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SUMMARY

Tumourigenic cells utilize aberrant metabolic process that supports the biosynthetic
requirements for hyperproliferation, survival and prolonged maintenance
characterised by glucose metabolism to lactate dehydrogenase independent of
oxygen availability (Warburg effect). In addition, tumourigenic cells exert increased
glycolytic- and glutaminolytic activity in order to provide increased quantities of
adenosine triphosphate. The aim of this research project was to investigate the
influence of glutamine deprivation on proliferation, morphology, oxidative stress,
mitochondrial membrane potential, cell cycle progression, antioxidant defences,
deoxyribonucleic acid (DNA) damage, energy status, cell survival signaling and cell

death induction in tumourigenic- and non-tumourigenic breast cell lines.

In this study it was found that glutamine deprivation results in differential
antiproliferative activity where the MCF-7 cell line was the most affected with
decreased cell growth to 61% after 96 h of glutamine deprivation. Aberrant redox
activity was most prominently observed in the MCF-7 cell line accompanied with
biphasic mitochondrial membrane potential- and reactive oxygen species production.
The MCF-7 cell line showed significant mitochondrial membrane depolarisation after
24 h and 96 h deprivation from glutamine (1.5- and 1.37 fold). Cell cycle progression
analysis illustrated an increase in the amount of cells present in the S-phase in the
MCF-7 cell line after 72 h of glutamine deprivation. The MDA-MB-231 cell line
resulted in a significant increase in cells occupying the G2/M phase after 24 h of
glutamine deprivation. Glutamine deprivation in the BT-20 cell line resulted in a
significant increase in cells occupying Gi phase after 72 h of glutamine deprivation.
The MCF-7 cell line demonstrated the least amount of viable cells when analysing
apoptosis induction, when compared to the MDA-MB-231-, MCF-10A- and BT-20 cell
lines after glutamine deprivation suggesting that the MCF-7 cell line is the most
affected cell line. Analysis of antioxidant mechanism via superoxide dismutase (SOD)
inhibition illustrated increased SOD activity in the MCF-7 cell line (9.1%) after 72 h of
glutamine deprivation. Evaluation of catalase protein concentration indicated that the
MCF-7 catalase expression increased to 1.28 fold after 24 h of glutamine deprivation
when compared to cell propagated in complete growth medium. DNA damage was
demonstrated by visualising the presence of fluorescent 8-hydroxydeoxyguanosine

and showed that the MCF-7 cell line presented with significant 8-



hydroxydeoxyguanosine staining. Survival signaling was also evaluated through
visualising extracellular signal-regulated kinase (ERK) and phosphoinositide 3-
kinase (PI3K) signaling which demonstrated increased ERK activation in the non-

tumourigenic MCF-10A cell line and decreased PI3K activation.

This study provides evidence that there are differential- and time-dependent
responses in breast tumourigenic cells versus non-tumourigenic cells, to glutamine
deprivation thus unraveling the crosstalk between glutamine deprivation, oxidative
stress and cell death and different cell types will enable us to better understand the
basics of tumour cell metabolism and thus develop therapeutics that provide

promising pre-sensitization potential for chemotherapeutic agents.
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ABSTRACT

Tumourigenic cells utilize aberrant metabolic process that supports the biosynthetic
requirements for hyperproliferation, survival and prolonged maintenance
characterised by glucose metabolism to lactate dehydrogenase independent of
oxygen availability (Warburg effect). In addition, tumourigenic cells modify glycolytic-
and glutaminolytic pathways in order to facilitate increased proliferation and cell
survival resulting in subsequent glucose- and glutamine addiction. Literature
suggests particular promise in studying glutamine deprivation since tumourigenic
cells have an elevated consumption rate when compared to non-tumourigenic cells.
The aim of this research project was to investigate the influence of glutamine
deprivation on proliferation, morphology, oxidative stress, mitochondrial membrane
potential, cell cycle progression, antioxidant defences, deoxyribonucleic acid (DNA)
damage, energy status, cell survival signaling and cell death induction in breast
tumourigenic cell lines MCF-7-, MDA-MB-231-, BT-20- and a non-tumourigenic
breast cell line MCF-10A.

Spectrophotometry data obtained from crystal violet staining demonstrated that
glutamine deprivation resulted in decreased cell growth in a time-dependent manner.
MCF-7 cell growth was decreased to 86%, 80%, 69% and 61% after 24 h, 48 h, 72 h
and 96 h of glutamine deprivation, respectively. MDA-MB-231 cell growth was
decreased to 93%, 89%, 88% and 78% cell growth after 24 h, 48 h, 72 h and 96 h of
glutamine deprivation, respectively. MCF-10A- and BT-20 cell growth was decreased
to 89% and 86% after 96 h of glutamine deprivation, respectively. Thus suggesting
differential antiproliferative activity. Furthermore, glutamine deprivation resulted in
oxidative stress, assessed via flow cytometry, where superoxide levels were
chronically elevated with the MCF-7 cell line reaching 1.23 fold after 96 h of
glutamine deprivation when compared to cells propagated in complete growth
medium. Hydrogen peroxide production increased to 1.16 fold after 24 h of glutamine
deprivation in the MCF-7 cell line accompanied by mitochondrial membrane potential
depolarisation of 1.5 when compared to cells propagated in complete growth
medium. The effects on reactive oxygen species (ROS) and the mitochondrial
membrane potential, assessed via flow cytometry, were more prominently observed
in the MCF-7 cell line when compared to the MDA-MB-231-, MCF-10A- and BT-20

cell lines. Analysis of antioxidant mechanism via superoxide dismutase (SOD)

XVi



inhibition analysed via spectrophotometry illustrated increased SOD activity in the
MCF-7 cell line (9.1%) after 72 h of glutamine deprivation. Evaluation of catalase
protein concentration analysed via spectrophotometry indicated that the MCF-7
catalase expression increased to 1.28 fold after 24 h of glutamine deprivation when
compared to cell propagated in complete growth medium. Flow cytometry revealed
that glutamine deprivation resulted in significant changes within the cell cycle where
34% of cells were present in the S-phase after 72 h of glutamine deprivation. The
MDA-MB-231 cell line resulted in a significant increase in cells occupying the G2/M
phase after 24 h of glutamine deprivation. Glutamine deprivation in the BT-20 cell line
resulted in a significant increase in cells occupying Gi1 phase after 72 h of glutamine
deprivation. The MCF-7 cell line demonstrated the least amount of viable cells when
analysing apoptosis induction, when compared to the MDA-MB-231-, MCF-10A- and
BT-20 cell lines after glutamine deprivation suggesting that the MCF-7 cell line is the
most affected cell line. Visualising of fluorescent 8-hydroxydeoxyguanosine via
fluorescent microscopy demonstrated that glutamine deprivation resulted in
significant DNA damage in all cell lines after 96 h deprivation from glutamine.
Survival signaling was also evaluated through western blot by visualising
extracellular signal-regulated kinase (ERK) and phosphoinositide 3-kinase (PI3K)
signaling which demonstrated ERK increased activation in the non-tumourigenic
MCF-10A and non-metastatic BT-20 cell lines and decreased activation in the MCF-7

cell line which correlates with decreased cell growth shown in this study.

This study demonstrates that glutamine deprivation results in decreased cell
proliferation, differential ROS generation and aberrant mitochondrial membrane
potential indicative of cell death induction and disrupted cell cycle progression. In
addition, the oestrogen receptor positive, luminal MCF-7 cell line was more
prominently affected by glutamine deprivation when compared to the oestrogen
receptor negative, basal MDA-MB-231-, MCF-10A- and BT-20 cell lines. This study
contributes to knowledge regarding the metabolic changes and interactions between
signaling pathways and glutamine sensitivity in breast cancer cells and non-
tumourigenic cells which is crucial for future therapeutics targeting cancer cell
metabolism. In addition, glutamine deficiency may affect non-tumourigenic response
to antitumour treatment which is beneficial in potentially pre-sensitizing therapy of

tumourigenic cells to chemotherapeutic treatments.
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CHAPTER 1

1. INTRODUCTION
Breast cancer is the most commonly diagnosed cancer amongst women with

numbers reaching 1.4 million per year worldwide. It has been predicted that the
worldwide incidence rate will reach approximately 3.2 million new cases per year by
2050 (1). In South Africa, one in four people are affected by cancer with breast
cancer being the most commonly diagnosed type of cancer according to the National
Cancer Registry (1). South Africa is ranked 50" on the World Cancer Research
Fund’s list of countries with the highest cancer prevalence rates. Moreover, the five-
year overall survival rate for breast cancer patients does not exceed 60% for any low
and middle-income country (LMIC) in Africa (2). Epidemiology studies show that a
female diagnosed with stage | breast cancer has an 88% chance of survival;
however, upon diagnosis at stage IV, the survival rate decreases to 15% that will
survive for more than 5 years (3).

Genetic risk factors include germline mutations in the breast cancer 1 (BRCA1) and
breast cancer 2 (BRCA2) genes which increase a woman’s risk of developing breast-
and ovarian cancer. In addition, acquired mutations in human epidermal growth
factor receptor 2 gene (HER2) play a fundamental role in the development and
growth of breast cancer (4). Other risk factors include age- and lifestyle parameters
including tobacco usage, levels of physical activity and excessive alcohol
consumption. Furthermore, 89% of breast cancer occurs from ages of 40 years and
above (5).

Predictive immunohistochemistry markers in breast pathology include hormone
receptor positive factors such as oestrogen receptors (ER), progesterone receptors
(PR) and HER2. Tumourigenic cells may have none, one, or all receptors (6). Types
of breast cancer that have receptors are subsequently positive for the specific
receptor and inversely, breast cancers that lack all receptors are referred to as triple
negative suggesting that the growth of the cancer is not supported by oestrogen and
progesterone, nor by the presence of HER2 receptors (7). Therefore, triple negative

breast cancer does not respond to hormonal therapy (such as tamoxifen or
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aromatase inhibitors) or therapies that target HER2 receptors, such as Herceptin
(chemical name: trastuzumab) (8). Breast cancer is classified into four stages. Stage
| describes invasive breast cancer where tumourigenic cells invade surrounding non-
tumourigenic breast cells. Stage | is further categorised into stages IA and IB. Stage
IA describes invasive breast cancer whereby the tumour measures up to 2cm and
present as HER2-positive and hormone receptor positive (oestrogen and
progesterone); nonetheless, in this stage the cancer has not metastasized beyond
the breast (9). Stage IB is characterised by a lack of tumour present in the breast;
however, tumourigenic cell colonies larger than 2 mm are found in lymph nodes
presenting as HER2-positive and hormone-receptor-positive. Stage Il is divided into
subcategories known as IIA and IIB where stage IlIA is characterised by a tumour
measuring 2 cm - 5 cm that has not metastasized to the axillary lymph nodes (8).
Stage 1IB describes a tumour size of 2 cm - 5 cm with tumourigenic cells that have
metastasized to 1 to 3 axillary lymph nodes or to lymph nodes near the breastbone.
Stage Il is divided into subcategories known as IlIA, 1lIB, and llIC. Stage llIA is
characterised by tumourigenic cells found in 4 to 9 axillary lymph nodes or in the
lymph nodes near the breastbone, alternatively, a tumour larger than 5 cm. Stage 111B
describes a tumour that has metastasized to the chest wall and/or skin of the breast
causing swelling presenting as ER-positive, PR-positive and is HER2-positive. Stage
IIIC describes cancer where metastasis to 10 or more axillary lymph nodes has taken
place (9). A triple negative breast cancer can be associated with any of the above
stages in regards to size and progression of the tumourigenic cells (10). Since the
tumour cells lack the necessary receptors, common treatments like hormone
therapy and drugs that target oestrogen, progesterone and HER-2 are ineffective.
Furthermore, the progression of tumourigenic cells in breast cancer pathology is
dependent on the energy provided to the cells to facilitate proliferation hence the
importance of fully comprehending the mechanism at which tumourigenic cells attain

their ability to proliferate (11).

Key oncogenic signaling pathways including glycolysis and glutaminolysis adapt to
tumour cell metabolism in order to support hyperproliferation and survival (12). Due
to the increased metabolic rate, malignancy results in a significant deficiency in
glutamine. Most of the interest regarding the interplay between glutamine and cancer

is based on the foundation that it is an essential nutrient and represents an important
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driver of tumour cell anabolism (13). However, glutamine is also involved in several
cell signaling pathways that mitigate the effects of increased tumourigenic
bioenergetic processes, altered oxidative activity and macromolecule synthesis
resulting in increased survival. These additional roles enhance the appeal of
targeting glutamine metabolism in cancer treatment (14). Understanding how cells
adapt to glutamine deprivation is essential for future treatments targeting
tumourigenic metabolism since more therapeutics are being developed that target
cancer cell metabolism. Furthermore, glutamine deficiency may influence non-

tumourigenic tissue tolerance to antitumour treatment.

CHAPTER 2

2.1 LITERATURE REVIEW
Energy consumption for metabolic activities in non-tumourigenic cells is dependent
on mitochondrial oxidative phosphorylation (OXPHOS) and glycolysis (15). OXPHOS

generates 36 molecules of adenosine triphosphate (ATP) by oxidizing nutrients. In
addition, glycolysis generates 2 molecules of ATP through a series of enzyme-
catalysed reactions and is known to be oxygen-independent (16). Pyruvate, which is
the end product of glycolysis, is converted to acetyl coenzyme A (CoA) in the
mitochondria thus linking the Krebs cycle to glycolysis (Figure 1). The Krebs cycle is
defined as a pathway that is central to aerobic cellular respiration (17). The pathway
for energy production in tumourigenic cells was first described by Otto Warburg in the
1920s, and is known as the Warburg effect (17). Tumourigenic cells usually prefer
glycolysis due to the increased demand for proliferation and associated increased
energy requirement. In addition, glycolysis is associated with the Krebs cycle which
has intermediates that facilitate synthesis of macromolecules that include nucleic
acids, proteins and lipids which are a necessity in the case of increased proliferation
(18). Although it is widely accepted that glucose is the dominant energy fuel for most
types of cancer, glutamine also supplies energy to the cell. Thus, glutaminolysis is an
alternative energy production pathway in cancer, since upregulated glutamine

consumption is frequently observed in cancer (19).
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Figure 1: Glucose is converted into pyruvate by a process of glycolysis; however, in
a lack of oxygen pyruvate is further converted to lactate. Tumour metabolism,
however, converts pyruvate to lactate even in the presence of oxygen which is
termed the Warburg effect. Tumourigenic cells have increased metabolic
requirements hence the employment of glutaminolysis in order to fuel the Krebs cycle
and subsequently produce energy. [Diagram designed in Microsoft (Windows 10)

Word by M. Gwangwa].

Glutamine, the most abundant amino acid in the body, is essential for proliferation
and acts as a precursor for other amino acids, nucleosides and molecules involved in
the maintenance of redox homeostasis (20). Glutamine is transferred into the cells
using glutamine importers namely alanine-serine-cysteine transporter subtype 2
(ASCT2) and system N transporter 2 (SN2) (Figure 2). When glutamine enters the
cell, it is destined for either nitrogen donation or deamination by glutaminases to form
glutamate (21). Glutamate is further catalysed into glutathione (GSH) or glutathione
cysteine lipase (GCL) which form part of the cell's innate antioxidant defences.
Glutamate dehydrogenase (GDH) reduces glutamate to a-ketoglutarate (aKG), which
is catalysed in the mitochondria contributing to energy production. In addition,
facilitates the production of acetyl CoA which is essential for the continuation of the

Krebs cycle which produces ATP (22). Hence glutamine is known for its fundamental



role as an anapleurotic substrate in tumourigenic cells due to increased carbon

donation in order to support the unregulated metabolism and proliferation (Figure 2).
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Figure 2: Glutamine is transferred into the cell by ASCT2 & SN2 transporters.
Glutamine is subsequently deaminated by glutaminase to form glutamate which is
further catalysed by glutamate dehydrogenase to form aKG which further enters the
Krebs cycle to produce energy for the cell. [Diagram designed in Microsoft (Windows
10) Word by M. Gwangwal].

Glutamine deprivation resulted in decreased proliferation in the CEM cell line
(lymphoblastic leukaemia), HL-60 cell line (promyelocytic leukaemia), Namalwa cell
line (Burkitt lymphoma) and U937 cell line (histiocytic lymphoma) suggesting that
glutamine is essential to proliferation (23). Furthermore, Harnett, et al (2013) reported
that glutamine deprivation resulted in oxidative stress via mitochondrial dysfunction,
suggesting that glutamine is essential in the redox homeostasis (24). Investigating
the crosstalk between the glutamine signal transduction, proliferation, oxidative
stress and cell death induction will provide us with the molecular determinants for

future improved cancer treatment.



2.2 OXIDATIVE STRESS

Reactive oxygen species (ROS) are a group of molecules produced during oxygen

metabolism and are fundamental signaling molecules at low concentrations. Non-
tumourigenic cells produce ROS via the electron transport in a process called
OXPHOS. ROS includes hydroxyl radical (OH-), hydrogen peroxide (H202) and
superoxide (O2) (25). Oxygen reduction by one electron produces superoxide, which
is known as the precursor of most intracellular ROS. Superoxide is subsequently
reduced to hydrogen peroxide. Hydrogen peroxide is reduced to water and oxygen or

partially reduced via transition elements to OH- (26).

