 25 cm? flask. After 24 h of attachment, medium was discarded, cells
were exposed to EMBS. Cells were trypsined, washed with PBS and trypsinized. Cells
(1000 000) were resuspended in 1 ml PBS. DCFDA stock solution (1 ul, 10 mM) was
added to the cells and samples were incubated for 25 min at 37°C. Cells were analysed
using a fluorescence activated cell sorting (FACS) FC500 System flow cytometer
(Beckman Coulter South Africa (Pty) Ltd). Data from at least 10 000-30 000 events
were analyzed by means of Cyflogic version 1.2.1 software (Pertu Therho, Turko,
Finland).

Superoxide detection

Exponentially growing MCF-7, MDA-MB-231 and MCF-12A cells were seeded at
500 000 cells per 25 cm? flask. After 24 h of attachment, medium was discarded and
cells were exposed to EMBS. Cells were trypsinized, washed with PBS and
centrifuged. Cells (1000 000) were resuspended in 1 ml PBS. HE stock solution (1 pl,
10 mM) was added and samples were incubated for 15 min at 37°C. Cells were
analysed using a fluorescence activated cell sorting (FACS) FC500 System flow
cytometer (Beckman Coulter South Africa (Pty) Ltd). Data from at least 10 000 — 30 000
events were analyzed by means of Cyflogic version 1.2.1 software (Pertu Therho,
Turko, Finland).

2.3.8.2 Expression of p53

The apoptosis-autophagy crosstalk was investigated by means of demonstrating the
effect of EMBS on p53 and murine double minute 2 (Mdmz2). The tumor suppressor p53
protein is essential for genetic integrity. In response to DNA damage wild type p53
coordinates events resulting in cell cycle arrest, senescence and apoptosis. In
undisturbed mammalian cells, p53 is maintained at low levels due to continuous
ubiquitination (208, 209, 210).

(A) Materials
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ImmunoSet p53/MDM2 Complex ELISA development set, RIPA cell lysis buffer, TMB
substrate and plates (ImmunoSet pack) were purchased from BIOCOM biotech (Ltd)
(Clubview, Gauteng, South Africa.

(B) Methods

Cells were seeded at a density of 5 000 cells per 96-well. After 24 h, cells were
exposed to EMBS. After the exposure period, 100 pl of assay buffer (mixed according
to suppliers’ instructions) was added to the control wells. Standards (100 pl) and
samples prepared in assay buffer were added to sterile wells. The plate was sealed
and incubated for 1 h at room temperature. The wells were emptied and washed with
400 pl wash buffer (3 X). The detection antibody (100 pl) (mixed according to suppliers’
instructions) was added to each sample, except for the blank and the plate was sealed
and left for 1 h at 4°C. The wells was emptied and washed with 400 pl wash buffer,
wash was repeated thrice. TMB solution (100 ul) was pipetted into each well and the
plate was sealed for 30 min at room temperature. Subsequently, 1N hydrochloric acid
was added and absorbance was read at 450 nm using EL800 Universal Microplate

Reader (Bio-Tek Instruments Inc., Vermont, United States of America).

2.3.8.3 Bcl-2 expression

The crosstalk between autophagy and apoptosis was also investigated by
demonstrating Bcl-2 expression. Bcl-2 is a anti-apoptotic protein belonging to the B-cell
lymphoma-2 (BCL-2) family that manages apoptosis induction by regulating the
mitochondrial membrane potential (211, 212, 213).

(A) Materials

The Flow Collect Bcl-2 activation dual detection kit was purchased from Merck Millipore
(Ltd) (Massachusetts, United States of America).

(B) Methods

Exponentially growing MCF-7, MDA-MB-231 and MCF-12A cells were seeded at
500 000 cells per 25 cm? flask. After 24 h of attachment, medium was discarded and
cells were exposed to EMBS. Cells were trypsinized, washed with 1 X wash buffer,
centrifuged at 2500 rpm for 3 min. Fixation buffer (0.5 ml) was added and samples
were incubated at room temperature for 20 min. Cells were centrifuged at 2500 rpm for
3 min and resuspended in 0.5 ml 1 X assay buffer. After centrifugation (2500 rpm) cells

were resuspended in ice-cold 1 X permeabilization buffer and samples were left on ice
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for 10 min. Samples were centrifuged at 2500 rpm, resuspended in 0.5 ml assay buffer
and centrifuged again. Cells were stained using 5 pl 20 X antibody (as described by
suppliers) and incubated in the dark for 60 min. Subsequently, 900 ul 1 X assay buffer
was added to the samples and cells were centrifuged. Thereafter, cells were
resuspended in 1 ml 1 X assay buffer and samples were analyzed using a fluorescence
activated cell sorting (FACS) FC500 System flow cytometer (Beckman Coulter South
Africa (Pty) Ltd). Data from at least 10 000 - 30 000 events were analyzed by means of
Cyflogic version 1.2.1 software (Pertu Therho, Turko, Finland).

2.4 Statistical planning

Qualitative data were obtained from PlasDIC, TEM, light microscopy and fluorescent
microscopy. Quantitative data were supplied by means of cell number determination,
lactate dehydrogenase assay, NAD'/NADH quantification kit, NADP*/NADPH
quantification kit, mitotic indices, flow cytometry and ELISA assays. Data for mitotic
indices were obtained by counting 1000 cells on each slide of the biological replicates
(repeated three times) and expressing data as a percentage of cells in each phase of
mitosis, interphase and abnormal cells. Three independent experiments (cell number
determination conducted with six replicates) were conducted where the average and
standard deviation were calculated. Data were statistically analysed for significance
using the factorial design approach of analysis of variance (ANOVA)-single model. This
was followed by treatment comparison for possible effects of interactions between cell
line types between time. Averages were represented in bar charts, with T-bars referring
to standard deviations. P-values < 0.05 were regarded as statistically significant and
were indicated by an asterisk (*).Flow cytometry analysis involved at least 10 000
events and was repeated thrice. Flow cytometry data were analyzed using Cyflogic
version 1.2.1 software (Pertu Therho, Turko, Finland). Data analysis was descriptive
representing effectiveness of EMBS as an anticancer agent and Stata 12 was used for

analysing outcomes.

2.5 Logistics
All the required equipment were available and all relevant techniques and protocols
were standardized in the Department of Physiology (University of Pretoria). The cell

culture laboratory of the Department of Physiology at the University of Pretoria was
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used to conduct the research project. TEM and SEM were conducted at the Electron
Microscopy Unit at the University of Pretoria. Flow cytometry was done at the
Department of Pharmacology (University of Pretoria). Professor AM Joubert was

consulted on all the required techniques.

2.6 Ethical Approval
This research protocol was approved by the Research Ethics Committee (209/2012).
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Chapter 3

3. Results

3 Antiproliferative activity

3.1 Spectrophotometry (crystal violet)

Crystal violet staining permits for the quantification of the cell number in monolayer
cultures as a function of the absorbance of the dye taken up by the cells (180, 181,
182, 214). Staining nuclei of fixed cells with the crystal violet allows for rapid, accurate
and reproducible quantification of cell numbers in cultures grown in 96-well plates
measured spectrophotometrically at 570 nm corresponds to cell numbers (180, 181,

182). A time-dependent study was conducted with time intervals of 24 h, 48 h and 72 h.

EMBS exposure (24 h) decreased MCF-7 cell growth to 75% at 0.2 uM, 65% at 0.4 pM,
61% at 0.6 yM, 57% at 0.8 yM and 58% at 1 yM when compared to cells propagated in
growth medium (Figure 3.1). EMBS exposure (24 h) decreased MDA-MB-231 cell
growth to 70% at 0.2 yM, 69% at 0.4 uyM, 61% at 0.6 uM, 57% at 0.8uM and 56% at 1
MM when compared to cells propagated in growth medium. EMBS exposure (24 h)
decreased MCF-12A cell growth to 73% at 0.2 uyM, 60% at 0.4 uM, 42% at 0.6 uM,
427% at 0.8 pM and 25% at 1 yM when compared to cells propagated in growth
medium. Exposure to EMBS for 48 h and 72 h demonstrated the same antiproliferative
activity in the MCF-7 cell line when compared to 24 h EMBS exposure (Figure 3.2 and
Figure 3.3). Exposure to EMBS for 48 h decreased MDA-MB-231 cell growth to 32% at
0.2 uM, 30% at 0.4 pM, 26% at 0.6 uM, 22% at 0. 8uM and 20% at 1 yM when
compared to cells propagated in growth medium. EMBS exposure (48 h) decreased
MCF-12A cell growth to 78% at 0.2 uM, 71% at 0.4 uM, 37% at 0.6 pM, 28% at 0.8 uM
and 5% at 1 yM when compared to cells propagated in growth medium. Exposure to
EMBS for 72 h demonstrated minor growth recovery in MDA-MB-231 and MCF-12A cell

lines.