Aerobic glycolysis and mitochondrial oxidative phosphorylation produces ROS since
oxygen is converted into superoxide. This occurs when electrons leak from the
electron transport chain and is catalysed by nicotinamide adenine dinucleotide
phosphate hydrogen (NADPH) oxidases (27). The leaky electron transport chain
complexes include complex | (nicotinamide adenine dinucleotide hydrogen NADH
dehydrogenase), complex Il (succinate dehydrogenase), complex Ill (cytochrome c
reductase), complex IV (cytochrome c oxidase) and complex V (mitochondrial F1Fo
ATP synthase) (25)(26). As the electrons flow through the complexes, there is a
release of hydrogen ions which create a gradient in the inner membrane and the
hydrogen ions enters complex V in order to produce ATP (25). However, under
stress conditions, additional electrons leaks from the respiratory chain prematurely,
exacerbating superoxide production, thus causing detrimental effects on the cell such

as excessive oxidative stress (27).

Low ROS production is generated by NADPH and NADPH oxidase (NOX) and is
required for proliferative signaling events which promote cell proliferation and survival
through the post-translational modification of kinases such as tyrosine kinase and
the mitogen-activated protein kinase (MAPK) system (28) (29). During cellular stress
including anoxia or starvation, high ROS quantities result in damage to
macromolecules, including deoxyribonucleic acid (DNA), triggering senescence and
permeabilization of the mitochondria, leading to the release of cytochrome ¢ which

induces apoptosis (30).



ROS resulting in oxidative stress also induce mitochondrial membrane potential
abnormalities. The physiological state of the mitochondria is fundamental for cellular
homeostasis thus any deviation from homeostasis will trigger an appropriate
response from the mitochondria. Upon high levels of physiological stress, various
apoptosis-inducing factors are released from the mitochondria through mitochondrial
transition pores into the cytoplasm resulting cell death induction (31). The
permeability of the mitochondrial pore is dependent on the mitochondrial membrane
potential (hyperpolarisation and depolarisation). Mitochondrial membrane potential
experiences hyperpolarization in the event of the mitochondrial inner membrane
possessing a negative charge (32). The mitochondrial membrane is considered to be
depolarised upon the mitochondrial inner membrane experiencing a positive charge.
Furthermore, the mitochondrial membrane potential is reliant on the electron
transport chain for transferring electrons from NADH to oxygen and ATPase
complex. The hydrogen ions fluxed into matrix are used by ATPase to convert
adenosine diphosphate (ADP) to ATP during oxidative phosphorylation (33).

2.3 ANTIOXIDANT DEFENCES

The cell possesses several antioxidant defences in order to maintain ROS

homeostasis. Antioxidant defences include glutathione, catalase and superoxide
dismutase (SOD). SOD reduces superoxide to hydrogen peroxide (Figure 3) (34).
Cytochrome ¢ mediates the reaction of superoxide to oxygen and is also able to
facilitate the transfer of electrons to the final oxidase for energy production (35).
Hydrogen peroxide is detoxified by glutathione peroxidase. Catalase is also known to
detoxify hydrogen peroxide without cofactors, to water and oxygen (36). These
enzymes form an extensive antioxidant network to maintain the steady state and
regulation of reactive oxygen species. However, the antioxidant defences can be
overwhelmed with increased production of reactive oxygen species and thus fail to

regulate redox homeostasis subsequently causing oxidative stress (37).



Catalase

Superoxide

anion l l
—
Hydrogen :
Peroxide

CELL
DAMAGE

Figure 3: Antioxidant network where superoxide is detoxified by superoxide
dismutase to form hydrogen peroxide (H202) which is further detoxified by catalase to
water (H20) and oxygen (O2). Superoxide and hydrogen peroxide constitute as
reactive oxygen species which is known to cause cell damage. [Diagram designed in
Microsoft (Windows 10) Word by M. Gwangwa].

Oxidative stress is also associated with DNA damage and phosphorylated histone
family, member A (H2A). H2A is phosphorylated, activated and recruited to sites of
double stranded breaks (DSB) after oxidative damage as part of the DNA repair
mechanism. Ataxia telangiectasia mutated (ATM), a serine threonine protein
kinase, is recruited and activated by DSB (38). ATM phosphorylates several key
proteins that initiate activation of the DNA damage checkpoint, leading to cell
cycle arrest, DNA repair or induction of apoptosis. ATM also has several targets that
include p53 and histone family, member y (H2AX). Thus detecting the presence of
H2AX is confirmation of DNA damage (39). Furthermore, 8-hydroxy-2'-
deoxyguanosine is one of the predominant forms of free radical-induced oxidative
lesions in mitochondrial- and nuclear- DNA. Hydroxyl radical ("OH) reacts with
pyrimidines and purines resulting in base modifications. Therefore, 8-hydroxy-2'-

deoxyguanosine is widely used as a biomarker for oxidative stress in tumourigenesis
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(40). Thus, 8-hydroxy-2'-deoxyguanosine is an indication of oxidative DNA damage
whilst H2AX is indicative of DSB breaks following oxidative stress damage (41).

2.4 CELL SURVIVAL PATHWAYS

Proliferation and cell survival is dependent on the maintenance of several signaling

pathways including the MAPK and phosphoinositide 3-kinase (PI3K) pathways (42).
MAPK signaling is essential in proliferation, migration, differentiation, apoptosis
induction, autophagy induction and sensitivity to chemotherapy (43). Furthermore,
MAPK is known to stimulate other signaling pathways including extracellular-signal-
regulated kinase (ERK) 1 & 2, which activates proto-oncogene Ras, a common
mutation in the several types of cancer including lung- , pancreas- and colon cancer
which subsequently leads to increased proliferation (44). ERK is activated by cellular
myelocytomatosis (cMyc), which forms a complex with E-twenty six transformation
specific (ETS) transcription factor (Elk-1) and subsequently promotes proliferation via
glutaminolysis. The proto-oncogene cMyc transcriptionally binds to the promoter
regions of high-affinity glutamine importers, including ASCT2 and SN2 resulting in
higher glutamine uptake (45). Overexpression of cMyc promotes the expression of
mitochondrial GLS through transcriptional repression of miR-23a and miR-23b (46).
Furthermore, cMyc also directly targets genes involved in deoxyribonucleotide
triphosphate (ANTP) metabolism to enhance glutaminolysis in order to derive amide
nitrogens for nucleotide synthesis (47). MAPK, oxidative stress and DNA damage
stimulates c-Jun N-terminal kinase (JNK) thus activating activator protein 1 (AP-1) or
p53 that induces apoptosis (48).

Tumourigenic cell metabolism stimulated by PI3K/protein kinase B (AKT) pathway
regulates proliferation, growth and differentiation. Furthermore, hypoxia, a
characteristic of tumourigenic cells, enhances the PI3K pathway, ROS production
and proliferation (49). Literature states that PI3K activation, which is hyperactivated
by excessive cell growth, leads to increased proliferation, cellular mobility and
promotes cell survival. PI3K’s phosphorylates the 3’-hydroxyl position of the inositol
ring in  phosphatidylinositides  including  phosphatidylinositol ~ (PI) and
phosphatidylinositol-4, 5-bisphoshate (PIP2). PIP2 phosphorylation results in the
formation of phosphatidylinositol-3,4,5-triphosphate which activates AKT (50).



Phosphatidylinositol-3,4,5-bisphoshate (PIP3) binds to AKT and subsequently AKT
moves to the cell membrane where AKT is activated by phosphoinositide-dependent
protein kinase-1 (PDK1) and mammalian target of rapamycin complex 2 (mTORC?2)
phosphorylation by Thr308 and Ser473, respectively (51). AKT inhibits tuberous
sclerosis complex (TSC) by phosphorylating TSC2 at Ser939 and binding to 14-3-3
protein. Subsequently, TSC promotes activation of RAS homolog enriched in brain
(Rheb) and inhibits mammalian target of rapamycin (mTOR), thus promoting cell
survival (52). PI3K can be activated by external stimuli including heat shock that
further activate serine/threonine protein kinase B (PKB) (53). PKB phosphorylates
forkhead box O (FOXO) transcriptional factors, which positively regulate the
expression of glutamine synthetase (GS) which also then supports the tumourigenic

cells to generate energy through the alternative pathway, glutaminolysis (54).

2.5 ADENOSINE MONOPHOSPHATE KINASE PATHWAY
AMP-activated protein kinase (AMPK) is an essential sensor of energy status and

plays a significant role in cellular responses to metabolic stress (55). AMPK consist
of an alpha (catalytic), beta and gamma (both regulatory) subunits and are activated
by numerous kinases through phosphorylation and the increment of calcium in the
cytosol through the calmodulin-dependent protein kinase kinase beta (CAMKK-R3)
(56).

During periods of metabolic stress, AMPK is activated in response to an increased
adenosine monophosphate (AMP)/ATP ratio indicating an energy deficit (57). AMPK
binds directly to AMP, ATP or ADP resulting in conformational changes of the
enzyme and activation, thus promoting phosphorylation and subsequently preventing
further dephosphorylation of the adenosine molecules (58). AMPK is responsible for
shifting cells to an oxidative metabolic phenotype and inhibiting cell proliferation (59).
Furthermore, AMPK opposes the effects of AKT, inhibits mTOR and thus functions
as a metabolic checkpoint, regulating the cellular response to energy availability (60).
Inhibition of the alpha isoform results in decreased ATP levels which triggers AMPK
signaling and subsequently, induces autophagy (61). Tumourigenic cells overcome
this checkpoint in order to proliferate in response to activated growth signaling

pathways, even in unfavourable microenvironments (62). The Ras pathway
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suppresses AMPK and deactivates growth signals thus creating an inhibitory effect
and subsequently allows for proliferation in aberrant nutrient conditions (63).
Accordingly, tumourigenic cells exhibit a loss of appropriate AMPK signaling; an
event that also contributes to their glycolytic phenotype (64). Furthermore, AMPK is
required to maintain glutaminolysis by consistently activating the secretion of
secondary messengers such as interleukin-4 which forms part of the

microenvironment created in tumourigenic cells (65).

2.6 CELL CYCLE PROGRESSION

The cell cycle consists of six stages: apoptosis (sub-Gi), quiescent phase (Go), the

synthesis (S) phase, the mitotic phase (M) and two gap phases (Gi1 and G2) (66).
Sub-Gu1 is classified as dead cells and Go is characterized by non-dividing cells and
cells that are exiting the cell cycle (67). The S phase is where DNA replication occurs
and the M phase is where one cell divides into two daughter cells in a process called
mitosis (68). The gap junction, Gi, is where majority of the organelles and proteins
are formed while the other gap junction, Gz, is where preparation for mitosis occurs
including the production of microtubules, verification of the duplicated chromosomes
and detection of DNA errors and subsequent repair of the detected errors (69).
Regulatory mechanisms are employed between the Gi and S phase as well as
between G2 and mitosis. Regulatory mechanisms include proteins called cyclin
dependent kinases (CDK) that are constitutively produced but are only activated
upon the binding of cyclins which forms a complex (70) (Figure 4). For example,
cyclins D and E are found in the G1 phase where the cyclins will bind to CDK2 and 4
respectively. Furthermore, retinoblastoma (Rb) is known to inhibit S phase entry;
however, Rb is inactive due to phosphorylation by CDK4-cyclin D complex and
subsequently cells continue into the S phase (71). The S phase contains cyclin A
which binds to CDK2 thus mediating DNA synthesis. In the G2 phase, cyclin B binds
to CDK1 which facilitates the cell transitioning to mitosis (72). Any interruption in any
of these phases caused by glutamine deprivation will be indicative of a disruption in
the regulation of cell cycle progression thus indicating the importance of glutamine

dependency in the particular phase (Figure 4).
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Figure 4: lllustration of the different stages of cell cycle with associated proteins
involved in the progression of the chromosomes. The Gi phase is propelled by
CDK4/6-cyclin D followed by the S-phase which is propelled by CDK2-cyclin A/E and
the G2 phase which is propelled by CDK1-cyclin A/B. [Diagram designed in Microsoft
(Windows 10) Word by M. Gwangwa].

The G1/S checkpoint is responsible for the accuracy of chromosomes created in the
Gi1 and S phases. An accumulation in these phases is indicative of cellular damage
thus causing slower DNA replication (73). This is due to the detection of ATM that
phosphorylates active protein-checkpoints signaling cascade. Subsequently, DNA
replication is possibly slowed down by the checkpoint or inhibition of the replication
fork in the synthesis phase (74). As a cell approaches the end of the Gi phase a vital
checkpoint called Gi1/S checkpoint is used to determine whether or not to replicate
the DNA contained in the cell. At this checkpoint the DNA integrity is evaluated for
any damage to ensure that it has all the necessary cellular machinery to allow for
successful cell division. Cells with intact DNA continue to S phase; cells with
damaged DNA that cannot be repaired are arrested and undergo programmed cell
death (75). A second checkpoint occurs at the G2 phase following the synthesis of
DNA in the S phase however, before cell division in M phase. When fully functional,
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cell cycle regulatory proteins act as the innate tumour suppressors by controlling cell
growth and inducing the death of damaged cells (76). Genetic mutations causing the
malfunction or absence of one or more of the regulatory proteins at cell cycle
checkpoints can result in the consistent activation permitting uncontrolled

multiplication of the cell, leading to tumourigenesis (77).

2.7 CELL DEATH PATHWAYS

2.7.1_Apoptosis
Programmed cell death (PCD) is an evolutionarily conserved and highly regulated

pathway resulting in type | cell death also known as apoptosis. The term, apoptosis,
was first reported by Kerr, Wyllie, and Currie in 1972 to describe a morphologically
distinct form of cell death characterized by membrane blebbing, cell shrinkage,

chromatin condensation and endonucleolytic cleavage of DNA (78).

There are several different stimuli that induce apoptosis including irradiation, heat
shock, oxidative stress, hypoxia, death domain receptor binding and nutrient
deprivation. The pathways of apoptosis include the extrinsic (death receptor
pathway), intrinsic pathway (mitochondrial pathway), endoplasmic reticulum pathway

and caspase-independent pathway (79).

The extrinsic pathway is triggered by binding of apoptosis stimulating fragment (Fas)
and other death receptors to the plasma membrane death receptor with its
extracellular ligand, Fas ligand (Fas-L). Fas-L binds to Fas and forms death-inducing
signaling complex (DISC) consisting of adaptor protein fas-associated death domain
(FADD) and procaspase 8 (80). This complex facilitates the conversion of
procaspase 8 to caspase 8 which subsequently triggers effector caspase 3-, 6- and 7
(81).

The intrinsic pathway is induced by ROS and toxic injury, which activates
proapoptotic members of the B-cell lymphoma-2 (Bcl-2) family including Bcl-2
associated X protein (Bax) and Bcl-2 homologous antagonist killer (Bak). The

mitochondrial membrane potential is subsequently depolarized resulting in the
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release of cytochrome ¢ and ATP from the inner membrane of the mitochondria (82).
Cytochrome c binds to apoptotic protease activating factor 1 (Apaf-1) and aided by
ATP activates procaspase 9. The apoptosome, a multimeric complex, subsequently
forms and consists of cytochrome ¢, ATP, Apaf-1 and caspase 9. This results in the
activation of effector procaspase 3-, 6- and 7. The intrinsic- and extrinsic converge at
a common point in the apoptotic pathway at activation of effector caspase 3- ,6- and
7 (83). The balance between apoptosis and survival is maintained by the Bcl-2 family
members. This family is further divided into three subfamilies: Bcl-2 (including Bcl-2
and B-Cell Lymphoma Extra-Large (Bcl-xL)), Bax (including Bax and Bak), and BH3-
only proteins (including Bcl-2-associated death promoter (Bad) and BH3 interacting-
domain death agonist (Bid)). The Bcl-2 subfamily promotes cell survival whereas Bax

and the BH3-only subfamily members are proapoptotic (84).

2.7.2_Autophagy
Autophagy is a compensatory mechanism that produces energy from damaged

and/or redundant organelles and proteins which subsequently prevents the
accumulation of waste products thereby maintaining homeostasis (85). In non-
tumourigenic cells, autophagy maintains cellular homeostasis by clearing damaged

organelles or misfolded proteins (86).

Macroautophagy (here-after referred to as autophagy) commences with an isolation
membrane, also known as a phagophore which expands to engulf proteins and
organelles, thus forming a double membrane structure, namely autophagosome (87).
The elongation of the autophagosome is dependent on the autophagy-related genes
(ATG) 12 & 5 aided by ATG 7 & 10. ATG 12 & 5 interacts with ATG 16 forming a
complex and is subsequently added onto the phospholipids in the membrane, in a
process that is similar to ubiqutination. ATG 4 protease aids the above-mentioned
reaction and continues to cleave microtubule-associated protein 1A/1B-light chain 3
(LC3) which is further incorporated into the membrane subsequently closing the

double membrane structure (88).

LC3 competes with LC3-I to bind to phosphatidylethanolamine (PE) in order to form
LC3Il on the surface of the autophagosomes (89). The autophagosomes fuse with

lysosomes, promoting the degradation of autophagosomal contents by lysosomal
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acid protease. Lysosomal permeases and transporters export amino acids and other
by-products of degradation out to the cytoplasm, where they can be salvaged to
produce macromolecules (90). However, the role of autophagy in cancer is complex
and paradoxical as it is an adaptive process which is responsive to changes in the
cellular microenvironment. Beclin 1 is a protein associated with autophagy and is
essential for embryonic development and autophagy initiation in non-tumourigenic
cells and if present is able to distinguish whether the fate of the cell is pro-death or
pro-survival (91). Beclin 1 interacts with Bcl-xL resulting in autophagy inhibition
suggesting the existence of a crosstalk between autophagy and apoptosis (92).
Fingar, et al (2002) observed that deletion of mMTOR reduces cell size and
subsequent restoration of mMTOR signaling also restores cell size thus suggesting
that mTOR signaling regulates both cell cycle progression and cell growth/cell size
(93).

Tumourigenic cells possess increased metabolism required for sustainable
hyperproliferation resulting in glutamine deprivation (94). In addition to glutamine’s
bioenergetic role, glutamine also possesses non-anabolic functions pertaining to
oxidative stress and cell survival. These additional responsibilities enhance the
appeal of targeting glutamine metabolism in tumourigenic treatment (95). The
knowledge pertaining to how tumourigenic- and non-tumourigenic cells adapt to
glutamine deprivation is crucial to therapeutics targeting cancer cell metabolism. In
addition, glutamine deficiency may affect non-tumourigenic response to antitumour
treatment, and potentially could pre-sensitize tumourigenic cells to chemotherapeutic
treatments. Thus, the aim of this research project was to investigate the differential
signaling events exerted by glutamine deprivation on cell proliferation, morphology,
oxidative stress, mitochondrial membrane potential, cell cycle progression,
antioxidant defences, DNA damage, energy status, cell survival signaling and cell

death via apoptosis and autophagy induction in breast cell lines.

2.8 OBJECTIVES
The in vitro influence of glutamine deprivation was investigated in tumourigenic

breast cell lines and a non-tumourigenic cell line on:

1. cell proliferation by means of crystal violet staining and spectrophotometry.
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2. morphology by means of haematoxylin and eosin staining using light
microscopy.

3. superoxide and hydrogen peroxide- production by using 2, 7-
dichlorofluoresceindiacetate (DCFDA) and dihydroethidine (DHE), respectively via
flow cytometry.

4. the innate antioxidant system by demonstrating effects on catalase- and
superoxide dismutase activity by means of spectrophotometry.

5. the energy status of cells by determining the AMP/AMPK ratio by means of
spectrometry

6. cell survival by means of ERK phosphorylation and PI3K phosphorylation
utilizing western blot.

7. DNA damage by investigating H2A phosphorylation and 8-hydroxyguanosine
via confocal microscopy and fluorescent microscopy, respectively.

8. cell cycle progression by using propidium iodide and flow cytometry.

9. mitochondrial functioning by using Mitocapture ™ and flow cytometry.

10. cell death induction via apoptosis induction by using flow cytometry and
Annexin V-fluorescein isothiocyanate (FITC).

11. cell death induction via autophagy induction by using LC3II fluorescence

2.9 HYPOTHESIS

In this study, it was hypothesized that glutamine deprivation differentially affects

proliferation, morphology, oxidative stress, cell survival, innate antioxidant systems,
energy status, DNA damage, mitochondrial functioning, cell cycle progression, cell
survival signaling and cell death induction in tumourigenic breast cell lines when

compared to a non-tumourigenic breast cell line.

CHAPTER 3
3 MATERIALS

3.1 Cell lines

MCF-7 is an adherent tumourigenic luminal subtype A human breast cell line that is
ER positive, PR positive and HER2 negative and is derived from a metastatic site
(90). It is commercially available from American Type Culture Collection (ATCC)

(Manassas, Virginia, United States of America). Cells were cultured in 75cm? tissue
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culture flasks at 37°C and 5% CO2 humidified atmospheric conditions in Dulbecco’s
Minimum Essential Medium Eagle (DMEM) supplemented with heat-inactivated
dialysed fetal calf serum (56°C, 30 min), 100 U/ml penicilin G, 100 pg/ml
streptomycin and fungizone (250 pg/l) (Sigma Chemical Co (St. Louis, Missouri,
United States of America)) (96).

MDA-MB-231 is an adherent tumourigenic basal subtype human breast cell line that
is ER negative, PR negative and HER2 negative and is derived from a metastatic
site. It is commercially available from ATCC (Manassas, Virginia, United States of
America). Cells were cultured 75cm? tissue culture flasks at 37°C and 5% CO:2
humidified atmospheric conditions in DMEM supplemented with heat-inactivated
dialysed fetal calf serum (56°C, 30min), 100 U/ml penicillin G, 100 pg/ml
streptomycin and fungizone (250 pg/l) (Sigma Chemical Co) (St. Louis, Missouri,
United States of America)) (96).

BT-20 is an adherent tumourigenic basal subtype non-metastatic human breast cell
that is ER negative, PR negative and HER2 negative. The BT-20 cell line was
supplied by ATCC (Manassas, Virginia, United States of America). Cells were
cultured in 75cm? tissue culture flasks at 37°C and 5% CO:2 humidified atmospheric
conditions. BT-20 cells were cultured in growth medium consisting of a 1:1 mixture of
DMEM and Ham’s-F12 medium, 10% heat-inactivated dialysed fetal calf serum
(56°C, 30 min), 100 U/ml penicillin G, 100 pg/ml streptomycin and fungizone (250
ug/l) (Sigma Chemical Co (St. Louis, Missouri, United States of America)) (97).

MCF-10A is an adherent non-tumourigenic basal subtype human breast cell line that
is ER negative, PR negative and HER2 negative. It is commercially available from
the ATCC (Manassas, Virginia, United States of America). Cells were cultured 75cm?
tissue culture flasks at 37°C and 5% CO:2 humidified atmospheric conditions. MCF-
10A cells were cultured in growth medium consisting of a 1:1 mixture of DMEM and
Ham’s-F12 medium, 20 ng/ml epidermal growth factor (EGF), 100 ng/ml cholera
toxin, 10 pg/ml insulin and 500 ng/ml hydrocortisone, supplemented with 10% heat-
inactivated dialysed fetal calf serum (56°C, 30 min), 100 U/ml penicillin G, 100 pug/ml
streptomycin and fungizone (250 pg/l) (Sigma Chemical Co) (St. Louis, Missouri,
United States of America) (98).
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3.2_Reagents

All reagents were obtained from (Sigma Chemical Co) (St. Louis, Missouri, United
States of America) unless otherwise specified. The Annexin V-FITC antibody and
Mitocapture™ were obtained from Biolegend (San Diego, California, United States of
America) and Biovision (Milpitas, California, United States of America), respectively.
Haematoxylin, eosin, propidium iodide, anti-ERK antibodies, monoclonal anti-ERK1
(pT202/pY204)  antibody, anti-LC3Il  antibodies, anti-H2AX  antibodies,
dehydroethidium (DHE) and dichlorofluoresceindiacetate (DCFDA) were purchased
from Sigma Chemical Co (St. Louis, Missouri, United States of America). Crystal
violet dye was provided by Merck (Pty) Ltd (Johannesburg, Gauteng, South Africa).
The SOD activity assay kit, human catalase activity kit simplestep and anti-8
hydroxyguanosine antibody were obtained from Abcam plc. (Cambridge, England,
United Kingdom). The Phospho-AMPKal (Ser487) ELISA kit was purchased from

RayBiotech, Inc. (Norcross, Georgia, United States of America).

3.3 Cell culture

Cells were grown and maintained in 75 cm? tissue culture flasks in a humidified
atmosphere at 37°C, 5 % CO2 in a Forma Scientific water-jacketed incubator (Ohio,
United States of America). Cells were cultured in complete growth medium with
glucose, glutamine, and sodium pyruvate supplemented with 10% heat-inactivated
dialysed fetal calf serum (56 °C, 30 min), 100 U/ml penicillin G, 100 pg/ml
streptomycin and fungizone (250 ug/l). Cells were grown in flasks to 80% confluence
and then trypsinized and seeded according to each method specifications. The
positive control for morphological studies comprised of cells propagated in complete
growth medium containing actinomycin D (0.1ug/ml) for 48 h, all other experiments
used 2-ethyl-3-O-sulphamoyl-estral,3,5(10),15-tetraen-17-ol (ESE-15-0l) for 48 h as
a positive control. Negative controls for exposure conditions comprised of cells
propagated in complete growth medium. Exposure condition referred to cells
propagated in DMEM not containing glutamine, but supplemented with heat-
inactivated dialysed fetal calf serum, penicillin G, streptomycin and fungizone as
mentioned above. For all experiments cells exposed to growth medium not
containing glutamine were compared to cells propagated in complete growth medium

containing glutamine for the same time period.
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3.4 METHODS
3.4.1 CELL PROLIFERATION
3.4.1.1 Crystal violet staining (spectrophotometry)

Crystal violet was used to demonstrate the influence of glutamine deprivation on
proliferation where the nuclei were stained with crystal violet, a triphenylmethane
cation dye. Crystal violet thus allows for the quantification of cell number by
intercalating with the DNA resulting in a purple colour that correlates with cell number
in monolayer. Crystal violet staining is measured with spectrophotometry at a

wavelength of 570 nm (99).

MCF-7-, MDA-MB-231-, BT-20- and MCF-10A cells were seeded in a 96 well plate at
a density of 4000 cells per well. The plate was incubated overnight at 37°C to allow
for cell attachment. Cells were washed with phosphate buffer saline (PBS) thrice and
DMEM was replaced with DMEM not containing glutamine. Samples were incubated
for 24 h, 48 h, 72 h and 96 h at 37°C and 5% CO2 humidified atmospheric conditions
since literature has shown that glutamine deprivation for these time intervals include
optimal antiproliferative activity (100). Cells were fixed using 1% gluteraldehyde (100
pl) for 15 min at room temperature. Gluteraldehyde was discarded and cells were
stained using 0.1% crystal violet (100 pl). The plate was incubated at room
temperature for 30 min. Excess crystal violet was discarded and the plate was
submersed under running water and the plate was left to dry. Crystal violet was
solubilized by adding 0.2% Triton X-100 (200 ul) to the wells and the plate was
incubated at room temperature for 1 h. Solubilized crystal violet solution (100 pl) was
transferred to a new microtitre plate. The absorbance was determined at 570 nm
using an EPOCH Microplate Reader (Biotek Instruments, Inc. (Winooski, Vermont,
United States of America)) (99)

3.4.2 MORPHOLOGY
3.4.2.1 Haematoxylin and eosin staining (light microscopy)

Haematoxylin and eosin staining was used to determine the effects of glutamine
starvation on cell morphology and mitotic indices were also determined.

Haematoxylin stains the nucleus blue, whilst eosin stains the cytoplasm pink (101).
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Haematoxylin and eosin staining also allows for the identification of different mitotic
phases which include interphase (dispersed chromosome), prophase (condensed
chromosomes), anaphase (chromosomes at spindle poles), metaphase
(chromosomes aligned at metaplate), telophase (uncoiling of chromosomes,
formation of new nuclei) and also allows for the identification of apoptotic bodies and
shrunken- and elongated cells (101). Quantitative data for mitotic indices was
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
interphase, mitosis (anaphase, metaphase, telophase and prophase) and cells
demonstrating abnormal characteristics including cell elongation, blebbing, apoptotic

bodies.

MCF-7-, MDA-MB-231-, BT-20- and MCF-10A cells were seeded on heat-sterilized
coverslips in a six well plate with a cell density of 200 000 cells per well and left
overnight to attach. Cells were washed with PBS three times and DMEM was
replaced with DMEM not containing glutamine. Samples were incubated for 24 h, 48
h, 72 h and 96 h at 37°C and 5% CO:2 humidified atmospheric conditions. Coverslips
were moved to staining dishes and samples were exposed to Bouin'’s fixative for 30
min. The fixative was discarded and subsequently 70% ethanol was added to the
coverslips and left for 20 min at room temperature. Coverslips were washed with
distiled water and haematoxylin was added. Samples were incubated at room
temperature for 20 min and the haematoxylin was subsequently discarded.
Coverslips were washed with distilled water followed by the addition of 70% ethanol
for 5 min. Ethanol was discarded and 1% of eosin was added and left for 5 min. The
eosin was discarded and the coverslips were rinsed twice with 70% ethanol, 96%
ethanol, 100% ethanol and xylol for 5 min each. Coverslips were mounted on
microscope slides using Entelan. Photos were taken with a Zeiss Axiovert MRc

microscope (Zeiss, Oberkochen, Germany) (101).
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3.4.3_ OXIDATIVE STRESS

3.4.3.1 Superoxide generation using dehydroethidium (flow cytometry)

Flow cytometry and dehydroethidium (DHE) were used to determine how glutamine
deprivation influences superoxide production as an indicator of oxidative stress. A
unique red fluorescent product, 2-hydroethidine cation, is produced by oxidation of
DHE. DHE is oxidized by superoxide and not by hydroxyl radicals, singlet Oz or
nitrogen radicals (102).

MCF-7-, MDA-MB-231-, BT-20- and MCF-10A cells were seeded at 500 000 cells per
T25 cm? flask and left overnight to attach. Cells were washed with PBS thrice and
DMEM was replaced with DMEM not containing glutamine. Samples were incubated
for 24 h, 48 h, 72 h and 96 h at 37°C and 5% CO2 atmospheric conditions. Cells were
trypsinized and collected in 15 ml conical tubes. After centrifugation, DHE (0.5 pl:0.5
ml PBS) was added to the samples and incubated 15 min at 25°C. The fluorescent
product was measured with a FC500 System flow cytometer (Beckman Coulter
South Africa (Pty) Ltd) (Pretoria, Gauteng, South Africa)) using CXP software
(Beckman Coulter South Africa (Pty) Ltd) (Pretoria, Gauteng, South Africa)). Data
generated from at least 10 000 cells was analyzed by means of Cyflogic version
1.2.1 software from Perttu Terho & Cyflo Ltd (Pertu Therho, Turko, Finland) (103).

3.4.3.2 Hydrogen peroxide generation using 2, 7-dichlorofluoresceindiacetate (flow

cytometry)

The influence of glutamine on hydrogen peroxide was quantified as an indicator of

oxidative stress. Hydrogen peroxide production was measured using 2, 7-
dichlorofluoresceindiacetate (DCFDA). DCFDA, a non-fluorescence probe, is
oxidized by ROS and peroxides to DCF, a fluorescent derivative that can be detected
by maximum excitation and emission spectra of 495 nm and 529 nm. DCF
compounds trapped in cells by deacetylation pass through the cytoplasm to ensure

specific binding hydrogen peroxide (103).

MCE-7-, MDA-MB-231- , BT-20- and MCF-10A cells were seeded at 500 000 cells

per T25 cm? flask and left overnight to allow for attachment. Cells were washed with
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PBS thrice and DMEM was replaced with DMEM not containing glutamine. Samples
were incubated for 24 h, 48 h, 72 h and 96 h at 37°C and 5% CO2 atmospheric
conditions. Cells were trypsinized and collected in 15 ml conical tubes. After
centrifugation (500 g), DCFDA (0.5 pl: 0.5 ml PBS) was pipetted to all samples and
samples were incubated for 25 min at 37°C, 5% CO2 atmospheric conditions. The
DCF fluorescent product was measured with a FC500 System flow cytometer
(Beckman Coulter South Africa (Pty) Ltd) (Pretoria, Gauteng, South Africa)) using
CXP software (Beckman Coulter South Africa (Pty) Ltd) (Pretoria, Gauteng, South
Africa)). Data generated from at least 10 000 cells was analyzed by means of
Cyflogic version 1.2.1 software from Perttu Terho & Cyflo Ltd (Pertu Therho, Turko,
Finland) (103).

3.4.4 ANTIOXIDANT ACTIVITY

3.4.4.1 Superoxide dismutase activity (spectrophotometry)

The influence of glutamine deprivation on the cells’ innate antioxidant systems was
investigated by quantifying superoxide dismutase (SOD). SOD is an antioxidant
enzyme involved in the defence system against ROS. SOD catalyses the reaction of
superoxide radical anion to hydrogen peroxide (104). Quantification of SOD was
used as an indication of the cells’ innate antioxidant defence systems present when
the cells are deprived of glutamine thus also confirming the possibility of oxidative

stress.

MCF-7-, MDA-MB-231-, BT-20- and MCF-10A cells were seeded at 500 000 cells per
T75 cm? flasks and left overnight to allow for attachment. Cells were washed with
PBS thrice and DMEM were replaced with DMEM not containing glutamine. Samples
were incubated for 24 h, 48 h, 72 h and 96 h at 37°C and 5% CO2 atmospheric
conditions. Cells were trypsinized and samples were lysed in ice cold 0.1M Tris/HCI,
(pH 7.4) containing 0.5% triton X-100, 5mM B-ME and 0.1 mg/ml PMSF. Samples
were centrifuged at 14,000 x g for 5 minutes at 4°C. The supernatant was transferred
to clean tubes and samples were kept on ice. WST working solution (200 pL)
(provided by supplier) was added to each well. Dilution buffer (20 pL) (provided by
supplier) was added to Blank 2 and Blank 3. Enzyme working solution (20 pL)

(provided by supplier) was added to each sample well and Blank 1. The samples
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were mixed well and incubated for 1 hour on the plate shaker at 400 rpm (covered in
foil). After the incubation period, the plate was read at 450 nm using an EPOCH
Microplate Reader (Biotek Instruments, Inc. (Winooski, Vermont, United States of

America)). The SOD inhibition rate was calculated using the following equation:

(Ablankl—-Ablank3)—({dsample—Ablank2)

SOD Activity (inhibition rate %) = (Ablanki—Ablank3)
an — an

x 100 %.