Deducing the optimal exposure period and concentration focused on the demonstration
that exposure to 0.4 uM EMBS for 24 h resulted in 60-65% growth inhibition in all three
cell lines. However, this inhibition of cell proliferation reached a plateau effect in the

tumorigenic cell lines. Thus, for all subsequent experiments, cell lines were exposed to
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0.4 uM EMBS for 24 h to determine the effect on morphology and induction of

autophagy, as well as apoptosis.
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Figure 3.1: 24 h EMBS exposure to the MCF-7 cell line, MDA-MB-231 and the MCF-12A cell line resulted in
significant growth inhibition in all three cell lines. EMBS exposure reduced MCF-7 cell growth to 75% at 0.2 yM, 65%
at 0.4 uyM, 61% at 0.6 uM, 57% at 0.8 uM and 58% at 1 yM when compared to cells propagated in growth medium.
MDA-MB-231 cell growth was lowered to 70% at 0.2 yM, 69% at 0.4 uM, 61% at 0.6 uM, 57% at 0.8 uM and 56% at
1 uM when compared to cells propagated in growth medium. EMBS exposure (24 h) decreased MCF-12A cell
growth to 73% at 0.2 uyM, 60% at 0.4 uM, 42% at 0.6 uM, 42% at 0. 8uM and 25% at 1 yM when compared to cells
propagated in growth medium. (An * indicates P-value < 0.05).
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Figure 3.2: 48 h EMBS exposure to the MCF-7 cell line, MDA-MB-231 and the MCF-12A cell line resulted in
significant growth inhibition in all three cell lines. MCF-7 cell growth did not decline after 24 h exposure and remained
constant. MDA-MB-231 cell growth was decreased statistically significantly at all concentrations when compared to
cells propagated in growth medium. EMBS exposure decreased MCF-12A cell growth to 78% at 0.2 uM, 71% at 0.4
UM, 37% at 0.6 uM, 28% at 0.8 uM and 5% at 1 yM when compared to cells propagated in growth medium. (An *
indicates P-value < 0.05).
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Figure 3.3: 72 h EMBS exposure to the MCF-7 cell line, MDA-MB-231 and the MCF-12A cell line resulted in minor
growth recovery. However, MCF7 cell growth percentage remains unchanged after 24 h. (An * indicates P-value <
0.05).
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3.1.2 xCELLigence real-time label-independent approach

The xCELLigence method (Roche Applied Science, Penzberg, Germany) was used to
demonstrate cell growth, adhesion and morphology in real time utilizing a label-
independent manner and was employed to confirm whether the selected dosage exerts
optimal antiproliferative activity (176). The system quantifies electrical impedance
across the micro-electrodes incorporated in the bottom of the tissue culture 96-well
plates resulting in real-time and continuous cellular analysis as cells attach and
proliferate. In addition, loss of attachment due to cell death results in a loss of electrical
impedance and Cl (215). The response of live cells to EMBS provided valuable
proliferative and antiproliferative information which was not possible to achieve with any

other end-point assays (183).

This novel real time label-independent approach quantified cell adhesion and cell
proliferation of EMBS exposure to MCF-7, MDA-MB-231 and MCF-12A cells (Figure
3.4, Figure 3.5 and Figure 3.6). Cell proliferation was significantly inhibited in all cell
lines (0.2-1uM) decreasing the cell index in the MCF-7 and MDA-MB-231 cell line. The

MCF-12A cell line recovered after 24 h of exposure.
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Figure 3.4: The xCELLigence method demonstrated the in vitro effects of EMBS on proliferation in the MCF-7 cell
line. Cell proliferation was significantly inhibited at all concentrations in a concentration-dependent manner. (P-value
<0.05)
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Figure 3.5: The xCELLigence method demonstrated the in vitro effects of EMBS on proliferation in the MDA-MB-231
cell line. Cell proliferation was significantly inhibited at all concentrations in a concentration-dependent manner. (P-
value < 0.05)
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Figure 3.6: The xCELLigence method demonstrated the in vitro effects of EMBS on proliferation in the MCF-12A cell
line. Cell proliferation was significantly inhibited at all concentrations in a concentration-dependent manner. However,

after 24 h exposure cell growth recovers. (P-value < 0.05)

3.2 Cell viability and metabolism

3.2.1 Spectrophotometry (quantification of lactate dehydrogenase)

LDH release takes place either after injury or cell damage; following the loss of
membrane integrity consequential from either apoptosis or necrosis Quantitative

determination of lactate dehydrogenase (LDH) present in the medium is thus a
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convenient cost effective parameter of cell viability (216). Cytotoxicity was determined
by measuring the amount of LDH found in the medium after exposure to EMBS.
Various controls were included in the experiment namely: background control, low
control and high control. The background control consisted of growth medium. The low
control refers to cells propagated in growth medium, and the high control refers to cells
propagated in growth medium with cell lysis solution added to the cells shortly before

the experiment is terminated (according to manufacturer’s instructions).

A statistically insignificant (P-value > 0.05) increase in LDH levels was observed in the

compound-treated cells when compared to the vehicle-treated cells (Figure 3.7).
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Figure 3.7: LDH levels of EMBS-treated MCF-7, MDA-MB-231 and MCF-12A cells compared to vehicle-treated cells
after 24 h exposure. No statistically significant increase in LDH levels were observed in treated cells. Results
demonstrate that EMBS were not toxic to the cells. The background control consisted of growth medium only. The
low control refers to cells resuspended in growth medium and the high control to cells resuspended in growth
medium with cell lysis solution added to the cells shortly before the experiment was terminated (according to the

manufacturer’s instructions).

3.2.2 Spectrophotometry (NAD*/NADH and NADP*/NAPPH quantification)
The energy transformation induced by EMBS was assessed by assessing production of
NAD*/NADH and NADP*/NAPPH that indicates metabolic adjustments by means of a
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variety of dehydrogenases involved in aerobic and anaerobic metabolism and controls
posttranslational protein modification (216). Energy transformation and the redox state
of the cells were investigated via NAD'/NADH and NADP*/NADPH quantification.
However, no statistically significant (P-value > 0.05) changes in NAD*/NADH and
NADP*/NADPH concentrations were demonstrated after 24 h exposure to 0.4 uM
EMBS exposure (Figure 3.8 and Figure 3.9).
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Figure 3.8: Quantitative NAD*/NADH concentration (pmol/ul) using spectrophotometry in MCF-7 (A), MDA-MB-231
(B) and MCF-12A cells (C). No statistically significant changes in NAD*/NADH concentration were observed in
treated cells when compared to cells propagated in growth medium and vehicle-treated cells.
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Figure 3.9: Quantitative NADP*/NADPH concentration (pmol/ul) using spectrophotometry in MCF-7 (A), MDA-MB-
231 and MCF-12A cells. No statistically significant changes in NADP*/NADPH concentration were observed in
treated cells when compared to cells propagated in growth medium and vehicle-treated cells.

3.3 Morphology
3.3.1 Polarization-optical transmitted light differential interference contrast
PlasDIC was utilized to view the effects on morphology exerted by EMBS. The latter

allows for the initial investigation of characteristics with regard to apoptosis and
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autophagy (178,179). Cells were photographed before exposure; furthermore, cells

were also be photographed after exposure to EMBS (24 h; 0.4 uyM).

PlasDIC photos of MCF-7, MDA-MB-231 and MCF-12A before exposure revealed no
characteristics of distress (Figure 3.10). Cells propagated in growth medium and
vehicle-treated cells revealed no abnormal morphology (Figure 3.11 and Figure 3.12).

However, a decrease in cell density, rounded cells and the presence of apoptotic

bodies were observed in all three cell lines after 24 h exposure to EMBS (Figure 3.13).

Figure 3.10: PlasDIC micrographs of MCF-7 cells (A), MDA-MB-231 cells (B) and MCF-12A cells (C) taken before exposure
revealed cells with no signs of distress (20X magnification).

Figure 3.11: PlasDIC micrographs of medium propagated MCF-7 cells (A), MDA-MB-231 cells (B) and MCF-12A cells (C)
demonstrated no abnormal morphology (20X magnification).
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Figure 3.12: PlasDIC micrographs of vehicle-treated MCF-7 cells (A), MDA-MB-231 cells (B) and MCF-12A cells (C)

demonstrated no irregular morphology (20X magnification).

Figure 3.13: PlasDIC micrographs of EMBS-treated MCF-7 cells (A), MDA-MB-231 cells (B) and MCF-12A cells (C). Cells were
exposed to 0.4 yM of EMBS for 24 h. EMBS-treated cells revealed decreased cell density, rounded cells and apoptotic bodies

(20X magnification).

3.3.2 Light microscopy (haematoxylin and eosin staining)

Light microscopy was utilised to visualise the effects of EMBS on MCF-7, MDA-MB-231
and MCF-12A. Mitotic indices were determined to provide quantitative data by counting
1 000 cells for each sample (n=3). Data expressed the average percentage of cells in
interphase, prophase, anaphase and telophase. Percentages of cells blocked in
metaphase culminating in hallmarks of apoptosis were combined (218). This

haematoxylin and eosin staining yielded both qualitative and quantitative information.

Haematoxylin and eosin-stained images of MCF-7, MDA-MB-231 and MCF-12A cells
propagated in growth medium and vehicle-treated cells demonstrated no abnormal
morphology with most cells occupying interphase (Figure 3.14 and Figure 3.15).
Exposure to EMBS (0.4 pM; 24 h) resulted in decreased cell density and several cells

blocked in metaphase and cell debris was observed when compared to cells
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propagated in growth medium and vehicle-treated cells (Figure 3.16). Cells exposed to
0.1 pg/ml actinomycin for 24 h demonstrated severe decreased cell density. Several
cells were blocked in metaphase and apoptotic bodies were present (Figure 3.17).
Cells that were nutrient-deprived exhibited decreased cell density (Figure 3.18). Mitotic

indices (quantitative data) revealed an increase in the number of apoptotic cells and an

increase in the number of cells in metaphase in all three cell lines after exposure to 0.4
MM EMBS for 24 h (Figure 3.19 and Table 3.1).

Figure 3.14: Haematoxylin and eosin-stained MCF-7 (A), MDA-MB-231 (B) and MCF-12A cells (C) propagated in growth

medium demonstrated no abnormal morphology (20X magnification).

Figure 3.15: Haematoxylin and eosin-stained vehicle-treated MCF-7 (A), MDA-MB-231 (B) and MCF-12A cells (C) demonstrated

no abnormal morphology (20X magnification).

Figure 3.16: Haematoxylin and eosin-stained images of EMBS-treated MCF-7 (A), MDA-MB-231 (B) and MCF-12A
cells (C). All three cell lines were exposed to 0.4 uM for 24 h and resulted in decreased cell density, cell debris and

several cells blocked in metaphase culminating in apoptosis (20X magnification).



Figure 3.17: Haematoxylin and eosin-stained images of Actinomycin D-treated MCF-7 (A), MDA-MB-231 (B) and MCF-12A cells
(C). Several hallmarks of apoptosis were observed including compromised cell density, apoptotic bodies, shrunken cells and

cells blocked in metaphase (20X magnification).

Figure 3.18: Haematoxylin and eosin-stained images of starved MCF-7 (A), MDA-MB-231 (B) and MCF-12A cells (C). Cells
deprived of nutrients illustrated compromised cell density. MCF-7 starved cells were shrunken and starved MCF-12A cells

displayed cells blocked in metaphase (20X magnification).
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Figure 3.19: Mitotic indices of MCF-7, MDA-MB-231 and MCF-12A cells after exposure to EMBS expressed as a
percentage of a thousand cells counted. Distinction was made between normal mitotic cells and abnormal mitotic cells,

cells that presented with membrane blebbing and cells blocked in metaphase, culminating in apoptosis.
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Table 3.1: Mitotic indices: percentage of cells in mitosis, interphase and cells featuring

characteristics of apoptosis (an * indicates P-value < 0.05).

Interphase | Prophase Anaphase | Telophase Cells
blocked in
metaphase
culminating
in apoptosis

MCF-7 cells 96.10£3% | 1.30£0.8% | 0.80+0.22% | 0.80+0.044% | 1£0.031%
Vehicle-treated cells

MCEF-7 cells 55.6%%2% | 1.10+£0.21% | 0.10+0.23% | 0.20+0.26% | 4312.16% *
EMBS-treated cells | *

MDA-MB-231 94.30+2.3% | 2.30+£0.06% | 1£0.02% 0.80£0.01% | 1.60+0.05%
Vehicle-treated cells

MDA-MB-231 48.2+3.1% | 1.90+0.08% | 0.70£0.3% | 0.30+0.03% | 48.9+1.12%
EMBS-treated cells | * *

MCF-12A cells 95.50+4.2% | 2.20+£0.02% | 0.90+0.02% | 0.20+0.01% | 1.20+£0.01%
Vehicle-treated cells

MCF-12A cells 54.7+2.1% | 1.9040.01% | 0.90+£0.01% | 0.80+0.01% | 41.7+£0.012%
EMBS-treated cells | * *

3.3.3 Transmission electron microscopy

Transmission electron microscopy (TEM) was employed to observe and rounding of the
cell, retraction of pseudopodes, cytoplasmic and nuclear condensation (pyknosis),
chromatin condensation, nuclear fragmentation (karyorrhexis), plasma membrane
blebbing and engulfment by resident phagocytes which are all characteristics of
(188, 189).
vacuolization of the cytoplasm were also identified. These vacuoles are large double-

apoptosis Characteristics of autophagy, namely the autophagic

membrane vesicles containing degenerating sequestered cytoplasmic constituents
(188, 189).

TEM images of MCF-7, MDA-MB-231 and MCF-12A cells propagated in growth
medium and vehicle-treated cells revealed no abnormal morphology (Figure 3.20 and

Figure 3.21). Hallmarks of apoptosis including shrunken cells apoptotic bodies were
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observed in EMBS-treated MCF-7, MDA-MB-231 and MCF-12A cells (Figure 3.22). In
addition, vacuoles were observed suggesting autophagy induction by EMBS. MCF-7,
MDA-MB-231 and MCF-12A cells treated with 0.1 pg/ml actinomycin D as a positive
control for apoptosis and cells with induced starvation as a positive control for

autophagy resulted in severely compromised cells (Figure 3.22).

PR o

D' TR PR £ 1% i

- T WGAL

Figure 3.20: TEM images of MCF-7 (A), MDA-MB-231 (B) and MCF-12A cells (C) propagated in growth medium
demonstrated no abnormal morphology. In addition, vehicle-treated MCF-7 (D), MDA-MB-231 (E) and MCF-12A
cells (F) exhibited no signs of distress (8000X magnification).
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Figure 3.21: TEM images of EMBS-treated MCF-7 (A, B, C), MDA-MB-231 (D, E, F) and MCF-12A cells (G, H, I). All three cell
lines were exposed to 0.4 uM for 24 h and demonstrated shrunken cells, intracellular vacuoles and apoptotic bodies (Images for

A, D, G were obtained at 8000X magnification and images for B, C, E, F, H, | were taken at 20 000X magnification).
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Figure 3.22: TEM images of Actinomycin D-treated MCF-7 (A), MDA-MB-231 (B), MCF-12A cells (C) and starved MCF-7 (D),
MDA-MB-231 (E) and MCF-12A cells (F). Hallmarks of apoptosis were observed in the Actinomycin D-treated cells including

apoptotic bodies and shrunken cells. Starved cells displayed vacuole formations suggesting autophagy induction (8000X

magnification).

3.3.4 Scanning electron microscopy

Scanning electron microscopy (SEM) allowed for high resolution images of the cell’s
ultrastructure that displayed effects of EMBS on external morphology. SEM images of
MCF-7, MDA-MB-231 and MCF-12A cells propagated in growth medium and vehicle-
treated cells demonstrated no abnormal morphology (Figure 3.23). EMBS-treated cells
exhibited shrunken cells, apoptotic bodies and cell debris suggesting the induction of
apoptosis. The formations of intracellular vacuoles were also present implying cell
death via autophagy. MDA-MB-231 and MCF-12A cells treated with 0.1 pg/mi
actinomycin D as a positive control for apoptosis displayed shrunken cells, apoptotic

bodies and cell debiris.

97



# T

Figure 3.23: SEM images of MCF-7 (A), MDA-MB-231 (B) and MCF-12A cells (C) propagated in growth medium
demonstrated no abnormal morphology. Vehicle-treated MCF-7 (D), MDA-MB-231 (E) and MCF-12A cells (F)
exhibited no signs of distress. EMBS-treated MCF-7 (G), MDA-MB-231 (H) and MCF-12A cells (I) revealed apoptotic
bodies, shrunken cells, cell debris and vacuole formation. MCF-7 (J), MDA-MB-231 (K) and MCF-12A cells were
exposed to 0.1 ug/ml actinomycin D and were used as a positive control for apoptosis induction resulting in severely
compromised cells with apoptotic bodies, shrunken cells and shrunken cells. Starved MCF-7 (M), MDA-MB-231 (N)

and MCF-12A (O) used for autophagy induction revealed the formation of several vacuoles.
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3.3.5 Fluorescent microscopy (apoptosis, autophagy and necrosis detection)

A triple staining fluorescent microscopy method employing Hoechst 33342 (blue) and
propidium iodide (red) fluorescent dyes and acridine orange (green) were utilized
employed to envisage the influence of EMBS on morphology, cell viability and
autophagy induction. Although Hoechst 33342 and propidium iodide both stain the
DNA, only Hoechst is membrane permeant and stains DNA blue. Propidium iodide is
membrane impermeable and only stains the nucleus of cells where the membrane is
compromised due to oncotic or necrotic processes (219). Acridine orange is a
lysosomotropic fluorescent compound that accumulates in acidic compartments,
autophagic vacuoles and lysosomes (220). Cells undergoing autophagy has an
increased tendency for acridine orange staining when compared to viable cells,
however acridine orange is not a specific marker for autophagy and therefore additional
techniques were subsequently included to further verify the appearance of increased

autophagic activity.

Vehicle-treated cells demonstrated confluency with Hoechst 33342 staining the nucleus
and DNA (Figure 3.24). Increased lysosomal staining was evident in EMBS-treated
cells indicating increased acidity and the presence autophagic vesicles and lysosomes.

This suggests cell death via autophagy induction.

99



A B

Decreased celNensiny

.¢--I:."E|'.'.r::!'c|5::1.d cell density

- I:Ir_l T& ':|=.| |:| cell density
- &
L]
"

" Increased lysosomal glaining
Increased lysofmalstaining t -]I"f'rl-"-l sed I,J somal staining

F 'i
Figure 3.24: Fluorescent microscopy of vehicle-treated MCF-7 (A), MDA-MB-231 (B) and MCF-12A cells (C) were confluent.
Fluorescent staining of EMBS-treated MCF-7 (D), MDA-MB-231 and MCF-12A (E) revealed decreased cell density and

increased lysosomal staining indicating acidic vesicles and possible autophagy induction (20X magnification).