(105).

3.4.4.2 Catalase activity (spectrophotometry)

The influence of glutamine deprivation on the cells’ innate antioxidant systems were
investigated by quantifying catalase. Hydrogen peroxide is catalysed to water and

oxygen by catalase and thus protects the cell from oxidative stress (106).

MCF-7-, MDA-MB-231-, BT-20- and MCF-10A cells were seeded at 2 000 000 cells
per T75 cm?flasks and left overnight to allow for attachment. Cells were washed with
PBS thrice and DMEM were replaced with DMEM not containing glutamine. Samples
were incubated for 24 h, 48 h, 72 h and 96 h at 37°C and 5% CO2 atmospheric
conditions. Cells were scraped and samples were placed in ice-cold 0.1 M Tris/HCI,
(pH 7.4) containing 0.5% triton X-100, 5 mM B-mercaptoethanol and 0.1 mg/ml
PMSF. Cells were centrifuge at 14 000 x g for 5 min at 4°C. Supernatant were
discarded and samples were transferred to new eppendorfs and kept on ice. WST
(200 ul) working solution (provided by supplier), dilution buffer (20 ul) (provided by
supplier) and enzyme working solution (200 ul) (provided by supplier) were added to
each well. Samples were mixed and incubated at 37°C for 20 min. The absorbance
was measured at 450 nm using an EPOCH Microplate Reader (Biotek Instruments,
Inc. (Winooski, Vermont, United States of America)) (107). A standard curve created
by using catalase standards (provided by supplier) was used to extrapolate the

protein concentration of each sample.

3.4.5 ENERGY STATUS

3.4.5.1 5’ Adenosine monophosphate protein kinase activation (spectrometry)

The influence of glutamine deprivation on the energy state of the cell was determined

by quantifying the AMP-activated protein kinase activity. AMPK plays a fundamental
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role in the regulation of energy homeostasis by controlling phosphorylation and
dephosphorylating of adenosine molecules and subsequent change in energy
production (108). AMPK is activated by an elevation of AMP/ATP ratio signifying an
energy deficit due to cellular stress including nutrient deprivation, metabolic stress

and oxidative stress (109).

MCF-7-, MDA-MB-231-, BT-20- and MCF-10A cells were seeded at 2 000 000 cells
per T75 cm?flasks and left overnight to allow for attachment. Cells were washed with
PBS thrice and DMEM were replaced with DMEM not containing glutamine. Samples
were incubated for 24 h, 48 h, 72 h and 96 h at 37°C and 5% CO:2 atmospheric
conditions. Medium was removed and cells were washed once in PBS. Cell lysate
buffer (provided by supplier) was added to the cells; cells were resuspended and
incubated thereafter for 30 min on ice. Cells were centrifuge at 14 000 x g for 5 min
at 4°C. Supernatant were discarded and samples were transferred to new
eppendorfs and kept on ice. Samples (100 pl) were added to each well. The primary
anti-Phospho antibody (100 pl) was added to each well and samples were incubated
for 1 h at room temperature. Thereafter, prepared 1X horseradish peroxidase-
conjugated secondary antibody (100 ul) was added to each well and incubated for 1
h at room temperature. TMB one-step substrate reagent (100 pl) was added to each
well. Samples were then incubated for 30 min at room temperature. Stop solution
(100 ul) was subsequently added to each well. The absorbance was measured at
450 nm using an EPOCH Microplate Reader (Biotek Instruments, Inc. (Winooski,
Vermont, United States of America)) (110).

3.4.5 SURVIVAL SIGNALING

3.4.5.1 Extracellular-signal-requlated kinase (ERK) phosphorylation (western blot)

The influence of glutamine deprivation on ERK phosphorylation was investigated as
an indicator of cell survival signaling. ERK is a pro-survival pathway which is also
associated with proliferation and motility by means of upregulating cell cycle factors

including cyclins (111).
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MCF-7-, MDA-MB-231-, BT-20- and MCF-10A cells were seeded at 200 000 cells per
well in a 6 well plate and left overnight to attach. Cells were washed with PBS thrice
and DMEM was replaced with DMEM not containing glutamine. Samples were
incubated for 24 h, 48 h, 72 h and 96 h at 37°C and 5% CO:2 humidified atmospheric
conditions. Subsequently, the medium was removed and cells were washed with
PBS. Protease inhibitor (1:100), sodium orthovandate NaVOs (1:100) and
radioimmunoprecipitation assay (RIPA) buffer containing 1mM Tris-Cl (pH 8.0), 1 mM
ethylenediaminetetraacetic acid (EDTA), 1% Triton X-100, 0.1% sodium
deoxycholate, 0.1% SDS, 140 mM NaCl and 1 mM phenylmethane sulfonyl flouride
(PMSF) were made as lysis buffer and were added to each well (150 pl). Cells were
scraped together and passed through a syringe in order to lyse cells. Cell lysates
were heated to 80°C for 10 min and then centrifuged at 8117 x g for 15 min.
Supernatants were loaded onto 4-12% sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) gels. After resolving proteins on the gel, samples were
transferred onto a 0.2 um polyvinylidene fluoride (PVDF) membrane overnight at 60
V. Membranes were blocked in 2% bovine serum albumin (BSA) before being
incubated with a 1:1000 dilution of monoclonal anti-ERK1 (pT202/pY204) antibody
and 1:10000 dilution of the monoclonal actin antibody for 1 h and secondary goat
anti-mouse horseradish peroxidase antibody for 1 h with washes in between using
PBS-tween. Proteins were visualized using enhanced chemiluminescence substrate
and the Biorad Chemidoc MP system (Bio-Rad Laboratories, Inc. (California, United
States of America). Bands were quantified and ratios of ERK to actin were calculated
using Image Lab™ software version 5.2.1 developed by Bio-Rad Laboratories Inc.

(Hercules, California, United States of America) (112).

3.4.5.2 Phosphoinositide 3-kinase phosphorylation (western blot)

The influence of glutamine deprivation on phosphoinositide 3-kinase phosphorylation
(PI3K) phosphorylation was also investigated as an indicator of cell survival
signaling. PI3K phosphorylates PI, phosphatidylinositol-4, 5-bisphoshate (PIP), PIP2
and PIP3. Growth factors and hormones activate PI3K to coordinate various cellular

events including cell growth, cell cycle entry, cell migration and cell survival (113).
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MCF-7-, MDA-MB-231-, BT-20- and MCF-10A cells were seeded at 200 000 cells per
well in a 6 well plate and left overnight to attach. Cells were washed with PBS thrice
and DMEM was replaced with DMEM not containing glutamine. Samples were
incubated for 24 h, 48 h, 72 h and 96 h at 37°C and 5% CO:2 humidified atmospheric
conditions. The medium was removed and cells were carefully washed with PBS.
Protease inhibitor (1:100), sodium orthovandate NaVOas (1:100) and RIPA buffer
(ImM Tris-Cl (pH 8.0), 1 mM EDTA, 1% Triton X-100, 0.1% sodium
deoxycholate,0.1% SDS, 140 mM NaCl and 1 mM PMSF) were made as lysis buffer
and were added to each well (150 pl). Cells were scraped together and passed
through a syringe in order to lyse cells. Cell lysates were heated to 80°C for 10 min
and then centrifuged at 8117 x g for 15 min. Supernatants were loaded onto 4-12%
SDS-PAGE gels. After resolving proteins on the gel, samples were transferred onto a
0.2 um PVDF membrane overnight at 60 V. Membranes were blocked in 2% BSA
before being incubated with 1:1000 dilution of monoclonal anti-Pi3K kinase p85
antibody and 1:10000 dilution of the monoclonal actin antibody for 1 h and secondary
goat anti-mouse horseradish peroxidase antibody for 1 h with washes in between
with PBS-tween. Proteins were visualized using enhanced chemiluminescence
substrate and the Biorad Chemidoc MP system (Bio-Rad Laboratories, Inc.
(California, United States of America). Bands were quantified of ratios of PI3K to
actin were calculated using Image Lab™ software version 5.2.1 developed by Bio-

Rad Laboratories Inc. (Hercules, California, United States of America) (112).

3.4.6 DEOXYRIBONUCLEIC ACID DAMAGE

3.4.6.1 Anti-8 hydroxyguanosine visualisation (fluorescent microscopy)

The effects of glutamine deprivation on DNA damage was investigated by visualising
8-hydroxyguanosine formation. 8-Hydroxyguanosine is a modified base that occurs in
DNA due to damage by hydroxyl radicals formed during aerobic metabolism and

oxidative stress (114).

MCF-7-, MDA-MB-231-, BT-20- and MCF-10A cells were seeded at 50 000 cells per
well in a 24 well plate and left overnight to allow for attachment. Cells were washed
with PBS thrice and DMEM was replaced with DMEM not containing glutamine.
Samples were incubated for 24 h, 48 h, 72 h and 96 h at 37°C and 5% CO:
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atmospheric conditions. The medium was removed and cells were washed with PBS.
Cells were fixed in 2% paraformaldehyde for 20 min. Samples were washed with
distilled water three times and permeabilized with 0.2% triton X-100 for 5 min.
Samples were blocked with 2% BSA in PBS for 1 h. Samples were subsequently
incubated with anti-8 hydroxyguanosine for 1 h at room temperature (1:50 dilution).
Cells were washed with PBS and incubated with anti-mouse alexa 488 donkey
antibodies and 4',6-diamidino-2-phenylindole (DAPI) for 1 h at room temperature.
After washing with PBS, coverslips were mounted using mounting fluid. Photos were
taken with the appropriate filters in a dark room to prevent quenching. Zeiss Axiovert
CFL40 microscope and the Zeiss Axiovert MRm monochrome camera (Zeiss,
Oberkochen, Germany) were employed with a Zeiss filter 2 for DAPI stained blue-
cells and a Zeiss filter 9 for the 8 hydroxyguanosine-stained (green) cells. At least
1000 cells were measured per condition in each experiment and the graymean value
was calculated to achieve a ratio (115).

3.4.6.2 H2A phosphorylation visualisation (confocal microscopy)

The effects of glutamine deprivation on DNA damage was investigated by visualising
H2A phosphorylation. Oxidative stress frequently results in DNA damage associated
with phosphorylated H2A. H2A is phosphorylated, activated and recruited to sites of
double stranded breaks (DSB) after oxidative damage as part of the DNA repair

mechanism (116).

MCF-7-, MDA-MB-231-, BT-20- and MCF-10A cells were seeded on heat-sterilized
coverslips at 50 000 cells per well in a 24 well plate and left overnight to allow for
attachment. Cells were washed with PBS thrice and DMEM was replaced with
DMEM not containing glutamine. Samples were incubated for 24 h, 48 h, 72 h and 96
h at 37°C and 5% CO:2 atmospheric conditions. The medium was removed and cells
were washed once with PBS. Cells were fixed in 2% paraformaldehyde for 15 min.
Slides were washed with PBS and permeabilized with 0.2% triton X-100. Samples
were subsequently blocked with 2% BSA in PBS for 1 h. Thereafter, samples were
incubated with primary antibody against phosphorylated H2A for 1 h at room
temperature. Cells were washed with PBS and incubated with fluorescein
isothiocyanate (FITC)-conjugated anti-mouse secondary antibodies and DAPI,

dihydrochloride for 1 h at room temperature. After washing with PBS, coverslips were

27



mounted using mounting fluid. Slides were examined using a Zeiss LSM510 Meta
confocal (Centre of Neurosciences, Pretoria, South Africa) microscope furnished with
a 63x magnification oil objective. Images were analyzed using Image J software
developed by the National Institutes of Health (Bethesda, Maryland, United States of
America) (117).

3.4.7 CELL CYCLE PROGRESSION
3.4.7.1 Propidium iodide staining (flow cytometry)

The effects of glutamine deprivation on cell cycle progression and cell death
induction was investigated by means of ethanol fixation, propidium iodide and flow
cytometry. Propidium iodide stains the DNA and thus enables the quantification of

DNA correlating with stages of the cell cycle during cell division (118).

MCF-7-, MDA-MB-231-, BT-20- and MCF-10A cells were seeded at 500 000 cells per
T25 cm?flask and left overnight to allow for attachment. Cells were washed with PBS
thrice and DMEM was replaced with DMEM not containing glutamine. Samples were
incubated for 24 h, 48 h, 72 h and 96 h at 37°C and 5% CO:2 atmospheric conditions.
Subsequently, cells were trypsinized and resuspended in 1 ml PBS. Cells were
centrifuged for 5 min at 300 x g. The supernatant was discarded and cells were
resuspended in ice-cold PBS (200 pl) containing 0.1% FCS. Ice-cold 70% ethanol (4
ml) was added in a drop-wise manner and samples were stored at 4°C for 24 h. Cells
were centrifuged at 300 x g for 5 min and the supernatant was removed. Cells were
resuspended in 1 ml PBS containing propidium iodide (40 pg/ml), RNAse A (100
pg/ml) and triton X-100 (0.1%) and incubated at 37°C for 45 min. Propidium iodide
fluorescence was measured using a FC500 System flow cytometer (Beckman
Coulter South Africa (Pty) Ltd) (Pretoria, Gauteng, South Africa)) using CXP software
(Beckman Coulter South Africa (Pty) Ltd) (Pretoria, Gauteng, South Africa)). Data
from cell debris particles) and clumps of 2 or more cells were removed from further
analysis. Cell cycle distributions were calculated with Cyflogic version 1.2.1 software
from Perttu Terho & Cyflo Ltd (Pertu Therho, Turko, Finland) by assigning relative
DNA content per cell to sub-Gi1, Gi, S and G2/M fractions (103).
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3.4.8 MITOCHONDRIAL MEMBRANE POTENTIAL
3.4.8.1 Mitocapture™ (flow cytometry)

The effect of glutamine deprivation on the mitochondrial membrane potential was
investigated using Mitocapture™. The cationic dye, 5,5,6,6'-tetrachloro-1,1,3,3'-
tetraethylbenzimidazolylcarbocyanine iodide is provided in the Mitocapture™ Kit and
fluoresces a bright red colour when bound to cells possessing a polarised or
hyperpolarised mitochondrial membrane potential whereas cells possessing
depolarised mitochondrial membrane potential fluoresce green (119).

MCF-7-, MDA-MB-231-, BT-20- and MCF-10A cells were seeded at 500 000 cells per
T25 cm? flask and left overnight to allow for attachment. Cells were washed with PBS
thrice and DMEM was replaced with DMEM not containing glutamine. Samples were
incubated for 24 h, 48 h, 72 h and 96 h at 37°C and 5% CO:2 atmospheric conditions.
Cells were trypsinized and centrifuged at 13 000 x g. Cells were resuspended in
diluted Mitocapture solution (1 pl mitocapture: 1 ml pre-warmed incubation buffer)
and incubated for 20 min at room temperature. Cells were centrifuged at 500 x g, the
supernatant was discarded and cells were resuspended in 1 ml pre-warmed
incubation buffer (37°C). Cells were analyzed with a FC500 System flow cytometer
(Beckman Coulter South Africa (Pty) Ltd) (Pretoria, Gauteng, South Africa)) using
CXP software (Beckman Coulter South Africa (Pty) Ltd) (Pretoria, Gauteng, South
Africa)). Data generated from at least 10 000 cells was analyzed by means of
Cyflogic version 1.2.1 software from Perttu Terho & Cyflo Ltd (Pertu Therho, Turko,
Finland) (120).

3.4.9 CELL DEATH

3.4.9.1 Apoptosis induction using Annexin V- fluorescein isothiocyanate (flow

cytometry)

The influence of glutamine deprivation on apoptosis and necrosis was evaluated and

quantified using flow cytometry in combination with Annexin V-FITC and propidium
iodide. Cells possess several phospholipids between inner and outer portions of the
plasma membrane. The latter is regulated by phospholipid translocases that are lipid

specific and require ATP for translocation. Phosphatidylserine is mainly located in the
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inner membrane facing the cytosol (121). In apoptosis, the calcium-dependent
phospholipids scramblase activity is activated which results in the scrambling of the
aminophospholipids over the inner- and outer membrane and subsequent loss of the
plasma membrane organisation. This process is aided by an enzyme named flippase
and results in the externalization of the phosphatidylserine layer of the cell
membrane thus providing Annexin V a binding site (122). Propidium iodide is
membrane impermeable and thus only enters the cell when the membrane is

compromised due to apoptosis or necrosis (123).

MCF-7-, MDA-MB-231-, BT-20- and MCF-10A cells were seeded at 500 000 cells per
T25 cm?flask and left overnight to allow for attachment. Cells were washed with PBS
thrice and DMEM was replaced with DMEM not containing glutamine. Samples were
incubated for 24 h, 48 h, 72 h and 96 h at 37°C and 5% CO:2 atmospheric conditions.
Cells were trypsinized and resuspended in 1x binding buffer (1 ml) and centrifuged at
300 x g for 10 min. The supernatant was removed and cells were resuspended in 1x
binding buffer (100 ul). Annexin V-FITC (2.5 pl) was added and samples were
incubated for 15 min in the dark at room temperature. Cells were washed by adding
1x binding buffer (1 ml) and thereafter cells were centrifuged at 300 x g for 10 min.
The supernatant was pipetted off and cells were resuspended in of 1x binding buffer
(500 pl). Immediately prior to analysis, 12.5 ul propidium iodide (40 pg/ml) was added
and gently mixed. Propidium iodide fluorescence and Annexin V FITC fluorescence
were analyzed with a FC500 System flow cytometer (Beckman Coulter South Africa
(Pty) Ltd) (Pretoria, Gauteng, South Africa)) using CXP software (Beckman Coulter
South Africa (Pty) Ltd) (Pretoria, Gauteng, South Africa)). Data generated from at
least 10 000 cells were analyzed by means of Cyflogic version 1.2.1 software from
Perttu Terho & Cyflo Ltd (Pertu Therho, Turko, Finland) (118).

3.4.9.2 Autophagy induction using LC3 Microtubule-Associated Protein 1A/1B-Light

Chain 3 visualisation

The influence of glutamine deprivation on autophagy induction was demonstrated by
means of light chain 3 (LC3Il) visualisation. Autophagy is induced by a variety of
insults including stress, starvation and oxidative stress. The autophagy protein light
LC3 is a mammalian protein is associated with the autophagosome membranes and

used to identify autophagy induction. LC3-I is cytosolic whilst LC3-1l is found in the
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membrane and predominates the autophagic vacuole. LC3-1 conversion to LC3-lI
serves as a standard marker for autophagy induction (124).

MCF-7-, MDA-MB-231-; BT-20- and MCF-10A cells were seeded at 200 000 cells per
well in a 6 well plate and left overnight to allow for attachment. Cells were washed
with PBS thrice and DMEM were replaced with DMEM not containing glutamine.
Samples were incubated for 24 h, 48 h, 72 h and 96 h at 37°C and 5% CO:
atmospheric conditions. Medium were removed and cells were washed twice with
PBS. The cells were permeabilized with 4% paraformaldehyde for 20 min. The
samples were further blocked in 2% milk for an hour. Wash with PBS three times.
The anti-LC3B antibody was added to the samples at a dilution of 1:100 000 and
incubated for 90 min. The samples are then washed twice with PBS and the
secondary antibody was added at 1:10 000 dilution together with DAPI. Samples
were then incubated at room temperature for an hour. Samples were then visualised
with a Zeiss Axiovert MRc microscope (Zeiss, Oberkochen, Germany) employing a
Zeiss filter 2 for blue stained cells detection and a Zeiss filter 9 for green stained cells
(125).

3.5 Loaqistics
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
used to conduct the research project. Flow cytometry was done at the Department of
Pharmacology (University of Pretoria). Confocal Microscopy was conducted at the
Centre for Neuroendocrinology. Dr MH Visagie (University of Pretoria) was consulted

on all the required techniques.

3.6 Statistical analysis
All experiments were repeated three times in which the mean and standard deviation

were calculated. Means were illustrated by bar charts and standard deviations were
shown with errors bars. A P-value< 0.05 were used for statistically significance
calculated by means of the Student t-test in excel statistically significant and were
indicated by an asterisk (*). Qualitative data was obtained from confocal, light and

fluorescent microscopy. Quantitative data was supplied by means of cell number
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determination, western blot, flow cytometry and calamatric assays. Data for mitotic
indices was 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) was conducted where the mean £SD
was calculated. Flow cytometry analysis involved at least 10 000 events and was
repeated three times. Flow cytometry data was analyzed using Cyflogic version 1.2.1

software (Pertu Therho, Turko, Finland).

Ethical Approval

This research protocol was approved by the Research Ethics Committee (328/2017).
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CHAPTER 4

4. RESULTS

4.1 Cell proliferation

The effects of glutamine deprivation on cell growth were assessed using crystal violet
staining and spectrometry. Crystal violet is a cationic dye that binds to the DNA of the
cell where the staining intensity of the cells is directly proportional to the cell number
quantity (99, 126). Thus, crystal violet staining provides us with an effective manner

to evaluate cell growth.

Spectrophotometry results of crystal violet staining indicated a time-dependent
decrease in proliferation after glutamine deprivation in both tumourigenic both MCF-7
and MDA-MB-231 cell lines (Figure 5). MCF-7 cells showed 87%, 80%, 69%, 62%
cell growth after 24 h, 48 h, 72 h and 96 h deprivation from glutamine, respectively.
MDA-MB-231 cells showed 93%, 90%, 88% and 78% cell growth after 24 h, 48 h, 72
h and 96 h deprivation from glutamine, respectively. MCF-10A cells showed 108%,
94%, 98% and 89% cell growth after 24 h, 48 h, 72 h and 96 h deprivation from
glutamine, respectively. BT-20 cell growth decreased to 86% after 24 h of glutamine
deprivation and remained unchanged thereafter. These results suggest tumourigenic
cell lines are more prominently affected by glutamine starvation when compared to
the non-tumourigenic cell line. Furthermore, the tumourigenic breast oestrogen
receptor positive luminal cell line (MCF-7) was most affected by glutamine
deprivation when compared to the tumourigenic breast oestrogen receptor negative
basal metastatic cell line (MDA-MB-231).

33



120%

100%

80%

m MCF-7
60%
B MDA-MB-231
= MCF-10A

m BT-20

B
o
ES

Percentage of cell growth compared to cells propgated in
)
o
X

complete growth medium

0%

24 h 48 h 72h 96 h 0.2% SDS

Glutamine deprivation periods

Figure 5: Graph illustrating cell growth after 24 h, 48 h, 72 h and 96 h of glutamine
deprivation in MCF-7-, MDA-MB-231-, MCF-10A- and BT-20 cell lines when
compared to cells propagated in complete growth medium. The MCF-7 cell line
showed to be most prominently affected by glutamine deprivation after 96 h where
cell growth was observed to be 62%. An asterisk (*) indicates significance with p-
value < 0.05 when calculated by means of the student's t-test when compared to
cells propagated in complete medium. Cells were treated with 0.2 % of sodium

dodecyl sulphate (SDS) as a positive control for anti- proliferative activity detection.

4.2 Morphology

Light microscopy was used to visualize effects of glutamine deprivation on
morphology by means of haematoxylin and eosin stained samples (Figure 6-10).
Haematoxylin, a basic dye, binds to basophilic, acidic and negatively charged
substances such as DNA. Eosin, an acidic dye, binds to proteins located in the
cytoplasm (127). Glutamine deprivation resulted in compromised cell density in the
MCF-7- and MDA-MB-231 cell lines when compared to cells propagated in complete
growth medium. In addition, glutamine deprivation resulted in a non-significant
increase in elongated cells (p>0.05) and shrunken cells (p>0.05) in MCF-7- and
MDA-MB-231 cell lines. Mitotic indices were quantified however, a non-significant
difference between cells propagated in complete growth medium and cells deprived
of glutamine was observed, and thus no significant effect was caused by glutamine
deprivation on the mitotic phases and morphology (Table 1-4).
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MCEF-7 cells propagated in complete
growth medium 24 h

MCF-7 cells deprived of glutamine for
24 h

MCEF-7 cells propagated in complete
growth medium 48 h

MCF-7 cells deprived of glutamine for
48 h

MCF-7 cells propagated in complete
growth medium 72 h

MCF-7 cells deprived of glutamine for
72 h

MCE-7 cells propagated in complete
growth medium 96 h

MCEF-7 cells deprived of glutamine for
96 h

Figure 6: Morphology of the MCF-7 cell line after 24 h, 48 h, 72 h and 96 h of
glutamine deprivation compared to MCF-7 cells propagated in complete growth
medium 24 h, 48 h, 72 h and 96 h. Starvation of glutamine for (48 h, 72 h and 96 h)
resulted in minor decreased cell density and the appearance of elongated cells when

compared to cells propagated in growth medium (20X magnification).
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MDA-MB-231 cells propagated in com-
plete growth medium 24 h

MDA-MB-231 cells deprived of gluta-
mine for 24 h

.
l ' )
s

MDA-MB-231 cells propagated in com-
plete growth medium 48 h

plete growth medium 72 h

MDA-MB-231 cells propagated in com-

MDA-MB-231 cells deprived of gluta-
mine for 48 h

MDA-MB-231 cells deprived of gluta-

mine for 72 h

MDA-MB-231 cells propagated in com-

MDA-MB-231 cells deprived of gluta-
mine for 96 h

plete growth medium 96 h

Figure 7: Morphology of the MDA-MB-231 cell line after 24 h, 48 h, 72 h and 96 h of
glutamine deprivation compared to MDA-MB-231 cells propagated in complete

growth medium 24 h, 48 h, 72 h and 96 h. Glutamine deprivation for 96 h decreased

cell density slightly when compared to cells propagated in complete growth medium.

No other significant changes in morphology were observed after glutamine

deprivation when compared to cells propagated in complete growth medium (20X

magnification).
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MCF-10A cells propagated in com- MCF-10A cells deprived of glutamine for
plete growth medium 24 h 24 h

MCF-10A cells propagated in com- MCF-10A cells deprived of glutamine for
plete growth medium 48 h 48 h

MCF-10A cells propagated in com- MCF-10A cells deprived of glutamine for
plete growth medium 72 h 72 h

MCF-10A cells propagated in com- MCF-10A cells deprived of glutamine for
plete growth medium 96 h 96 h

Figure 8: Morphology of the MCF-10A cell line after 24 h, 48 h, 72 h and 96 h of
glutamine deprivation compared to MCF-10A cells propagated in complete growth
medium 24 h, 48 h, 72 h and 96 h. Glutamine deprivation for 72 h and 96 h
decreased cell density slightly when compared to cells propagated in complete
growth medium. Furthermore, MCF-10A cells appeared rounded following glutamine
deprivation when compared to cells propagated in complete growth medium (20X

magnification).
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BT-20 cells propagated in complete BT-20 cells deprived of glutamine for 24
growth medium 24 h h

~

BT-20 cells propagated in complete
growth medium 48 h

BT-20 cells propagated in complete

growth medium 72 h

BT-20 cells propagated in complete BT-20 cells deprived of glutamine for 96
growth medium 96 h h

Figure 9: Morphology of the BT-20 cell line after 24 h, 48 h, 72 h and 96 h of
glutamine deprivation compared to BT-20 cells propagated in complete growth
medium 24 h, 48 h, 72 h and 96 h. Glutamine deprivation for decreased cell density
slightly when compared to cells propagated in complete growth medium. The BT-20
cell line displayed minimal effects on morphology due to glutamine deprivation (20X

magnification).
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MCF-7 cells treated with Actinomycin D for 48 h | MDA-MB-231c ells treated with Actinomycin D for

{posttive coiitrol] 48 h (positive control)

MCF-10A cells treated with ESE-ol for 48 h BT-20 cells treated with ESE-ol for 48 h

(positive control) (positive control)

Figure 10: Morphology of the MCF-7-, MDA-MB-231-, MCF10-A and BT-20 cell lines
after treated with Actinomycin D (MCF-7 & MDA-MB-231) and ESE-ol (MCF10 & BT-
20) for 48 h to serve as a positive control for morphology studies. (20X

magnification).



Table 1: lllustration of MCF-7-, MDA-MB-231-, MCF-10A- and BT-20 cell lines after
24 h of glutamine deprivation demonstrating mitotic index and the average

percentage present in each phase + standard deviations.

Condition MCF-7 MDA-MB- MCF-10A BT-20

231
24 h Medium | Average + | Average <+ |Average = |Average =
only SD (%) SD (%) SD (%) SD (%)
Interphase 96.62+0.91 |9741+135 |9592+23 97.3+2.78
Prophase 145+0.21 1.38+1.1 2.87+£0.36 1.24+ 3.6
Metaphase 0.677+0.34 |0.85+0.34 0.76 £ 0.27 0.69+ 1.87
Telophase 0.23+0.19 0.2+0.15 0.09 +0.13 0.26+ 1.01
Anaphase 0.49+0.25 0.17+0.6 0.14 £ 0.25 0.18+ 2.69
Apoptosis 0.09£0.13 0.00 0.11+0.12 0.007£0.74
Abnormal 0.44 +£0.38 0.00 0.11+ 4.39 0.014+ 0.36
24 h without | Average + | Average + |Average = |Average =
Glutamine SD (%) SD (%) SD (%) SD (%)
Interphase 9497 +£2.65 |95.85+1.67 |97.36+0.43 |98.36 +0.37
Prophase 1.39+0.43 0.75+0.37 1.05+1.96 0.72 £ 0.65
Metaphase 0.68 £ 0.29 1.06 £0.19 1.07 £ 2.36 0.63+0.15
Telophase 0.22 +0.17 0.55+0.23 0.19 + 0.37 0.2+0.58
Anaphase 0.45+0.29 0.48 +0.13 0.26 +2.94 0.012 +£0.18
Apoptosis 0.76 £ 0.6 0.00 0.09+0.42 0.03+0.47
Abnormal 1.53+1.08 1.32+1.86 0.025+0.78 | 0.006 +0.63
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Table 2: lllustration of MCF-7-, MDA-MB-231-, MCF-10A- and BT-20 cell lines after
48 h of glutamine deprivation demonstrating mitotic index and the average

percentage present in each phase + standard deviations.

Condition MCF-7 MDA-MB- MCF-10A BT-20

231
48 h Medium | Average =+ | Average +* |Average =*|Average =
only SD (%) SD (%) SD (%) SD (%)
Interphase 96.48+1.08 |95.63+0.09 |97.38+1.26 |95.63+1.36
Prophase 1.89+0.97 2.03+2.36 1.09+0.39 2.63+1.43
Metaphase 0.97+2.3 0.85+0.08 |0.75+298 |0.68+1.68
Telophase 0.21 +£0.02 0.36 + 1.83 0.016 £+1.47 |0.28+1.23
Anaphase 0.42 +2.36 0.6 £1.67 0.34+1.74 0.08 +1.37
Apoptosis 0.0134+4.3 |0.02+041 0.05+1.8 0.135+ 1.63
Abnormal 0.007+£1.36 | 0.51+1.07 0.374+£0.88 | 0.565+1.18
48 h without | Average + | Average +* |Average =*|Average =
Glutamine SD (%) SD (%) SD (%) SD (%)
Interphase 97.8 £+ 0.52 97.08+0.71 |95.85+1.67 |96.36+0.29
Prophase 0.91 +£0.37 1.23+0.07 1.23 +0.07 1.61+ 0.87
Metaphase 0.27+0.13 |092+0.09 |0.39+0.89 |0.29+0.5
Telophase 0.24+0.2 0.21 +0.02 0.27 +2.43 0.87+ 1.15
Anaphase 0.23+0.13 0.21 +0.08 0.36+1.91 0.8+ 1.67
Apoptosis 0.41+045 [0.2+0.14 1.8+ 0.57 0.07+ 0.46
Abnormal 0.86 + 0.66 0.11 + 0.09 0.1+ 2.12 0.1+1.89
ESE-ol Average * | Average + |Average *|Average ¢
treated 48h SD (%) SD (%) SD (%) SD (%)
Interphase 80.19+1.46 |92.81+1.63 |94.36+1.84 |95.47+0.56
Prophase 0.51 +0.13 0.45+0.33 0.56+ 1.04 0.49+ 0.26
Metaphase 0.44 +0.04 0.18 +0.13 0.47+ 2.89 0.37£ 1.35
Telophase 0.14+0.16 |0.00 0.014+ 0.96 | 0.00
Anaphase 0.59 +0.43 0.09 + 0.06 0.36+ 0.41 0.53+ 3.62
Apoptosis 9.35+0.72 2.57 +£0.65 297+ 1.3 2.98+ 2.69
Abnormal 8.9 +0.52 412 +2.45 1.6+ 3.62 0.16+ 4.23
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Table 3: lllustration of MCF-7-, MDA-MB-231-, MCF-10A- and BT-20 cell lines after
72 h of glutamine deprivation demonstrating mitotic index and the average

percentage present in each phase + standard deviations.

Condition MCF-7 MDA-MB- MCF-10A BT-20

231
72 h Medium | Average Average Average Average
only SD (%) SD (%) SD (%) SD (%)
Interphase 97.63+0.78 |96.97+0.43 |97.25+0.69 | 96.86+0.23
Prophase 1.24+0.12 1.39+ 0.50 0.87+0.74 0.89+ 0.29
Metaphase 0.18+ 0.66 0.25+ 1.97 0.21+ 1.87 0.34+ 0.263
Telophase 0.29+ 2.39 0.32+ 2.78 0.17+5.3 0.21+0.78
Anaphase 0.12+1.37 0.19+1.74 0.01+1.75 0.016+ 0.82
Apoptosis 0.15+1.69 0.2+ 3.37 0.53+4.12 0.58+ 0.26
Abnormal 0.39+ 0.87 0.68+ 0.47 0.96+ 1.68 1.1+ 0.78
72 h without | Average £ | Average Average £ | Average
Glutamine SD (%) SD (%) SD (%) SD (%)
Interphase 97.6+0.1 96.74+ 0.63 | 95.3+0.73 96.36+ 0.27
Prophase 1.09+1.23 1.348+0.24 | 1.28+0.53 1.36+0.43
Metaphase 0.11+ 3.9 0.26+ 0.29 0.27+0.13 0.11+ 0.63
Telophase 0.01+0.78 0.29+ 0.07 0.31+ 1.67 0.213+ 0.42
Anaphase 0.00 0.2+ 0.05 0.02+ 3.98 0.26+ 0.68
Apoptosis 0.19+ 0.09 0.137+£0.42 |0.36+2.31 0.39+ 0.73
Abnormal 1.03+ 0.88 1.03+0.23 1.23+ 3.77 1.3+1.7




Table 4: lllustration of MCF-7-, MDA-MB-231-, MCF-10A- and BT-20 cell lines after
96 h of glutamine deprivation demonstrating mitotic index and the average

percentage present in each phase + standard deviations.