3.4 Flow cytometry and ethanol fixation (cell cycle progression)

Flow cytometry using propidium iodide staining and ethanol fixation permitted for
quantification of cell cycle distribution, GoM block and the presence of apoptosis
indicated by the existence of a sub-G4 phase after exposure to EMBS MCF-7, MDA-
MB-231 and MCF-12A cells. Cell cycle progression of MCF-7, MDA-MB-231 and MCF-
12A cells propagated in growth medium and vehicle-treated cells revealed less than 2%
of cells in the sub-G fraction (Figure 3.25 and Table 3.2). EMBS exposure resulted in a
statistically significant an (P-value < 0.05) increased sub-G4 peak in MCF-7 (36%),
MDA-MB-231 (28%) and MCF-12A cells (33%) when compared to cells propagated in
growth medium and vehicle-treated cells. Furthermore, EMBS exposure produced a
statistically significant (P-value < 0.05) increase of MCF-7 (50%), MDA-MB-231(63%)
and MCF-12A cells (52%) present in the G,M phase accompanied with a decrease in
cells occupying the Gy and S phase when compared to cells propagated in growth

medium and vehicle-treated cells.
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Figure 3.25: Cell cycle progression revealed that 0.96% of MCF-7 cells propagated in growth medium (A) was
present in Sub-G1, 75% in G4, 12% in the S phase and 12% in the GoM phase. MDA-MB-231 cells propagated in
growth medium (B) presented with 0.31% present in Sub-G+, 70% in G1 phase, 14% in the S phase and 17% in the
G2M phase. MCF-12A cells propagated in growth medium (C) presented with 0.25% present in Sub-G1, 66% in Gq,
15% in the S phase and 19% in the GoM phase. MCF-12A vehicle-treated cells (D) presented with 1% present in
Sub-G1, 74% in Gi, 12% in the S phase and 14% in the GoM phase. MDA-MB-231 vehicle-treated cells (E)
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presented with 0.64% present in Sub-G1, 69% in G4 phase, 15% in the S phase and 15% in the G>M phase. MCF-
12A vehicle-treated cells (F) presented with 0.64% present in Sub-G1, 69% in G1 phase, 15% in the S phase and
15% in the G2M phase. Cell cycle progression data demonstrated that EMBS exposure resulted in a statistically
significant increases of MCF-7 cells (36%) (G), MDA-MB-231 cells (28%) (H) and MCF-12A cells (33%) (I) present in
Sub-G; phase accompanied with an increase in MCF-7 cells (50%), MDA-MB-231 (63%) and MCF-12A (52%)
present in the GoM phase. MCF-7 (J), MDA-MB-231 (K) and MCF-12A cells (L) exposed to 0.1 pg/ml actinomycin D
used as a positive control for apoptosis induction resulted in apoptosis induction and an increase of cells occupying

the G2M phase.

Table 3.2: Cell cycle progression (an * indicates P-value < 0.05).

Sub G4 G4 S GoM
MCEF-7 cells propagated in growth medium 0.96+£0.01 | 75.29+0.12 | 11.43£0.00 | 12.31£0.03
% % 1% 6%
MCF-7 cells vehicle-treated cells 1.16+£0.1% | 73.531£0.25 | 11.43+0.6 | 13.86%1.2
% % %
MCF-7 cells EMBS-treated cells 36£2.1% |3.1412.1% | 10.92+3.2 | 50%
* % +0.01*
MCEF-7 cells Actinomycin D-treated cells 62.710.1% | 4.46+0.005 | 8.72+0.002 | 24.13+1.1
* % % %
MDA-MB-231 cells propagated in growth 0.31£2.1% | 69.17+1.3 | 13.86+0.05 | 16.65+£0.5
medium % % %
MDA-MB-231 vehicle-treated cells 0.6410.5% | 68.95+2.23 | 15.16+£0.9 | 15.23+1%
6% %
MDA-MB-231 EMBS-treated cells 27.9+0.8% | 2.661£0.66 | 6.45+0.86 | 63+0.96%
* % % %
MDA-MB-231 Actinomycin D-treated cells 71£1.25% | 4.97+2.2% | 5.38+1.3% | 18.69+0.69
* %
MCF-12A cells propagated in growth medium | 0.25+1.2% | 65.994£2.58 | 15.12+2.89 | 18.62+0.89
% % %
MCF-12A vehicle-treated cells 0.78+1.2% | 68.331£0.38 | 12.42+0.21 | 18.45+0.77
% % %
MCF-12A EMBS-treated cells 32.5+0.89 | 4.1414.2% | 11.69+5.8 | 51.7£1.89
% * % % *
MCF-12A Actinomycin D-treated cells 45.4+1% * | 4.06+1.58 | 9.85+2.01 | 40.7+0.89
% % % *
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3.5 Apoptosis

3.5.1 Flow cytometry utilizing annexin V- fluorescein isothiocyanate

Flow cytometry utilizing fluorescein isiothiocyanate conjugated annexin V and
propidium iodide allow for the identification of cells undergoing early apoptosis, late
apoptosis and necrosis in addition to the viable cells. This is due to the unique co-
staining of annexin V. Propidium iodide, as previously mentioned, is membrane
impermeable and only stains the nucleus of cells where the membrane is compromised
(219). The surface expression of phosphatidylserine translocated from the inner
membrane to the outer membrane is considered an early characteristic of apoptosis.
The latter event was investigated by means of fluorescein isiothiocyanate conjugated
Annexin V (200, 221).

Cell viability of cells propagated in growth medium and vehicle-treated cells remained
above 98% (Figure 3.26 and Table 3.3). After exposure to EMBS (0.4 uM, 24 h), MCF-
7 cell viability decreased to 66% with 0.1% present in early apoptosis, 22.21% in late
apoptosis and 12.25% in necrosis. After exposure to EMBS (0.4 pM, 24 h) MDA-MB-
231 cell viability decreased to 65% with 0.68% present in early apoptosis, 21.61% in
late apoptosis and 12.31% in necrosis. After exposure to EMBS (0.4 uM, 24 h) MCF-
12A cell viability decreased to 66% with 17% present in early apoptosis, 11.44% in late

apoptosis and 5.11% in necrosis.
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Figure 3.26: Flow cytometry investigation using annexin-V-FITC revealed cell viability of more than 98% for the MCF-
7 (A), MDA-MB-231 (B), MCF-7 cells (C) propagated in growth medium and vehicle-treated MCF-7 (D), MDA-MB-
231 (E) and MCF-12A cells (F). Treated cells were exposed to 0.4 uM for 24 h. EMBS-treated MCF-7 (G), MDA-MB-
231 (H) and MCF-12A cells (I) revealed a decrease in cell viability to 65-66% accompanied by an increase in cells
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undergoing late apoptosis and necrosis. In addition, EMBS-treated MCF-12A cells also experienced an increase of
cells undergoing early apoptosis. MCF-7 (J), MDA-MB-231 (K) and MCF-12A cells (L) exposed to 0.1 pg/ml
actinomycin D resulted in decreased cell viability and apoptosis induction.

Table 3.3: Flow cytometry using annexin V-FITC demonstrating viable cells, cells in

early apoptosis, cells in late apoptosis and necrotic cells (an * indicates P-value < 0.05).

Viable cells | Cells Cells Necrotic

occupying occupying cells

early late

apoptosis apoptosis
MCEF-7 cells propagated in 98.8+1.2% | 0.2+0.2% 0.1£0.002% | 0.9+0.6%
growth medium
MCF-7 vehicle-treated cells 99.3+0.9% | 0.3£0.99% 0.1+£0.65% 0.3£1.9%
MCF-7 EMBS-treated cells 65.5£1.8% | 0.0+£0.6% 22.211£1.23% | 12.3£0.89%
MCF-7 Actinomycin D-treated 49.3+2.1% | 0.0£1.8% 30.11+% * 20.5+% *

cells

*

MDA-MB-231 cells propagated

in growth medium

98.2+0.58%

0.1+0.005%

0.9+0.002%

0.8+0.003%

MDA-MB-231 vehicle-treated 98.6+4.2% | 0.0£0.002% | 0.6+0.006% | 0.9+0.02%
cells

MDA-MB-231 EMBS-treated 65.4%+3.8 | 0.7£0.08% 21.6£2.8% * | 12.3£1.25%
cells *

MDA-MB-231 Actinomycin D- 48.4%+4.2 | 9.3+0.06% 40.31£0.004% | 1.9+0.002%
treated cells * *

MCF-12A cells propagated in 98.1+4.3% | 0.3+0.5% 0.0+0.002% | 1.6+0.00%
growth medium

MCF-12A vehicle-treated cells 98.6+1.5% | 1.1£0.003% | 0.0+£0.002% | 0.2+0.001%

MCF-12A EMBS-treated cells

66.13+3.6%

*

17.4£0.002%

11.4+0.02%

5.1£0.001%

MCF-12A Actinomycin D-

treated cells

46.57+4.2%

*

32.71+£1.01%

*

17.6+0.069%

3.1+0.002%

3.5.2. Flow cytometry (mitochondrial membrane potential)
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Possible apoptosis induction was demonstrated by measuring the mitochondrial
membrane potential using Mitocapture Mitochondrial Apoptosis Detection Kit employing
flow cytometry. In cells with no disturbances within the mitochondria Mitocapture
accumulates in the mitochondria showing a bright red fluorescence. The apoptotic cells
MitoCapture cannot aggregate in the mitochondria as a consequence of the reduced
mitochondrial transmembrane potential and therefore resides in the cytoplasm giving

off a green fluorescence (222).

Cells propagated in growth medium and vehicle-treated cells demonstrated high cell
viability with less than 2% of cells revealing a reduction in the mitochondrial membrane
potential (Figure 3.27). Exposure to 0.4 uyM EMBS for 24 h resulted in a statistically
significant increased number of MCF-7 (22%), MDA-MB-231 (26%) and MCF-12A cells
(21%) with a reduction in the mitochondrial membrane potential (Figure 3.28). Cells
exposed to actinomycin D used as a positive control for apoptosis demonstrated a

statistically significant number of cells presenting a reduced mitochondrial membrane

potential.
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Figure 3.27: Flow cytometry investigation of mitochondrial membrane potential demonstrated cell viability above 98%
for the MCF-7 (A), MDA-MB-231 (B) and MCF-12A cells (C) propagated in growth medium and vehicle-treated MCF-
7 (D), MDA-MB-231 (E) and MCF-12A cells (F).
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Figure 3.28: Flow cytometry investigation of mitochondrial membrane potential demonstrated a significant decrease
in cell viability of MCF-7 (A), MDA-MB-231 (B) and MCF-12A cells (C). EMBS-treated MCF-7 (22%), MDA-MB-231
(26%), MCF-12A cells (21%) had a reduction in the mitochondrial membrane potential when compared to cells
propagated in growth medium and vehicle-treated cells. Actinomycin D-treated MCF-7 (D), MDA-MB-231 (E) and
MCF-12A cells (F) showed an increase in the number of cells possessing a reduction in the mitochondrial membrane
potential (P-value < 0.05).

3.5.3. Spectrophotometry and flow cytometry (detection of caspase activation)
Apoptosis induction was also investigated by demonstrating the effect of EMBS on
caspase activation in MCF-7, MDA-MB-231 and MCF-12A cells lines. This study
specifically focused on the activation of initiator caspase 8 and effector caspases 6 and
7. This not only confirmed the induction of apoptosis by EMBS, but also the
involvement of the extrinsic pathway. Data implicated that EMBS exposure resulted in
increased caspase 6, caspase 7 and caspase 8 activity when compared to vehicle-
treated cells. Caspase 6 colorimetric assay indicated that MDA-MB-231 cells were
more pronouncedly affected followed by MCF-7 when compared to vehicle-treated cells
(Figure 3.29). The latter was also indicated regarding caspase 8 utilizing caspase 8
colorimetric assay when compared to vehicle-treated cells (Figure 3.30). Cells
propagated in growth medium and vehicle-treated cells showed minimal caspase 7

activity up to 1% (Figure 3.31). EMBS exposure resulted in elevated caspase 7 activity
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in MCF-7 (28%), MDA-MB-231 (25%) and MCF-12A cells (23%) when compared to

cells propagated in growth medium and vehicle-treated cells (Figure 3.32).
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Figure 3.29: Caspase 6 activity ratios of EMBS- and actinomycin D-treated cells compared to vehicle-treated cells.
EMBS-treated MDA-MB-231 cells possessed the highest caspase 6 activity, followed by MCF-7 and MCF-12A.
Actinomycin D-treated cells were used as a positive control for apoptosis and caspase activation and displayed

significant elevated caspase 6 activity when compared to vehicle-treated cells (an * indicates P-value < 0.05).
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Figure 3.30: Caspase 8 activity ratios of EMBS- and actinomycin D-treated cells compared to vehicle-treated cells.
EMBS-treated MDA-MB-231 cells possessed the highest caspase 8 activity, followed by MCF-7 and MCF-12A.
Actinomycin D-treated cells were used as a positive control for apoptosis and caspase activation and displayed

significant elevated caspase 8 activity above 2.5-fold when compared to vehicle-treated cells (P-value < 0.05).
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Figure 3.31: Flow cytometry investigation demonstrated caspase 7 activity up to 1% for the MCF-7 (A), MDA-MB-231 (B), MCF-12A
cells (C) propagated in growth medium and vehicle-treated MCF-7 (D), MDA-MB-231 (E) and MCF-12A cells (F).
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Figure 3.32: Flow cytometry investigation demonstrated a significant increase in caspase 7 activity of MCF-7 (A), MDA-MB-231
(B) and MCF-12A cells (C) after exposure to 0.4 yM EMBS when compared to cells propagated in growth medium and vehicle-
treated cells. Actinomycin D-treated MCF-7 (D), MDA-MB-231 (E) and MCF-12A cells (F) showed an increase in the number of
cells with increased caspase 7 activity when compared to cells propagated in growth medium and vehicle-treated cells (P-value <
0.05)..

3.6 Autophagy induction (rabbit polyclonal anti-LC3B conjugated to DyLight 488)

LC3 is the corresponding mammalian protein of yeast ATG8 that is required for
autophagosome mammalian protein identified that stably associates with the
autophagosome membranes. LC3-I is cytosolic; however, LC3-Il is membrane bound
and enriched in the autophagic vacuole fraction (223). LC3-Il may thus be used to
estimate the abundance of autophagosomes prior to their destruction through fusion
with lysosomes. The anti-LC3B antibody allows for autophagy identification and
confirmation (results provided by light microscopy and Hoechst 33342, propidium iodide
and acridine orange staining) in the breast tumorigenic and non-tumorigenic cell lines

during flow cytometry.

Autophagy induction of cells propagated in growth medium and vehicle-treated cells

were demonstrated to be minimal and below 1% (Figure 3.33). Increased autophagy
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induction was detected in EMBS-treated MCF-7 (28%), MDA-MB-231 (34%) and MCF-
12A cells (32%) when compared to cells propagated in growth medium and vehicle-
treated cells (Figure 3.34). Starved cells that were nutrient deprived (2 PBS: 1 growth
medium) revealed significant (P-value < 0.05) autophagy induction (71% in the MCF-7
cell line, 87% in the MDA-MB-231 cell line and 80% in the MCF-12A cell line) when

compared to cells propagated in growth medium and vehicle-treated cells.
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Figure 3.33: Autophagy investigation demonstrated statistically insignificant autophagy induction in MCF-7 (A), MDA-MB-231 (B),
MCF-12A cells (C) propagated in growth medium and vehicle-treated MCF-7 (D), MDA-MB-231 (E) and MCF-12A cells (F).
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Figure 3.34: Autophagy quantification indicated a statistically significant increase in autophagy activity of MCF-7 (A), MDA-MB-231
(B), MCF-12A cells (C) after exposure to 0.4 yM EMBS when compared to cells propagated in growth medium and vehicle-treated
cells. Starved cells where cells were nutrient deprived (3 PBS: 1 growth medium) revealed statistically significant autophagy

induction when compared to cells propagated in growth medium and vehicle-treated cells (P-value < 0.05).

3.7 Crosstalk between autophagy and apoptosis

3.7.1 Flow cytometry (reactive oxygen species (ROS))

Hydrogen peroxide production

Hydrogen peroxide was quantified using 2,7-dichlorofluorescein diacetate (DCFDA), a
non-fluorescent probe that passively diffuses into cells, which upon oxidation by ROS
and peroxides, is converted to the highly fluorescent derivative DCF (224). Hydrogen
peroxide detection using flow cytometry demonstrated the presence of less than 3%
hydrogen peroxide in cells propagated in growth medium and vehicle-treated cells
(Figure 3.35). After exposure to 0.4 uM EMBS for 24 h the hydrogen peroxide
production increased in a statistically significantly manner in the MCF-7 cell line (40%),
MDA-MB-231 cell line (46%) and MCF-12A cells (56%) when compared to cells
propagated in growth medium and vehicle-treated cells (Figure 3.36). Treatment with

hydrogen peroxide used as a positive control resulted in statistically significant
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increased hydrogen peroxide levels in MCF-7 cells (80%), MDA-MB-231 cells (78%)

and MCF-12A cells (76%).
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Figure 3.35: Flow cytometry investigation demonstrated insignificant hydrogen peroxide production of less than 3% in MCF-7 (A),
MDA-MB-231 (B) and MCF-12A cells (C) propagated in growth medium and vehicle-treated MCF-7 (D), MDA-MB-231 (E) and

MCF-12A cells (F).
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Figure 3.36: Flow cytometry investigation indicated a statistically significant increase in hydrogen peroxide production of MCF-7
(A), MDA-MB-231 (B) and MCF-12A cells (C) after exposure to 0.4 yM EMBS when compared to cells propagated in growth
medium and vehicle-treated cells. Hydrogen peroxide production increased to 40% in MCF-7, 46% in MDA-MB-231 and 56% in
MCF-12A cells when compared to cells propagated in growth medium and vehicle-treated cells. The positive control for this
experiment included cells treated with hydrogen peroxide and demonstrated an increase in hydrogen peroxide production when

compared to cells propagated in growth medium and vehicle-treated cells (P-value < 0.05).