Condition MCF-7 MDA-MB- MCF-10A BT-20

231
96 h Medium | Average + | Average <+ |Average + |Average =
only SD (%) SD (%) SD (%) SD (%)
Interphase 97.31+0.56 | 96.41+0.65 |95.8+0.63 94.96+ 0.15
Prophase 1.22+1.92 1.3+ 0.72 1.28+ 0.27 1.36% 0.97
Metaphase 1.01+0.49 0.98+ 0.73 0.64+ 0.87 0.29+ 0.56
Telophase 0.03+ 1.6 0.15+ 0.85 0.067+1.69 |0.14+0.14
Anaphase 0.15+ 4.36 0.036+ 0.38 | 0.23+2.37 0.27+0.73
Apoptosis 0.12+ 2.36 0.12+0.974 |0.97+5.01 0.19+ 1.17
Abnormal 0.16+ 1.66 1.04+0.15 1.01+1.69 2.79+1.98
96 h without | Average + | Average <+ |Average = |Average =
Glutamine SD (%) SD (%) SD (%) SD (%)
Interphase 96.3+ 1.67 97.96+ 1.29 |96.34+0.85 |95.6+0.39
Prophase 1.36+ 2.39 1.48+ 2.97 1.02+ 0.57 1.43+0.45
Metaphase 0.23+ 1.97 0.93+ 2.35 0.89+ 1.96 0.52+0.89
Telophase 0.17+ 0.56 0.236+ 4.85 | 0.01+2.39 0.019+ 0.78
Anaphase 0.187+0.42 | 0.013+1.48 |0.23+3.97 0.028+ 1.02
Apoptosis 0.75+ 0.63 0.016+3.55 |0.41+1.89 0.013+ 3.09
Abnormal 1.26+0.41 0.014+1.99 |1.1+1.29 2.39+ 1.023

4.3 Oxidative stress

4.3.1 Superoxide generation
Superoxide quantification was made possible by using flow cytometry and a freely

permeable fluorescent compound, DHE. A unique red fluorescent product, 2-
hydroethidine cation, is produced by oxidation of DHE by superoxide (102, 128).

Data demonstrated a significant increase in superoxide production to 1.23 fold in the

MCF-7 cell line after 96 h of glutamine deprivation when compared to cells
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propagated in complete growth medium (Figure 11). The MDA-MB-231 cell line
demonstrated a statically significant increase to 1.19 and 1.63 fold after 72 h and 96
h of glutamine deprivation, respectively, when compared to cells propagated in
complete medium. Data demonstrated that the MCF-10A cell line experienced an
increase to 1.1 fold after 24 h and 96 h of glutamine deprivation when compared to
cells propagated in complete medium. Superoxide production in the BT-20 illustrated
a biphasic time-dependent production of superoxide, where the BT-20 cell line
experienced a significant fold increase to 1.20 after 72 h of glutamine deprivation
(Figure 11).
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Figure 11: Graph illustrating superoxide production after 24 h, 48 h and 72 h and 96
h of glutamine deprivation in MCF-7-, MDA-MB-231-, MCF-10A- and BT-20 cell line.
MCF-7-, MDA-MB-231 and BT-20 cell line illustrated elevated levels of superoxide
production. MCF-10A illustrated a biphasic production of superoxide. An asterisk (*)
indicates significance with p-value < 0.05 when calculated by means of the student's
t-test when compared to cells propagated in complete medium. Positive control refers
to cells treated with ESE-ol for 48 h.

4.3.2 Hydrogen peroxide
Hydrogen peroxide was quantified using 2, 7-dichlorofluorescein diacetate (DCFDA),

a non-fluorescent probe that enters through the cell by means of passive diffusion
upon oxidation by ROS and thus is catalysed to the highly fluorescent derivative,
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DCF (124). DCFDA was utilized to investigate effects of glutamine deprivation on
hydrogen peroxide production.

Data demonstrated that glutamine deprivation in the MCF-7 cell line resulted in a
significant increase in hydrogen peroxide production to 1.16 fold after 24 h of
glutamine deprivation when compared to cells propagated in complete growth
medium (Figure 12). However, after 72 h and 96 h of glutamine deprivation,
hydrogen peroxide production decreased to 0.82- and 0.72 folds, respectively,
relative to cells propagated in complete growth medium. Glutamine deprivation in the
MDA-MB-231 cell line after 24 h deprivation of glutamine demonstrated a significant
increase in hydrogen peroxide production to 1.53 fold when compared to cells
propagated in complete growth medium. However, after 96 h of glutamine deprivation
there was a statically significant decrease in hydrogen peroxide production to 0.89
fold relative to cells propagated in complete growth medium. MCF-10A cell line data
resulted in a time-dependent fold decrease to 0.91 and 1.10 in hydrogen production
after 24 h and 48 h of glutamine deprivation, respectively, relative to cells propagated
in complete growth medium. Furthermore, after 96 h of glutamine deprivation, a
statistically significant fold increase to 1.29 was observed relative to cells propagated
in complete growth medium. Hydrogen peroxide generation in the BT-20 cell line
resulted in a statically significant fold increase to 1.21, 1.31 and 1.29 after 48 h, 72 h
and 96 h of glutamine deprivation, respectively, relative to cells propagated in cells
propagated in complete growth medium (Figure 12).
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Figure 12: Graph illustrating hydrogen peroxide production after 24 h, 48 h, 72 h and
96 h of glutamine deprivation in MCF-7-, MDA-MB-231-, MCF-10A- and BT-20 cell
lines. The MCF-7- and MCF-10A cell lines demonstrated a time-dependent
production of hydrogen peroxide whilst the MDA-MB-231 illustrated decreased levels
of hydrogen peroxide. The BT-20 cell line illustrated elevated levels of hydrogen
peroxide levels. An asterisk (*) indicates significance with p-value < 0.05 when
calculated by means of the student's t-test when compared to cells propagated in

complete medium.

4.4 Antioxidant defences

4.4.1 Superoxide dismutase activity
SOD catalyzes the conversion of the superoxide anion (O2’) into hydrogen peroxide

(H202) and is one of the most important antioxidant enzymes.
Oxidative stress through ROS plays an important role in the etiology and progression
in certain diseases such as cancer (129).

Data showed that in the MCF-7 cell line after 24 h and 48 h of glutamine deprivation,
superoxide dismutase inhibition percentage was 5.78% and 5.38%, respectively
(Figure 13). However, after 72 h of glutamine deprivation, a significant increase in the
SOD inhibition percentage to 9.1% was observed. In addition, the MCF-7 cell line

indicated a statically significant increase in the SOD inhibition percentage, where
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after 96 h of glutamine deprivation the SOD inhibition percentage increased to
10.34%. The MDA-MB-231 cell line demonstrated 7.85% and 8.44% SOD inhibition
percentage after 24 h and 48 h, respectively. However, after 72 h and 96 h of
glutamine deprivation, the MDA-MB-231 cell line demonstrated a statistically
significant decrease in SOD inhibition percentage to 6.34% and 7.36%, respectively.
The MCF-10A cell line showed a statically significant increase in SOD inhibition
percentage after 24 h of glutamine deprivation, where the SOD inhibition rate
increased to 11.3% after which the SOD inhibition percentage decreased to 8.63%
after 48 h of glutamine deprivation. A further decrease was experienced in SOD
inhibition percentage to 7.66% after 72 h of glutamine deprivation. An increase was
observed in the SOD inhibition percentage after 96 h of glutamine deprivation to
12.33%. The BT-20 cell line indicated a 9.63 % SOD inhibition percentage after 24 h
of glutamine deprivation and after 48 h of glutamine deprivation the BT-20 cell line
remained constant at 9.44% of SOD inhibition percentage. However, after 72 h of
glutamine deprivation, the SOD inhibition percentage increased to 11.36% and
experienced a statistically significant decline after 96 h of glutamine deprivation to
4.63% of SOD inhibition.
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Figure 13: Graph illustrating the superoxide dismutase inhibition percentage, where
the MCF-7 cell line indicated the most activity in the levels of SOD enzyme in the first
48 h of glutamine deprivation, however decreased the activity of the SOD enzyme
after 72 h and 96 h of glutamine deprivation. The MDA-MB-231 cell line indicated
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substantial activity of the SOD enzyme at the different time points. The MCF-10A cell
line experienced a temporal increase in the activity SOD after 48 h and 72 h of
glutamine deprivation. The SOD inhibition rate equation incorporates cells
propagated in completed growth medium. An asterisk (*) indicates significance with
p-value < 0.05 when calculated by means of the student's t-test when compared to

cells propagated in complete growth medium.

4.4.2 Catalase activity
Catalase is an antioxidant enzyme that catalyses hydrogen peroxide to water and

oxygen. Catalase is a tetramer of four polypeptide chains, and contains four
porphyrin heme groups that allow the enzyme to react with hydrogen peroxide (130).
A standard curve was utilized in order to extrapolate the concentration of the catalase
from cells deprived of glutamine. The MCF-7 cell line demonstrated a 1.28 fold
increase in catalase concentration after 24 h of glutamine deprivation when
compared to cell propagated in complete growth medium, followed by a statically
significant 0.66 fold decrease in the presence of the catalase concentration after 48 h
of glutamine deprivation when compared to cells in complete growth medium (Figure
14). Furthermore, after 72 h of glutamine deprivation, the MCF-7 cell line
experienced an increase to 1.23 fold which was subsequently followed by statically
significant fold decrease to 0.76 after 96 h of glutamine deprivation when compared
to cells propagated in complete growth medium. The MDA-MB-231 cell line
demonstrated a 1.1 fold increase when compared to cell propagated in complete
growth medium after 24 h of glutamine deprivation, followed by a 0.89 fold decrease
in catalase concentration after 48 h of glutamine deprivation. After 72 h of glutamine
deprivation a 0.95 fold decrease in catalase concentration when compared to cell
propagated in complete growth medium followed by a 0.75 fold decrease in catalase
concentration when compared to cells propagated in complete growth medium. The
MCF-10A cell line demonstrated a significant fold increase of 1.1 after 48 h of
glutamine deprivation when compared to cells propagated in complete growth
medium. The BT-20 cell line demonstrated significant fold increases of 1.25 and 1.1
folds after 24 h and 72 h of glutamine deprivation when compared to cells

propagated in complete growth medium.
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Figure 14: Graph illustrating the ratio of protein concentration of catalase compared to
cells propagated in growth medium, where the MCF-7 cell line indicated the most
catalase enzyme activity after 24 h of glutamine deprivation, The MDA-MB-231 cell line
indicated increased activity of catalase after 24 h and 72 h of glutamine deprivation. The
MCF-10A cell line experienced a temporal increase in catalase activity after 48 h and 96
h of glutamine deprivation. An asterisk (*) indicates significance with p-value < 0.05
when calculated by means of the student's t-test when compared to cells propagated in
complete growth medium.

4.5 Energy status

The influence of glutamine deprivation on the energy state of the cell was determined
by quantifying AMP-activated protein kinase (AMPK) compared to cells propagated in
complete growth medium (131). AMPK activity is determined by change of AMP/ATP
ratio signifying an energy deficit due to cellular stress including nutrient deprivation,
metabolic stress and oxidative stress (132).

The MCF-7 cell line indicated significant decrease in the percentage of AMPK
present where activity was 80.72% and 70.16% after 24 h and 48 h of glutamine
deprivation (Figure 15). Furthermore, after 72 h of glutamine deprivation the AMPK
activity decreases to 75.12% and, decreases further to 49.33% after 96 h of
glutamine deprivation which is indicative of energy deficit. The MDA-MB-231 cell line
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indicated 84.05% AMPK activity after 24 h of glutamine deprivation. However, after
48 h, 72 h and 96 h of glutamine deprivation the AMPK activity decreased to 67.62%,
63.12% and 56%, respectively. The MCF-10A cell line indicated activity of AMPK of
89.48%, 83%, 85.17% and 76.09% after 24 h, 48 h, 72 h and 96 h of glutamine
deprivation respectively. The BT-20 cell line indicated the AMPK activity of 92.35%,
84.90%, 88.71% and 83.06% after 24 h, 48 h, 72 h and 96 h of glutamine deprivation
(Figure 15).
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Figure 15: Graph illustrating the AMPK activity percentage over periods of glutamine
deprivation. The MCF-7 cell line indicated the least activity after 96 h of glutamine
deprivation indicating energy deficit is experienced most prominently after 96 h of
glutamine deprivation period. The MDA-MB-231 cell line demonstrated a decrease in
the AMPK activity in a time-dependent manner with 96 h of glutamine deprivation
period illustrating the least amount of activity. The MCF-10A cell line was the least
affected when compared to the MCF-7 and MDA-MB-231 cell lines. The BT-20 cell
line indicated a steady activity of the AMPK suggesting there was minimal energy
disruption in this cell line. An asterisk (*) indicates significance with p-value < 0.05
when calculated by means of the student's t-test when compared to cells propagated

in complete growth medium.
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4.6 Cell survival signalling

The influence of glutamine deprivation on phosphoinositide 3-kinase phosphorylation
(PISK) was investigated as an indicator of cell survival signaling. PI3K
phosphorylates phosphatidylinositol, PI-4-phosphate and PI-4, 5-bisphosphate to
catalyse the production of PI-3, 4, 5-triphosphate (133). PI3K regulates cell growth
cell cycle entry, proliferation and cell survival (134). PI3K production was assessed in
cells deprived of glutamine and in cells propagated in complete growth medium for all

time periods.

The MCF-7 cell line demonstrated decreased PI3K phosphorylation to 0.97-, 0.96-,
0.88- and 0.9 fold after 24 h-, 48 h-, 72 h- and 96 h of glutamine deprivation (Figures
16-17). PI3K phosphorylation of the MDA-MB-231 cell line was affected by glutamine
deprivation after 48 and 72 h of glutamine deprivation when compared to cells
propagated in complete growth medium The MCF-10A cell line demonstrated
decreased PI3K phosphorylation to 0.9-, 0.87-, 0.85- and 0.81 fold after 24 h, 48 h,
72 h and 96 h after glutamine deprivation when compared to cells propagated in
complete growth medium. The BT-20 cell line showed decreased PI3K
phosphorylation to 0.92-, 0.82-, 0.84- and 0.89- fold after 24 h, 48 h, 72 h and 96 h of
glutamine deprivation when compared to cells propagated in complete growth
medium (Figures 16-17).
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Figure 16: Graph illustrating the fold difference in the production of PI3K in glutamine
deprived cells when compared to cells propagated in complete growth medium. The
MCF-7-, MDA-MB-231-, MCF-10A- and BT-20 cell lines indicated a constant
production of PI3K in comparison to cells propagated in growth medium. An asterisk
(*) indicates significance with p-value < 0.05 when calculated by means of the

student's t-test when compared to cells propagated in complete growth medium.
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Figure 17: Diagram illustrating western blots of MCF-7-, MDA-MB-231-, MCF-10A-
and BT-20 cell lines when deprived of glutamine compared to cells propagated in
complete growth medium using actin as the control to indicate the production of PI3K
in comparison to treated cells. MO refers to cells propagated in complete growth
medium and -GIn (period) refers to cells deprived of glutamine for specified period.

Actin was used as a loading buffer.

The influence of glutamine deprivation on extracellular-signal-regulated kinase (ERK)
phosphorylation was investigated as an indicator of cell survival signaling. ERK is a
pro-survival pathway which is also associated with proliferation, invasion and

migration (135).

The MCF-7 cell line demonstrated non-significant fold decrease to 1.01-, 0.98-, 1.01-
and 0.96 fold after 24 h-, 48 h-, 72 h- and 96 h of glutamine deprivation, respectively,
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when compared to cells propagated in complete growth medium. The MDA-MB-231
cell line demonstrated significant fold decrease to 0.87 fold after 48 h of glutamine
deprivation when compared to cells propagated in complete growth medium. The
MCF-10A cell line demonstrated significant fold increase to 1.14 fold after 72 h of
glutamine deprivation when compared to cells propagated in complete growth
medium. The BT-20 cell line demonstrated a decrease to 0.93 fold after 24 h of

glutamine deprivation when compared to cells propagated in complete growth
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Figure 18: Graph illustrating the fold difference in the production of total ERK in
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glutamine deprived cells when compared to cells propagated in complete growth
medium. The MCF-7-, MDA-MB-231-, MCF-10A- and BT-20 cell lines indicated a
minimal change in the production of PI3K in comparison to treated cells. An asterisk
(*) indicates significance with p-value < 0.05 when calculated by means of the

student's t-test when compared to cells propagated in complete growth medium.
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Figure 19: Diagram illustrating Western Blots of MCF-7-, MDA-MB-231-, MCF-10A-
and BT-20 cell lines when deprived of glutamine compared to cells propagated in
complete growth medium using actin as the control to indicate the production of tERK
in comparison to treated cells. MO refers to cells propagated in complete growth
medium and -GIn (period) refers to cells deprived of glutamine for specified period.
Actin was used as the loading control.

4.7 Deoxyribonucleic acid (DNA) damage

The effects of glutamine deprivation on DNA damage were investigated by
visualising 8-hydroxyguanosine formation which is derived from the nucleoside
guanosine which is a component of DNA. 8-Hydroxyguanosine is a modified base
that occurs in DNA due to damage by hydroxyl radicals formed during aerobic
metabolism and is indicative oxidative stress. Anti-8 hydroxyguanosine is frequently
used as a biomonitoring mechanism where the green is indicative DNA damage
(114).