Superoxide production

Hydroethidine is freely permeable and is oxidised to a red fluorescent compound,
ethidium, by superoxide. Superoxide quantification was made possible by using flow
cytometry and hydroethidine (225). Flow cytometry investigations revealed that cells
propagated in growth medium and vehicle-treated cells produced minimal quantities of
superoxide (Figure 3.37). After exposure to 0.4 uM for 24 h superoxide production
increased to 27% in MCF-7 cells, 33% in MDA-MB-231 cells and 25% in MCF-12A

cells.
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Figure 3.37: Flow cytometry investigation revealed minimal amounts of superoxide in MCF-7 (A), MDA-MB-231 (B) and MCF-12A
cells (C) propagated in growth medium and vehicle-treated MCF-7 (D), MDA-MB-231 (E) and MCF-12A cells (F). Treated cells
exposed to 0.4 uM for 24 h demonstrated a statistically significant increased superoxide production to 27% in MCF-7 (G), 33% in
MDA-MB-231 (H) and 25% in MCF-12A cells (I) (P-value < 0.05).

3.8.2 Expression of p53

Cancer prevention is greatly dependent on the p53 tumor suppressor protein. This is
due to the ability of p53 to eliminate damaged cells by apoptosis and is essential for
regulation of cell proliferation (226). MDM2 binds and inhibits p53 and is overexpressed
in various types of cancers (227). In addition, p53 also plays a vital role in autophagy
induced by nutrient deprivation and genotoxic stress by inhibiting mTOR (228).

Spectrophotometrical data indicated that EMBS exposure resulted in a statistically
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significant increase in p53 expression when compared to cells propagated in growth
medium and vehicle-treated cells (Figure 3.37). The p53 expression of MCF-7 cells

were pronouncedly affected, followed by MDA-MB-231 cells and MCF-12A cells.
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Figure 3.38: Expression of p53 was statistically significantly increased when exposed to 0.4 uM for 24 h. The p53
expression of EMBS-treated MCF-7 was increased more pronouncedly, followed by MCF-12A and MDA-MB-231
cells (an * indicates P-value < 0.05).

2.3.8.3 Bcl-2 expression

Bcl-2 expression and phosphorylation at serine 70 of Bcl-2 was investigated the Flow
Collect Bcl-2 activation dual detection kit and flow cytometry. The Flow Collect Bcl-2
activation dual detection kit utilizes two antibodies to quantify Bcl-2 protein expression
and the extent of Bcl-2 phosphorylated at Ser 70 (229).The Bcl-2 protein is an anti-
apoptotic protein that prevents apoptosis by means of sequestering proforms of
caspases or by preventing mitochondrial apoptogenic factors (cytochrome ¢ and AlF)
from entering the cytoplasm. In addition, the bcl-2 anti-apoptotic activity is regulated by
phosphorylation at several serine and threonine residues including Ser70 (230). Bcl-2
Ser70 phosphorylation is required for the anti-apoptotic activity and reports indicate that
this may delay apoptosis in GoM arrested cells (231). Moreover, Bcl-2 interacts with
Beclin-1 which is essential for autophagosome formation and autophagy induction
(232).
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Flow cytometry data of cells treated with EMBS revealed downregulated Bcl-2
expression and a decrease in pBcl-2(s70) phosphorylation when compared to cells
propagated in growth medium and vehicle-treated cells (Figure 3.39 and Table 3.4).
This corresponds with data of cells treated with actinomycin D that was used as a
positive control for apoptosis. The latter showed downregulated Bcl-2 expression and a

decrease in pBcl-2(s70) phosphorylation.

117



E E
] ]
o g" g’i
87 4 — 3
0 ] 9 i
i o ™
A U FL1Log B FL1 Log |G " FLiLeg
o o
O ] o ] F
2 =1 ] e
Y 3
o . o =
D TT F-IL‘]I Lag E F L T T Thiler FTLT1TLSE T 1T orirnm
g g 2
d - ]
o o ]
1 1 -J
L ; L I,
G H * FL1 Log L
5
o 3 o ] o
& 3 O 3 5]
— 3 -
B o ] e ]
- e | |
w | LL ) [TH
K " FL1Llog L FL1 Log

J

 FL1Log

Figure 3.39: Flow cytometry investigation of Bcl-2 expression (FL1 Log) and pBcl-2(s70) phosphorylation (FL3 Log) of MCF-7
(A), MDA-MB-231 (B) and MCF-12A cells (C) propagated in growth medium and vehicle-treated MCF-7 (D), MDA-MB-231 (E)
and MCF-12A cells (F). Treated cells were exposed to 0.4 yM for 24 h and demonstrated a downregulated expression of Bcl-2
and pBcl-2(s70) phosphorylation in MCF-7 (G), MDA-MB-231 (H) and MCF-12A cells (I). Actinomycin D-treated cells were used
as a positive control for apoptosis and showed a decrease in Bcl-2 expression and Bcl-2(s70) phosphorylation in MCF-7 (J),

MDA-MB-231 (K) and MCF-12A cells (L).
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Table 3.4: Data regarding Bcl-2 expression and pBcl-2(s70) phosphorylation (an * indicates P-

value < 0.05).
Standard Down- Down- Standard
Bcl-2 regulated regulated Bcl-2
expression Bcl-2; Bcl-2 expression;
and pBcl- standard expression | down-
2(s70) pBcl-2(s70) | and pBcl- regulated
phosphory- | phosphory- | 2(s70) pBcl-2(s70)
lation lation phosphory- | phosphory-
lation lation

MCF-7 cells propagated in growth 99.2+2.6% | 0.1+£0.001% | 0.5+0.009% | 0.1+0.00%

medium

MCF-7 vehicle-treated cells 99.21+3.8% | 0.6+£0.002% | 0.1+£0.008% | 0.0+0.00%

MCF-7 EMBS-treated cells 63.06+2.9% 0.0£0.0% | 14.2+0.3% | 22.69+0.2%
MCF-7 Actinomycin D-treated 36.53+1.7% | 54.38+1.5% 9.0+4.2% | 0.0+0.00%
cells * *

MDA-MB-231 cells propagated in 99.3+3.1% 0.00.00% | 0.4+0.00% | 0.2+0.00%
growth medium

MDA-MB-231 vehicle-treated cells 99.3+0.9% | 0.0+0.00% | 0.3+0.00% | 0.3+0.008%
MDA-MB-231 EMBS-treated cells | 61.75£1.6% | 9.5£0.007% | 17.4+0.9% | 11.4+x0.7%
Actinomycin D-treated cells 27.78+t1.1% | 65.13+2.4% | 7.1£0.04% | 0.0+0.00%
MCF-12A cells propagated in 97.911.2% | 1.62£0.002% | 0.5+£0.004% | 0.0+0.03%
growth medium

MCF-12A vehicle-treated cells 99.1£1.0% | 0.1£0.00% | 0.7+0.00% | 0.0+0.00%
MCF-12A EMBS-treated cells 70.14+0.56% | 0.6+0.78% | 10.9+0.4% | 18.310.4%
MCF-12A Actinomycin D-treated | 35.07+4.1% | 50.1814.0% | 35.07£1.2% | 0.4+0.00%

cells

*

*

*

119




Chapter 4

4. Discussion

The 17B-estradiol, 2ME2 possess antiproliferation activity and induces apoptosis
without exerting any estrogenic activity (233). However, rapid breakdown due to
metabolism in oxidative- and conjugation processes results in subsequent low
bioavailability (234). Thus, 2ME2 failed to advance to United States Food and Drug
Administration approval (235). The latter resulted in the in silico design and
subsequent synthesis of several estradiol compounds in our laboratory (175). This in
vitro study demonstrated the influence of a 17-beta estradiol analogue, EMBS, on
proliferation, metabolism, morphology, reactive oxygen species and cell death
induction via apoptosis and autophagy in adenocarcinoma receptor positive cell line
(MCF-7), estrogen receptor negative metastatic cell line (MDA-MB-231) and a non-
tumorigenic epithelial breast cell line (MCF-12A). Effects exerted by EMBS on the
crosstalk between autophagy and apoptosis and the in vitro influence on non-

tumorigenic MCF-12A cells were unreported prior to this in vitro study.

Cell growth studies by means of crystal violet staining indicated that EMBS exerts
antiproliferative activity in an estrogen-independent manner in all three cell lines in a
dose-dependent manner. MDA-MB-231 and MCF-12A cell lines were also affected in
a time-dependent manner with cell growth drastically decreased after 48 h exposure
with recovery of the MCF-12A cell lines after 72 h exposure. Antiproliferative activity
exerted by EMBS reached a plateau when exposed to 0.4 uM for 24 h and thus all
subsequent experiments were conducted at this concentration and exposure period.
Antiproliferative activity exerted by EMBS was confirmed by means of the
xCELLigence real-time approach. EMBS was previously found to exert
antiproliferative activity within this concentration range in cell lines including lung
adenocarcinoma cell line (HOP-62), human colorectal carcinoma cell line (HCT-116),
human glioblastoma cell line (SF-539), melanoma cell line (UAVC-62), human
ovarian adenocarcinoma cell line (OVCAR-3), renal carcinoma cell line (SN12-C),
human prostate carcinoma cell line (DU-145) and breast tumorigenic cell line (MDA-
MB-435) (236).
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Panchapakesan, et al. (2011) reported that another 17@-estradiol methylated
analogue, 17p-hydroxy/17-methylene estratrienes reduced cell growth in the HCT-
116 cell line, large lung cancer cell line (NCIH-460), glioblastoma astrocytoma (U-
251) and MDA-MB-435 cell line (237).

Research conducted in our laboratory demonstrated that other sulphamoylated
estradiol analogues, 2-ethyl-3-O-sulphamoyl-estra-1,3,5(10) and 15-tetraen-17-ol, 2-
ethyl-3-O-sulphamoyl-estra-1,3,5(10)16-tetraene, (8,9,13,14,17)-2-ethyl-17-hydroxy-
13-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-6H-cyclopenta[a]phenanthren-3-yl
sulphamate possessed antiproliferation activity in a similar concentration range as
this study demonstrated (175, 229, 238, 239). In addition, another sulphamoylated
2ME2 derivative, 2MEBM, inhibited cell growth in a dose-dependent manner (0.1-
1uM) in the MCF-7 cell line, prostate cancer cell line (LNACaP), MDA-MB-231 cell
line, human cervical adenocarcinoma cell line (HelLa), human ovarian carcinoma
(A2780), androgen-sensitive human prostate adenocarcinoma cells (LNCaP) and the
CALS1 human breast carcinoma cell line (167, 240, 241, 242, 243).

Cell viability, metabolism and energy production were investigated by demonstrating
the in vitro influence EMBS exerts on membrane integrity by quantifying the LDH
released by the cells and NAD'/NADH and NADP*/NAPPH production. No
statistically significant changes were found in NAD*/NADH and NADP*/NAPPH
production and LDH present when compared to vehicle-treated cells and other
appropriate controls as discussed earlier. The lack of a substantial increase in LDH
production found in the media indicates that EMBS did not have a cytotoxic effect
and did not compromise the cell membrane enough to allow for acute leakage of
LDH. This is supported by previous research that reported that 17p-estradiol
exposure did not significantly increase LDH production in smooth muscle cells
leaving cell viability unaffected and the cell membrane intact (244). In addition,
studies from our laboratory verified that 2MEBM exposure in a non-tumorigenic
breast cancer cell line (MCF-12A) and oesophageal cancer cell line (SNO) resulted
in a statistical insignificant release of LDH. The latter indicates that 2MEBM refrained
from damaging the cell membrane sufficiently to allow for LDH leaking and did not
induce necrosis ( 178, 246, 247).
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Recent reports, also from our laboratory, indicated that exposure to sulphamoylated
analogues (2-ethyl-3-O-sulphamoyl-estra-1,3,5(10) 16-tetraene and 2-ethyl-3-O-
sulphamoyl-estra-1,3,5(10)15-tetraene-3-ol-17one) and EMBS in human epithelial
cervical cell line (HeLa) did not demonstrate a statistical significant LDH increase
(214). LDH is released by the cell into the surrounding environment in the event of
cell membrane damage. These studies suggest that exposure to sulphamoylated
2ME2 analogues does not result in sufficient cell membrane damage to allow for

acute leakage of LDH.

Qualitative data regarding morphology were provided by means of PlasDIC, light
microscopy, TEM, SEM and fluorescent microscopy. These techniques revealed
several hallmarks of apoptosis after exposure to EMBS (0.4 pM; 24 h) including
decreased cell density, apoptotic bodies, shrunken cells, hypercondensed chromatin
and several cells trapped in metaphase culminating in apoptosis in all cell lines.
Characteristics of autophagy induction were also found including vacuoles and
autophagosomes. The same morphological findings were reportedly induced by 2-
ethyl-3-O-sulphamoyl-estra-1,3,5(10)16-tetraene, 2-ethyl-3-O-sulphamoyl-estra-1,3,5
(10)15-tetraene-3-ol-17one and EMBS in human epithelial cervical cell line (HelLa)
(214). Light microscopy, TEM and PlasDIC demonstrated the induction of apoptosis
and autophagy by 2MEBM llustrating apoptotic bodies, shrunken cells and vacuoles
in MCF-7 cells (178). The latter is supported by visualization of apoptotic bodies,
shrunken cells and cells blocked in metaphase in the oesophageal cancer cell line
(SNO) (247).

Influence of EMBS on apoptosis induction was quantified by means of mitotic
indices, cell cycle progression, Annexin V-FITC, changes in mitochondrial membrane
potential and caspase activation. Mitotic indices revealed an increase in cells
possessing abnormal morphology associated with apoptosis and the number of cells
in metaphase culminating in apoptosis. This was confirmed by flow cytometry using
propidium iodide (cell cycle progression) that revealed a significant induction in
apoptosis and an increase in the number of cells occupying the G,M phase.

Reduction of mitochondrial membrane potential was also observed. This notion is
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supported by previous studies in our laboratory where 2-ethyl-3-O-sulphamoyl-estra-
1,3,5(10)16-tetraene, 2-ethyl-3-O-sulphamoyl-estra-1,3,5(10)15-tetraene-3-ol-170one
reduced the mitochondrial membrane potential in the HelLa cell line (178). The
depolarization of the mitochondrial membrane potential suggests apoptosis induction
via the intrinsic pathway. EMBS induced the mitochondrial pathway as treatment
resulted in depolarization of the mitochondrial membrane potential and cytochrome ¢
release in MDA-MB-231 cell line and human umbilical vein endothelial cell (HUVEC)
(161).

Apoptosis induction by 2MEBM have been reported in cell lines including the drug
resistant human breast adenocarcinoma cell line (MCF-7 pox40), mitoxantrone
resistant breast adenocarcinoma cell line (MCF-7 MR) and MDA-MB-231 cell line
(248. 149, 179). Data also indicated the upregulation of initiator caspase 8,
executioner caspase 6 and caspase 7 in all three cell lines. This supports the notion
that EMBS induces apoptosis by means of both the intrinsic and extrinsic pathways.
This is supported by increased number of cells exerting activated caspase 6 and
caspase 8 activity accompanied with a reduced mitochondrial membrane potential in
human epithelial cervical cell line (HelLa) exposed to 2-ethyl-3-O-sulphamoyl-estra-
1,3,5(10)16-tetraene and 2-ethyl-3-O-sulphamoyl-estra-1,3,5(10)15-tetraene-3-ol-
170ne (214).

Increased lysosomal staining after exposure to EMBS indicates cell death via
autophagy induction. However, accumulation of acridine orange in acidic organelles
and lysosomes suggests autophagy induction but (194). Since LC3-Il is tightly
associated with the autophagosome membrane and is thus considered a marker for
autophagy induction (251, 252). This study also employed LC3B conjugated to
DyLight 488 and flow cytometry to provide quantitative autophagy data. LC3-I in its
cytosolic form is activated by ATG7, transferred to ATG3 and is then converted to its
membrane-bound form, LC3-Il. LC-Il (251). Flow cytometry results confirmed
autophagy induction by exposure to EMBS in all three cell lines. The latter is
supported by upregulation of RAB7, member RAS oncogene family and
downregulation of Rapamycin-insensitive companion of mTOR (RICTOR) in global
arrays performed after exposure to EMBS in the MDA-MB-231 cell line (236). Rab7
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is a small GTPase vital to the fusion of late endosome and lysosomes in the
endocytic pathway (253). Furthermore, Rab7 is essential for vacuole formation and
maturation of late autophagic vesicles (254). RICTOR regulates autophagy and
inhibition of the mTORC resulting in autophagy induction in the non-small H383 cell
lung cancer cell line (225). 2-Ethyl-3-O-sulphamoyl-estra-1,3,5(10)16-tetraene
induced autophagy in human cervical adenocarcinoma cell line (HelLa) (256).
Another bis-sulphamoylated analogue, 2MEBM, induces autophagy in the MCF-7
cell line and the SNO cell line (179, 257).

The source and processing of ROS and the role they play in EMBS-induced growth
inhibition and cell death remain to be elucidated. Flow cytometry studies
demonstrated that EMBS exposure resulted in statistically significant increased
hydrogen peroxide-and superoxide production in all three cell lines. However, The
novel discovery regarding the in vitro effects of EMBS on ROS production in
tumorigenic and non-tumorigenic lines has not been reported previously. Exposure
to 2-ethyl-3-O-sulphamoyl-estra-1,3,5(10)16-tetraene increased hydrogen peroxide
and superoxide production in MCF-7, MDA-MB-231 and MCF-12A cells (238).

Reactive oxygen species (ROS) also participate in the intrinsic pathway since they
serve as a second messenger converging at the mitochondria resulting in
cytochrome c release. High ROS levels leads to cellular stress and subsequent
release of pro-apoptotic factors and proteins including cytochrome c, AIF, EndoG
and HtA1/Omi resulting in the formation of the apoptosome (258). Although ROS are
not responsible for the direct activation of the extrinsic pathway, ROS can alter the
intracellular environment optimizing the engagement between receptors and ligands
by upregulating of CD95 and TRAIL death receptors (259). Furthermore, ROS are
necessary for Fas phosphorylation at the tyrosine residue, signaling for consequent
employment of Fas-associated protein with death domain and caspase 8 for
apoptosis induction. ROS are also required for the ubiquitination and subsequent

degradation of the FLICE inhibitory protein to further enhance Fas activation (260).

Escalated ROS production is related to Akt that is an essential inhibitor of
mitochondrial ROS scavenging. Akt phosphorylates forkhead box O (FOXO)

transcription factors with subsequent cytosolic sequestration through interaction with
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14-3-3 adaptor proteins. FOXOs encompasses a family of transcription factors that
encourage expression of genes associated with cell cycle arrest, apoptosis and
tumor suppression (261). Mediators such as TNFs that activate ASK1 also
encourage ROS production (262). ASK1 regulates activation of NK and p38 MAPK
pathways required for cell death. The link between ROS production and the
subsequent activation of ASK1-dependent signaling appears to involve a redox-

dependent interaction between ASK1 and thioredoxin (262).