The MCF-7 cell line demonstrated increased fluorescent intensity of anti-8
hydroxyguanosine to 1.43 and 1.89 fold after 24 h and 48 h of glutamine deprivation,
respectively, relative to cells propagated in complete growth medium (Figures 20-21).
The MDA-MB-231 cell line indicated increased fluorescence after 48 h and 72 h of
glutamine deprivation to 1.84 and 1.95 fold, respectively. After 48 h and 72 h of
glutamine deprivation in the MDA-MB-231 cell line increased intensity of anti-8

hydroxyguanosine was observed in the cells. The MCF-10A cell line indicated
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increased staining intensity after 24 h-, 72 h- and 96 h- of glutamine deprivation to
1.92, 1.95 and 1.97 fold respectively, when compared to cells propagated in
complete growth medium. Increased intensity in the anti-8 hydroxyguanosine staining
was observed in the MCF-10A cell line at the aforementioned time periods. The BT-
20 cell line indicated minimal effects after glutamine deprivation after 24 h and 72 h
of glutamine deprivation, where staining intensity was 1.24- and 1.07 fold
respectively. There was an increase in the intensity of anti-8 hydroxyguanosine after

48 h and 96 h glutamine deprivation.
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Figure 20: Graph illustrating the fluorescence intensity of anti-8 hydroxyguanosine
fluorescence intensity when compared to cells propagated in complete growth
medium. The MCF-7 cell line indicated the prominent increase in staining intensity
after 48 h of glutamine deprivation where the ratio increased to 1.89 when compared
to cells propagated in complete growth medium. The MDA-MB-231 cell line indicated
a significant increase in staining intensity when compared to cells propagated in
complete growth medium, after 48 h and 72 h of glutamine deprivation. An asterisk
(*) indicates significance with p-value < 0.05 when calculated by means of the

student's t-test when compared to cells propagated in complete growth medium.
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MCF-7 MDA-MB-231 MCF10-A BT-20

24 h

Figure 21: Graph illustrating fluorescent intensity of anti-8 hydroxyguanosine. The
MCF-7 cell line indicated the most intense after 48 h and 72 h of glutamine
deprivation. The MDA-MB-231 cell line indicated increased staining intensity after 48
h and 72 h of glutamine deprivation. The MCF-10A cell line showed increased
intensity after 48 h and 72 h of glutamine deprivation whilst the BT-20 cell line was
prominently affected after 96 h of glutamine deprivation as indicated by the increased

intense green staining.

The effects of glutamine deprivation on DNA damage was assessed by visualising
H2A phosphorylation where the green fluorescence is indicative of DNA damage
experienced by the cells due to oxidative stress which caused double stranded
breaks in the DNA (136). The MCF-7 cell line demonstrated severe DNA damage
when compared to the MDA-MB-231-, MCF-10A- and BT-20 cell line after glutamine
deprivation. The MDA-MB-231 cell line demonstrated prominent staining which is
indicative of severe double stranded breaks after 72 h of glutamine deprivation
(Figures 22-26).
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Figure 22: lllustration of H2AX damage in MCF-7 cell line after 24 h, 48 h, 72 h and
96 h of glutamine deprivation, indicating that 72 h is prominently affected.
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Figure 23: lllustration of H2AX damage in MDA-MB-231 cell line after 24 h, 48 h, 72
h and 96 h of glutamine deprivation, indicating that 72 h is prominently affected.
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Figure 24: lllustration of H2AX damage in MCF-10A cell line after 24 h, 48 h, 72 h
and 96 h of glutamine deprivation, indicating that 48 h is prominently affected.
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Figure 25: lllustration of H2AX damage in BT-20 cell line after 24 h, 48 h, 72 h and
96 h of glutamine deprivation, indicating that 24 h is prominently affected.



MCF-7 cells treated with bafiliomycin | MDA-MB-231 cells treated with
for 48 h bafiliomycin for 48 h

MCF-10A cells treated with | BT-20 cells treated with bafiliomycin for
bafiliomycin for 48 h 48 h

Figure 26: Graph illustrating H2AX damage in MCF-7-, MDA-MB-231-, MCF-10A-
and BT-20 cell lines treated with bafiliomycin as a positive control.

4.8 Cell cycle progression

Propidium iodide stains the DNA and thus enables the quantification of DNA
correlating with stages of the cell cycle during cell division (123). The effects of
glutamine deprivation on the cell cycle was investigated by means of ethanol fixation,

propidium iodide and flow cytometry.

Glutamine deprivation for 72 h in the MCF-7 cell line demonstrated a significant
decrease in the number of cells occupying the Gi phase (41%) accompanied by a
significant increase in the number of cells occupying the S-phase (34%) when
compared to cells propagated in complete growth medium (68%, 9% respectively)
(Figure 27, Table 5-11). After 96 h of glutamine deprivation, the MCF-7 cell line
demonstrated a significant decrease in the number of cells occupying the Gi phase
(47%) accompanied by a statistically significant increase in the number of cells
occupying the G2/M phase (34%) when compared to cells propagated in complete
medium (68%, 22% respectively). The MDA-MB-231 cell line resulted in a statistically
significant decrease in the number of cells present in the Gi1 phase after 24 h (57%),

61




48 h (61%) and 96 h (56%) of glutamine deprivation when compared to cells
propagated in complete growth medium (72%, 68% and 62%, respectively). In
addition, the MDA-MB-231 cell line illustrated a statistically significant decrease in the
amount of cells occupying the S-phase after 48 h (12%) of glutamine deprivation
when compared to the cells propagated in complete growth medium (24%).
Furthermore, glutamine deprivation of 24 h and 72 h displayed a statistically
significant increase of cells occupying the G2/M phase with 26% and 22%
respectively when compared to cells propagated in complete growth medium. The
MCF-10A cell line demonstrated statistically significant decrease in the cells present
in the G2/M phase (24%) after 48 h of glutamine deprivation when compared to the
cells propagated in complete growth medium (12%). The BT-20 cell line
demonstrated a significant increase of cells occupying the Gi1 phase with 58% and
73% of cells present after 48 h and 72 h of glutamine deprivation when compared to
cells propagated in complete growth medium (47% and 52% respectively). However,
after 96 h of glutamine deprivation 51% of cells occupied the G1 phase demonstrating
a significant decrease when compared to cell propagated in complete growth
medium (72%) (Figure 27).
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Figure 27: Graphs illustrating cell cycle progression after 24 h, 48 h, 72 h and 96 h of

glutamine deprivation in MCF-7-, MDA-MB-231-, MCF-10A- and BT-20 cell lines. MCF-7

cell line (top left) illustrated increased amount of cells in the S-phase. MDA-MB-231 cell

line (top right) illustrated increased amount of cells present in the G2/M phase. MCF10-A

cell line (bottom left) illustrated decreased amount of cells present in the G1 phase and

BT-20 cell line (bottom right) illustrated increased cells present in the G1 phase.
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Table 5: Percentage cells occupying each cell cycle phase of the MCF-7-, MDA-MB-

231-, MCF-10A- and BT-20 cell lines, where an asterisk (*) indicates significance with

p-value < 0.05 when calculated by means of the student's t-test when compared to

cells propagated in complete growth medium and the average percentage present in

each phase * standard deviations.

Condition MCF-7 MDA-MB-231 | MCF-10A BT-20

24 h Medium | Average + SD | Average = SD | Average = SD | Average + SD
only (%) (%) (%) (%)

Sub Gz 3.37+154 2.32+194 24+1.79 3.40+4.42

G1 65.36 + 1.97 72.13£4.25 67.89 £ 4.76 52.29 £3.69

S 8.97 + 3.98 15.39 +1.52 14.52 +1.987 |16.19 +4.83
G2/M 22.48 £ 4.98 10.35+£2.39 16.1 £ 3.85 29.08 £ 2.39
24 h without | Average + SD | Average = SD | Average = SD | Average + SD
Glutamine (%) (%) (%) (%)

Sub G1 2.36 £ 2.96 3.12+0.394 2.95+4.85 5.06 £0.21

G1 69.69 + 3.96 57.49 £ 3.99* | 63.16 +4.07 48.33 + 3.69

S 10.47 £ 0.79 13.86 + 2.96 15.33 +3.26 18.34 +4.83
G2/M 17.08 £2.28 25.51 + 3.85* | 18.56 +1.36 29.25 +0.63

64




Table 6: Percentage cells occupying each cell cycle phase of the MCF-7-, MDA-MB-

231-, MCF-10A- and BT-20 cell lines, where an asterisk (*) indicates significance with

p-value < 0.05 when calculated by means of the student's t-test when compared to

cells propagated in complete growth medium and the average percentage present in

each phase * standard deviations.

Condition MCF-7 MDA-MB-231 | MCF-10A BT-20

48 h Medium | Average = SD | Average + SD | Average = SD | Average = SD
only (%) (%) (%) (%)

Sub G1 2.69 + 4.69 3.23+0.33 3.62+4.25 3.89 +3.97

G1 70.96 £ 2.39 68.39 +4.11 60.05 £ 4.6 47.05+1.54

S 19.3+1.44 23.6 £ 2.04 24.02 +5.01 15.087 £ 4.22
G2/M 8.03+0.18 4.086 + 2.01 12.38 £ 3.59 20.85 £ 4.23
48 h without | Average = SD | Average + SD | Average = SD | Average = SD
Glutamine (%) (%) (%) (%)

Sub G1 9.38 +1.87 484 +1.23 521+1.17 7.29 + 3.57

G1 54,58 £ 2.92* |60.72 +1.31* |54.07 +4.03 58.38 £ 4.57*
S 13.66 + 1.99 12.00 +1.79* | 16.75+1.96 19.31+1.61
G2/M 22.36 £ 4.69* | 22.41 +3.83 23.95+2.28 15+4.28

ESE-ol treated

Average = SD

Average = SD

Average = SD

Average = SD

48h (%) (%) (%) (%)

Sub G1 69.3+4.36* |[61.3+242* [52.36+3.32% |63.203 +4.36*
G1 6.3 +2.97 23.6 +3.95 28.3+3.85 21.20+ 3.24
S 10.39+1.92 | 8.64+4.91 11.78+1.36 |13.78+4.36
Ga/M 14.01+2.39 | 6.46 +3.93 7.56 + 4.23 2.04 +3.79
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Table 7: Percentage cells occupying each cell cycle phase of the MCF-7-, MDA-MB-
231-, MCF-10A- and BT-20 cell lines, where an asterisk (*) indicates significance with
p-value < 0.05 when compared to cells propagated in complete growth medium and

the average percentage present in each phase + standard deviations.

Condition MCF-7 MDA-MB-231 | MCF-10A BT-20

72 h Medium | Average = SD | Average = SD | Average + SD | Average + SD
only (%) (%) (%) (%)

Sub G1 2.73 +£0.90 2.69+3.24 1.77£1.19 3.56 +1.28

G1 68.26 + 2.78 69.05+1.19 75.25 £ 4.03 51.82 £ 2.97

S 9.22+1.96 12.10 + 2.27 6.76 + 1.58 2095+2.4
G2/M 19.78 + 3.82 1451 £ 3.16 17.22 +1.87 12.54 + 3.97
72 h without | Average + SD | Average + SD | Average = SD | Average = SD
Glutamine (%) (%) (%) (%)

Sub G1 6.08 + 3.95 4.40 £ 2.19 7.78 £ 1.57 1.46 £0.33

G1 41.33 £2.22* | 65.01 £ 3.97 72.76 £ 4.26 73.4+1.19*

S 34.38 £+4.87* | 9.53+1.57 9.54 £ 0.53 14.42 £ 4.23
G2/M 18.19 + 2.36 21.05+4.36* | 9.91+4.82* 11.54 + 4.46
96 h Medium | Average = SD | Average = SD | Average + SD | Average + SD
only (%) (%) (%) (%)

Sub G1 3.18 £ 0.86 2.56+1.23 342+1.11 2.26 +0.62

G1 67.81+1.82 62.48 £ 1.31 69.04 + 2.61 71.56 £ 1.75

S 7.09+1.21 10.46 +1.79 13.44 +0.79 12.96 £ 0.91
G2/M 21.9+3.18 24.49 + 3.83 14.37 £4.18 12.54 £3.24
96 h without | Average = SD | Average = SD | Average + SD | Average + SD
Glutamine (%) (%) (%) (%)

Sub G 4.89+1.04 5.38+£0.85 12.93+1.73 495+ 0.86

G1 46.89 + 3.061* | 56.47 + 1.66* | 67.79 £4.76 51.39 + 1.62*
S 14.66 £1.85 11.75+2.03 12.64 +1.42 18.42 £ 0.54
G2/M 33.54+4.32* |26.39+1.90 6.64 + 3.39* 19.41 +2.05

66




Table 8: Histogram modellers of the MCF-7 cell line deprived of glutamine over a
period of 96 h in comparison to cells propagated in complete growth medium.

MCF-7 cells 24 h

complete growth medium

propagated in

MCF-7 24 h deprived of Glutamine

FL3 Lin i

MCF-7 cells 48 h

complete growth medium

propagated in

MCF-7 48 h deprived of Glutamine

L

FL2 Lin

nnnnnn

MCF-7 cells 72 h propagated in

complete growth medium

MCF-7 72 h deprived of Glutamine

FLZ Lin

LLLLLL

MCF-7 cells 96 h propagated in growth
complete medium

MCF-7 96 h deprived of Glutamine

FL3 Lin

FL3 Lin
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Table 9: Histogram modellers of the M

DA-MB-231 cell line deprived of glutamine

over a period of 96 h in comparison to cells propagated in complete growth medium.

complete growth medium

MDA-MB-231 24 h cells propagated in

MDA-MB-231 24 h deprived of Glutamine

FL3 Lin
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£
5

MDA-MB-231 48 h cells propagated in
complete growth medium

MDA-MB-231 48 h deprived of Glutamine

LLLLLL
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5
5

MDA-MB-231 72 h cells propagated in
complete growth medium

MDA-MB-231 72 h deprived of Glutamine

FL3 Lin
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b

MDA-MB-231 96 h cells propagated in
complete growth medium

MDA-MB-231 96 h deprived of Glutamine

FL3 Lin
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g
g
5

68



Table 10: Histogram modellers of the MCF-10A cell line deprived of glutamine over a
period of 96 h in comparison to cells propagated in complete growth medium.

MCF-10A cells 24 h
complete growth medium

propagated in

MCF-10A 24 h deprived of Glutamine

L

L

MCF-10A cells 48 h propagated in
complete growth medium

MCF-10A 48 h deprived of Glutamine

FL$ Lin

FL3 Lin

MCF-10A 72 h propagated in complete
growth medium

MCF-10A 72 h deprived of Glutamine

L

1L

MCF-10A 96 h propagated in complete
growth medium

MCF-10A 96 h deprived of Glutamine

FLZ Lin

FL3 Lin
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Table 11: Histogram modellers of the BT-20 cell line deprived of glutamine over a
period of 96 h in comparison to cells propagated in complete growth medium.

BT-20 24 h propagated in complete | BT-20 24 h deprived of Glutamine
growth medium

FL3 1:

BT-20 48 h propagated in complete | BT-20 48 h deprived of Glutamine
growth medium

L

BT-20 72 h propagated in complete | BT-20 72 h deprived of Glutamine
growth medium

BT-20 96 h propagated in complete | BT-20 96 h deprived of Glutamine
growth medium

FL3 Lin
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3.9 Mitochondrial membrane potential

Mitochondria are essential for energy metabolism, redox regulation, calcium
homeostasis and other cellular functions. Upon high levels of physiological stress,
various apoptosis-inducing factors are released from the mitochondria through
mitochondrial transition pores into the cytoplasm resulting in induction of cell death
(137). The permeability of the mitochondrial pore is dependent on the mitochondrial
membrane potential, thus upon mitochondrial membrane depolarisation, apoptotic
factors are released through the pores and initiate apoptosis, however, upon
hyperpolarisation the membrane reduces its permeability and apoptosis-inducing

factors cannot be released into the cytosol thus promoting cell survival (138).

The Mitocapture contains a cationic dye that accumulates in the mitochondria and
fluoresces red in non-damaged cells. In cells possessing a depolarised mitochondria
membrane potential, the dye cannot accumulate in the mitochondria due to
compromised mitochondrial membrane potential and thus remains in the cytoplasm
and fluoresces green (137). Furthermore, mitochondrial membrane potential can be
hyperpolarised in the event of increased transmembrane potential. Thus, comparing
cells propagated in completed medium with cells deprived of glutamine, a ratio above
1 is indicative of cells possessing a depolarised mitochondrial membrane potential
and suggests apoptosis induction. A ratio of below 1 which is indicative of cells
possessing a hyperpolarized mitochondrial membrane potential suggesting cellular
survival (Gergely et al 2002) (120).