Elevated ROS levels also result in oxidative stress culminating in autophagy. Thus,
antioxidizing agents that decrease ROS would result in decreased autophagy levels
(263). The notion that exposure to EMBS results in elevated ROS production leading
to autophagy induction accompanied with decreased antioxidizing levels is
supported by a gene expression study that demonstrated decreased superoxide
dismutase 1, soluble (SOD1) expression after treatment with EMBS (235). The
mouse cell model (L929) with catalase degradation resulted in ROS accumulation,
loss of plasma membrane integrity and autophagy induction (264). MCF-7 exposure
to hydrogen peroxide inhibited phosphorylation of mTORC1 at p70/s6 and 4EBP1
occurred in a dose- and time-dependent manner (<60 min; <0.1 mM hydrogen
peroxide) (264). The mTORC1 repression results in autophagy induction in MCF-7
cells (265). Hydrogen peroxide induces autophagy by targeting HsATG4 protease by
means of oxidation modification at a cysteine residue situated in the proximity of the
catalytic site). Cysteine protease HsAtg4 activity is stringently regulated in
conjugating Atg8 to the autophagosomal membranes via cleaving the C-terminal of
recently synthesized proteins and in recycling it from the membrane by the
delipidation of ATG8-PE, which is a characteristic of autophagy (266). Although ROS
are well-known important signaling molecules in the crosstalk between apoptosis
and autophagy pathways, the molecular mechanisms linking these processes are

complex and several questions remains to be unravelled.

This in vitro study also demonstrated that EMBS exposure (0.4 uM; 24 h) resulted in
a statistically significant increase in p53 expression in all three cell lines when
compared to cells propagated in growth medium and vehicle-treated cells. The latter
is supported by reports that another sulphamoylated analogue, 2-ethylestrone-3-

sulfamate upregulated p53 expression in CAL-51 cell lines, HUVEC cell line and
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MCF-7 cells line (267, 268). The p53 tumor suppressor is the primary mediator of
proliferation arrest, senescence and apoptosis induction. In unstressed cells, MDM2,
the main antagonist of p53, continuously mono-ubiquitinates p53 and thus is the
essential step in regulating its degradation by nuclear and cytoplasmic proteosomes
(269). Due to the inhibitory activity of MDM2 on p53, MDM-2 overexpression is
associated with unrestrained cell proliferation and tumorigenesis (270). Furthermore,
Akt phosphorylates MDM2 at serine 166 and serine 186 resulting in MDM2
translocating from the cytoplasm into the nucleus. Akt activation of is adequate to
promote nuclear entry of Mdmz2, where it inhibits the p53 tumor suppressor protein

and its transcriptional activity and target it for degradation by the proteasome (271).

Increased p53 expression after exposure to EMBS suggests decreased MDM2 and
Akt expression. P53 targets several pro-apoptotic genes including BAX, Fas/Apo1,
Killer/DR5, PUMA, Noxa, AFAF1 and Bcl-2 (272). Gene array studies conducted in
our laboratory revealed that BAX expression was increased in the MDA-MB-231 cell
line after exposure to EMBS (235). Transcriptional upregulation by p53 of BAX
results in a conformational change and triggers the intrinsic apoptotic pathway (273).
Nutrient deprivation and stress results in p53 activation which can then interact with
various pro-autophagic modulators including AMP-activated protein kinase (AMPK)
activation death-associated protein kinase 1 (DAPK-1), damage-regulated
autophagy modulator (DRAM), proapoptotic Bcl-2 proteins, sestrin 2, and tuberous
sclerosis protein 2 (TSC2) (274).

The results indicate that EMBS exposure can lead to decreased Bcl-2 expression
and a decrease in pBcl-2(s70) phosphorylation when compared to cells propagated
in growth medium and vehicle-treated cells. Bcl-2 is an anti-apoptotic protein that
occurs on the cytoplasmic face of the mitochondrial outer membrane, ER and
nuclear envelope and possibly registers injury and potentially changes it's the
cellular organelle’s behaviour by modifying the flux of small molecules or proteins
(211). Bcl-2 protects against apoptosis by stabilization the mitochondrial membrane
potential and preventing subsequent release of cytochrome ¢ and activation of
caspase 2 and caspase 9 (275). Downregulation of Bcl-2 expression results in Bax

upregulation, caspase 3 activation and apoptosis induction in a liver adenocarcinoma
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cell line (SK-Hep-1) (276). Bcl-2 phosphorylation at serine 70 located in the flexible
loop domain (FLD), is essential for full anti-apoptotic activity exerted by Bcl-2 (277).
However, Bcl-2 phosphorylation at multiple sites (serine 70, threonine 69 and serine

87) resulted in a pro-apoptotic effect with subsequent cytochrome c release (278).

Bcl-2 also plays a role in suppressing autophagy induction by binding to the protein
Beclin 1, which is necessary for autophagosome formation in autophagy (279).
Overexpression of Bcl-2 has been show to inhibit autophagy. In addition, small
interfering ribonucleic acid (siRNA)-mediated Bcl-2 downregulation in MCF-7 cells
resulted in significantly increased levels of autophagy induction (280). An antagonist
of Bcl-2, ethyl 2-amino-6-bromo-4(1-cyano-2-ethoxy-2-oxoethyl)-4H-chromene-3
carboxylate, binds to the surface pocket of Bcl-2 inducing apoptosis and autophagy
in murine leukaemia cells (L1210) (280). Similarly, ABT-737, a BH3-mimetic
compound, binds to the BH3-binding groove of Bcl-2, releasing beclin1 and inducing
autophagy in HelLa cells (281). Starvation of Hela cells and MCF-7 cells resulted in
Bcl-2 phosphorylation via JNK1 at threonine 69, serine 70 and serine 87, and

subsequent dissociation from beclin-1 and autophagosomes formation (282).

This in vitro study demonstrated that EMBS exposure resulted in antiproliferative-
and antimitotic activity and induced cell death via apoptosis and autophagy without
compromising the cell membrane in a sufficient manner to allow for severe LDH
leakage in MCF-7, MDA-MB-231 and MCF-12A cells in an estrogen-independent
manner. The morphological findings include hallmarks of apoptosis including cell
density, apoptotic bodies, shrunken cells, hypercondensed chromatin and several
cells trapped in metaphase culminating in apoptosis. Autophagy characteristics were
also found including vacuoles and autophagosomes. Apoptosis induction was
verified by activation of initiator caspase 8, executioner caspase 6 and caspase 7
accompanied with a reduction in the mitochondrial membrane potential. Antimitotic
activity culminating in apoptosis was established by means of cell cycle progression
and mitotic indices. Autophagy induction was confirmed by means of increased
lysosomal staining and elevated LC3-Il levels. The crosstalk between apoptosis and

autophagy induced by EMBS in an estrogen-independent manner was substantiated
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by increased ROS production and p53 expression accompanied by reduced Bcl-2

expression and phosphorylation of Bcl-2 at serine 70.
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Figure 4.1: A schematic diagram showing the proposed signaling utilized by EMBS. EMBS results in increased
ROS production resulting in activation of autophagy, increased CD 95 and Trail receptors and depolarisation of
the mitochondrial membrane potential thus inducing the intrinsic and extrinsic apoptotic pathway. Caspases 8 is
also activated in the intrinsic pathway. Bcl-2 downregulation also promotes induction of autophagy and apoptosis.

Subsequent activation of executioner caspases 6 and 7 resulting in the demise of the cell.
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Chapter 5

5. Conclusion

In conclusion, the aims of this study namely, to investigate the effects of EMBS in
estrogen receptor positive- and estrogen receptor negative breast adenocarcinoma
cell lines (MCF-7 and MDA-MB-231) and the non-tumorigenic epithelial breast cell
line (MCF-12A) respectively by analyzing its influence on cell growth, cytotoxicity,
metabolism, morphology, cell cycle progression, mitochondrial membrane potential,
caspase activation, reactive oxygen species generation and induction of cell death
via apoptosis and autophagy and the crosstalk between them were achieved. EMBS
exposure resulted in antiproliferative-and antimitotic activity and induced apoptosis
and autophagy in an estrogen receptor independent manner. The induction of both
the intrinsic- and extrinsic apoptotic pathway by EMBS exposure is implicated.
Molecular crosstalk between apoptosis and autophagy induced by EMBS was
demonstrated by increased ROS production and p53 expression accompanied by
reduced Bcl-2 expression and phosphorylation of Bcl-2 at serine 70. The novel
discovery regarding the in vitro effect of EMBS on autophagy induction, increased
ROS production, p53 expression, Bcl-2 expression and phosphorylation of Bcl-2 at
serine 70 in tumorigenic and non-tumorigenic lines has not been reported previously.
This study is the first to report on the in vitro effect of EMBS on non-tumorigenic

MCF-12A cell line and the main conclusions are summarized in figure 4.1.

Data generated from this project elucidated cell signaling events exerted by EMBS in
tumorigenic and non-tumorigenic cell lines and contributes to novel in vitro targets for
cancer therapies including the mitochondria, reactive oxygen species and bcl-2
protein. Future studies of EMBS will involve ex vivo- and in vivo studies that will
contribute to the development and/or improvement of novel chemotherapeutic

agents paving the way for efficient in vivo studies.
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