The MCF-7 cell line demonstrated significant mitochondrial membrane depolarisation
after 24 h and 96 h deprivation from glutamine (1.5 and 1.37 fold, respectively) when
compared to cells propagated in complete growth medium (Figure 28). The
mitochondrial membrane potential of the MDA-MB-231 cell line remained unchanged
up until 96 h of glutamine deprivation. The mitochondrial membrane potential of the
MCF-10A cell line was depolarised after 24 h of glutamine deprivation and
hyperpolarised at 48 h and 72 h of glutamine deprivation. The mitochondrial
membrane potential of the BT-20 cell line was depolarised 24 h, 48 h, 72 h and 96 h
of glutamine deprivation reaching a ratio of 1.20 after 72 h of glutamine deprivation
when compared to cells propagated in complete growth medium (Figure 28).
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Figure 28: Graph illustrating mitochondrial membrane potential after 24 h, 48 h, 72 h
and 96 h of glutamine deprivation in MCF-7-, MDA-MB-231-, MCF-10A- and BT-20 cell
lines. MCF-7 and BT-20 cell line illustrated hyperpolarisation whilst the MDA-MB-231
and MCF-10A illustrated time-dependent, biphasic hyperpolarisation of the
mitochondrial membrane potential. An asterisk (*) indicates significance with p-value <
0.05 when calculated by means of the student's t-test when compared to cells
propagated in complete growth medium. Positive control refers to ESE-ol treated cells
for 48 h.

4.9 Cell death
The influence of glutamine deprivation on apoptosis and necrosis were quantified

using flow cytometry in combination with Annexin V-FITC and propidium iodide. This
method allows for the identification of cells undergoing early apoptosis, late apoptosis
and necrosis in addition to the viable cells which is differentiated into four quadrants
visualised by the flow cytometry analysis software. Propidium iodide stains only the
nucleus of compromised membranes since it is membrane impermeable (123). 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 FITC-conjugated Annexin V.
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MCEF-7 cell line showed a significant decrease in the number of viable cells after 24 h
and 48 h of glutamine deprivation to 88% and 79% respectively, when compared to
cells propagated in complete growth medium (Table 12-19 and Figure 29). The MDA-
MB-231 cell line demonstrated a significant decrease in cell viability after 96 h of
glutamine deprivation to 75% when compared to cells propagated in complete growth
medium (97%) of viable cells. The MCF-10A- and BT-20 cell lines illustrated cell
viability of 94% and 91%, respectively after 96 h of glutamine deprivation observed
(Figure 30).
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Figure 29: Graphs illustrating apoptosis induction after 24 h, 48 h, 72 h and 96 h of
glutamine deprivation in MCF-7- (top) and MDA-MB-231- (bottom) cell lines, where
mo (medium only) refers to cells propagated in complete medium and positive control
refers to cells treated with ESE-ol-treated cells for 48 h. Decreased cell viability was

the most prominently observed following glutamine deprivation in the MCF-7 cell line
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(88% and 79%) after 24 h and 48 h. Viability in the MDA-MB-231 cell line decreased
to 75% after 96 h of glutamine deprivation.
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Figure 30: Graphs illustrating apoptosis induction after 24 h, 48 h, 72 h and 96 h of
glutamine deprivation in the MCF-10A- (top) and BT-20 (bottom) cell lines, where mo
(medium only) refers to cells propagated in complete medium and positive control
refers to cells treated with ESE-ol-treated cells for 48 h. The MCF-10A and BT-20
illustrated decreased cell viability to 94% and 91% respectively after 96 h of

glutamine deprivation.
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Table 12: lllustration of different phases of apoptosis and viable cells with the

percentage of cells found each of the particular phase * standard deviations where

an asterisk (*) indicates significance with p-value < 0.05 when calculated by means of

the student's t-test when compared to cells propagated in complete growth medium
in the MCF-7-, MDA-MB-231-, MCF-10A- and BT-20 after 24 h of glutamine

deprivation.

Condition MCF-7 MDA-MB-231 | MCF-10A BT-20

24 h Medium | Average + SD | Average + SD | Average + SD | Average = SD
only (%) (%) (%) (%)

Early

apoptosis 1.23+1.4 1.96 £ 0.04 0.75+0.63 0.99+0.34
Late apoptosis | 1.05 + 2.63 2.18+£0.04 3.89£0.96 0.39+0.44
Viable cells 96.31+2.7 95.42 +£1.16 93.47 £1.03 96.29 £ 1.25
Necrosis 2.41 +£1.09 0.73+1.16 1.89£0.97 2.33+0.53

24 h without | Average + SD | Average = SD | Average = SD | Average + SD
Glutamine (%) (%) (%) (%)

Early

apoptosis 3.49+1.78 3.72+0.54 1.68+0.3 1.81+1.36
Late apoptosis | 3.00 + 1.7 3.49+1.92 3.82+15 0.53+0.30
Viable cells 87.61+4.87* |88.14+1.92* |921+1.1 86.86 + 4.97*
Necrosis 569+1.9 4.29 +2.27 29+1.84 10.79 £ 2.75
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Table 13: lllustration of different phases of apoptosis and viable cells with the

percentage of cells found each of the particular phase * standard deviations where

an asterisk (*) indicates significance with p-value < 0.05 when compared to cells
propagated in complete growth medium in the MCF-7-, MDA-MB-231-, MCF-10A-
and BT-20 cell lines after 48 h of glutamine deprivation.

Condition MCF-7 MDA-MB-231 | MCF-10A BT-20

48 h with | Average = SD | Average + SD | Average + SD | Average + SD
Glutamine (%) (%) (%) (%)

Early

apoptosis 0.21+231 1.01+1.49 0.93+2.05 1.39+0.43
Late apoptosis | 1.74 + 0.88 1.03+1.99 0.41 +£0.49 0.96 +0.34
Viable cells 95.75 £ 3.96 97.58 £ 2.17 97.29+4.14 96.05 £ 0.98
Necrosis 2.3+£2.97 1.06 +0.89 1.37+2.51 4.6 +0.60

48 h without | Average + SD | Average = SD | Average = SD | Average + SD
Glutamine (%) (%) (%) (%)

Early

apoptosis 9.87 £ 0.45* 3.06 £ 0.17 2.33+£0.9* 0.71+0.21
Late apoptosis | 9.25 + 0.40* 2.71+0.37 5.38 £ 2.24* 0.45+0.19
Viable cells 78.91+1.53* |89.33+1.27* |88.24+1.26* |85.6+293*
Necrosis 2.97+1.19 49+1.17* 9.04 + 2.56* 13.23 £ 4.28*
ESE-ol Average + SD | Average + SD | Average = SD | Average + SD
treated 48h (%) (%) (%) (%)

Early

apoptosis 56.3 £ 0.16* 41.2+0 39.47 +0.35 28.36 + 0.37
Late apoptosis | 31.2 + 4.69* 42.32 +2.28 10.78 + 0.62 63.89 £ 0.02
Viable cells 3.14 £ 2.82* 3.69+4.00 3.45+27 1.39+1.37
Necrosis 9.36 £ 2.58 12.79+2.7 46.3 £ 2.52 6.36 £ 1.41
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Table 14: lllustration of different phases of apoptosis and viable cells with the
percentage of cells found each of the particular phase * standard deviations where
an asterisk (*) indicates significance with p-value < 0.05 when calculated by means of
the student's t-test when compared to cells propagated in complete growth medium
in the MCF-7-, MDA-MB-231-, MCF-10A- and BT-20 cell lines after 72 h of glutamine
deprivation.

MDA-MB-
Condition MCF-7 231 MCF-10A BT-20
72 h Medium | Average +|Average = |Average = |Average = SD (%)
only SD (%) SD (%) SD (%)
Early 0.1+1.19 0.3+0.51 0.88+0.41 1.69 £ 0.86

apoptosis

Late apoptosis | 0.81 + 1.96 0.69 £ 2.06 0.89+1.84 1.76 £ 0.77

Viable cells 97.3 +3.09 98.65+2.14 |96.6 +2.37 96.57 + 1.58

Necrosis 0.87 £1.52 0.99+1.63 1.63 £ 0.56 3.98£0.15

72 h without | Average | Average = |Average =
Average = SD (%)

Glutamine SD (%) SD (%) SD (%)
Early
apoptosis 3.39 £ 0.5* 0.56 £ 0.43 0.75+0.35 0.97+0.31

Late apoptosis | 3.06 + 0.85* | 0.49 £0.53 251+1.05 0.58+£0.34

Viable cells 91.84+1.74 |89.21+1.22 |93.86+4.23 |90.95+*0.56

Necrosis 5.7 +0.52* 9.73+0.39* | 25+2.19 7.74 £1.06
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Table 15: lllustration of different phases of apoptosis and viable cells with the

percentage of cells found each of the particular phase * standard deviations where

an asterisk (*) indicates significance with p-value < 0.05 when calculated by means of

the student's t-test when compared to cells propagated in complete growth medium
in the MCF-7-, MDA-MB-231-, MCF-10A- and BT-20 cell lines after 96 h of glutamine

deprivation.

Condition MCF-7 MDA-MB-231 | MCF-10A BT-20

96 h without | Average + SD | Average + SD | Average + SD | Average + SD
Glutamine (%) (%) (%) (%)

Early 1.55+0.5 1.36 +1.42 1.36 £ 0.25 0.83+0.45
apoptosis

Late apoptosis | 1.36 £ 0.9 1.71+2.23 2.91+2.45 0.96 + 0.52
Viable cells 96.3 £ 2.27 97.03 £ 3.48 93.77 £ 4.97 96.22+1.1
Necrosis 0.79+1.2 0.9+1.13 1.96 +4.17 6.99+0.44

96 h without | Average + SD | Average + SD | Average + SD | Average + SD
Glutamine (%) (%) (%) (%)

Early 1.68 +2.23 6.25 + 3.27 1.26 +1.24 0.92+1.23
apoptosis

Late apoptosis | 1.75 £ 2.77 6.22 £ 1.92 3.06 £1.94 0.65 +0.28
Viable cells 93.81 +4.39 75.49 + 1.64* | 93.67 + 4.67 90.61+2.3
Necrosis 2.45 + 1.05* 12.08 +1.56* |2.1+1.76 8.07 +£1.89
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Table 16: lllustration of dot plots indicating different phases of apoptosis and viable
cells where each of the four quadrants indicate a different phase of apoptosis and
viable cells in the MCF-7 cell line when compared to cells propagated in complete
growth medium over a period of 96 h. Top left- dead cells, top right- Late apoptotic
cells, bottom left- Viable cells, bottom right- Early apoptosis.

MCF-7 24 h propagated in complete | MCF-7 24 h deprived of glutamine
growth medium

|

MCF-7 48 h propagated in complete | MCF-7 48 h deprived of glutamine
growth medium

MCF-7 72 h propagated in complete | MCF-7 72 h deprived of glutamine
growth medium

MCF-7 96 hmgropagated in complete | MCF-7 96 Flmageprived of glutamine
growth medium
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Table 17: lllustration of dot plots indicating different phases of apoptosis and viable

cells where each of the four quadrants indicate a different phase of apoptosis and

viable cells in the MDA-MB-231 cell line when compared to cells propagated in

complete growth medium over a period of 96 h. Top left- dead cells, top right- Late

apoptotic cells, bottom left- Viable cells, bottom right- Early apoptosis.

MDA-MB-231 24 h propagated in
complete growth medium

MDA-MB-231 24 h deprived of
glutamine

MDA-MB-231 48 h propagated in
complete growth medium

MDA-MB-231 48 h deprived of
glutamine

MDA-MB-231 72 h propagated in
complete growth medium

MDA-MB-231 72 h deprived of
glutamine

MDA-MB-231 96 h propagated in
complete growth medium

MDA-MB-231 96 h deprived of
glutamine

FLL Leg
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Table 18: lllustration of dot plots indicating different phases of apoptosis and viable
cells where each of the four quadrants indicate a different phase of apoptosis and
viable cells in the MCF10-A cell line when compared to cells propagated in complete
growth medium over a period of 96 h. Top left- dead cells, top right- Late apoptotic
cells, bottom left- Viable cells, bottom right- Early apoptosis.

MCF-10A 24 h propagated in | MCF-10A 24 h deprived of glutamine
complete growth medium

MCF-10A 48 h propagated in MCF-10A48mHNdeprived of glutamine
complete growth medium

MCF-10A 72 h propagated in | MCF-10A 72 h deprived of glutamine
complete growth medium

MCF-10A 96 h propagated in | MCF-10A 96 h deprived of glutamine
complete growth medium
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Table 19: lllustration of dot plots indicating different phases of apoptosis and viable

cells where each of the four quadrants indicate a different phase of apoptosis and

viable cells in the BT-20 cell line when compared to cells propagated in complete

growth medium over a period of 96 h. Top left- dead cells, top right- Late apoptotic

cells, bottom left- Viable cells, bottom right- Early apoptosis.

BT-20 24 h propagated in complete
growth medium

BT-20 24 h deprived of glutamine

BT-20 48 h propagated in complete
growth medium

BT-20 72 h propagated in complete
growth medium

BT-20 72 h deprived of glutamine

BT-20 96 h propaz;ated in complete
growth medium

BT-20 96 h deuf.)?ived of glutamine

FLL Log
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Autophagy is a compensatory mechanism that produces energy from cytoplasmic
contents including damaged and/or redundant organelles and proteins which
prevents accumulation of waste products thus maintaining homeostasis (139).
Autophagy is induced by starvation and oxidative stress. The autophagy protein light
chain 3 (LC3) is a mammalian protein is associated with the autophagosome
membranes and used to identify autophagy induction. LC3-I is cytosolic whilst LC3-II
is found in the membrane and is predominately located in the autophagic vacuole
(140). The presence of LC3-1l serves as an optimal marker for autophagy induction
and is detectable via fluorescent microscopy and visualised as diffuse cytoplasmic
pool or as punctate structures that primarily represent autophagosomes (141). The
influence of glutamine deprivation on autophagy induction was demonstrated by

means of LC3II visualisation.

The MCF-7 cell line showed no difference in staining intensity or in punctate
structures after 24 h, 48 h, 72 h and 96 h of glutamine deprivation when compared to
cells propagated in complete growth medium (Figures 31-34). The MDA-MB-231 cell
line demonstrated minimal punctate structures after 24 h, 48 h, 72 h and 96 h of
glutamine deprivation when compared to cells propagated in complete growth
medium. The MCF-10A cell line showed no damage to the cells after 24 h, 48 h, 72 h
and 96 h of glutamine deprivation when compared to cells propagated in complete
growth medium. The BT-20 cell line demonstrated no effect caused by glutamine
deprivation after 24 h, 48 h, 72 h and 96 h of glutamine deprivation when compared
to cells propagated in complete growth medium. However, the cells appeared to be
disseminated when compared to cells propagated in complete growth medium. Thus
data suggest autophagy is not induced by glutamine deprivation (Figures 31-34).
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MCF-7 cells propagated in complete

medium for 24 h

MCEF-7 cells deprived of glutamine for 24 h

MCF-7 cells propagated in complete

medium for 48 h

MCEF-7 cells deprived of glutamine for 48 h

MCF-7 cells propagated in complete

medium for 72 h

MCEF-7 cells deprived of glutamine for 72 h

MCF-7 cells propagated in complete

medium for 96 h

MCEF-7 cells deprived of glutamine for 96 h

Figure 31: lllustration of LC3-1IB (green punctate structures around the nucleus) in
MCF-7 cell line after 24 h, 48 h, 72 h and 96 h of glutamine deprivation, indicating a

lack of autophagy induction.



MDA-MB-231 cells propagated in complete

medium for 24 h

MDA-MB-231 cells
glutamine for 24 h

deprived  of

MDA-MB-231 cells propagated in complete
medium for 48 h

MDA-MB-231 cells
glutamine for 48 h

deprived  of

MDA-MB-231 cells propagated in complete
medium for 72 h

MDA-MB-231  cells
glutamine for 72 h

deprived  of

MDA-MB-231 cells propagated in complete
medium for 96 h

MDA-MB-231 cells
glutamine for 96 h

deprived  of

Figure 32: lllustration of LC3-1IB (green punctate structures around the nucleus) in
MDA-MB-231 cell line after 24 h, 48 h, 72 h and 96 h of glutamine deprivation,

indicating a lack of autophagy induction.



MCF-10A cells propagated in complete

medium for 24 h

MCF-10A cells deprived of glutamine
for 24 h

MCF-10A cells propagated in complete
medium for 48 h

MCF-10A cells deprived of glutamine
for 48 h

MCF-10A cells propagated in complete
medium for 72 h

MCF-10A cells deprived of glutamine
for 72 h

MCF-10A cells propagated in complete
medium for 96 h

MCF-10A cells deprived of glutamine
for 96 h

Figure 33: lllustration of LC3-1IB (green punctate structures around the nucleus) in
MCF-10A cell line after 24 h, 48 h, 72 h and 96 h of glutamine deprivation, indicating

a lack of autophagy induction.




BT-20 cells propagated in complete medium
for 24 h

BT-20 cells deprived of glutamine for
24 h

BT-20 cells propagated in complete medium
for 48 h

BT-20 cells deprived of glutamine for
48 h

BT-20 cells propagated in complete medium
for 72 h

BT-20 cells deprived of glutamine for
72 h

BT-20 cells propagated in complete medium
for 96 h

BT-20 cells deprived of glutamine for
96 h

Figure 34: lllustration of LC3-IIB (green punctate structures around the nucleus) in

BT-20 cell line after 24 h, 48 h, 72 h and 96 h of glutamine deprivation, indicating a

lack of autophagy induction.



MCF-7 cells treated with bafiliomycin for | MDA-MB-231 cells treated with
48 h bafiliomycin for 48 h

MCF-10A cells treated with bafiliomycin | BT-20 cells treated with bafiliomycin for 48
for 48 h h

Figure 35: lllustration of LC3-IIB (green punctate structures around the nucleus) in
MCF-7-, MDA-MB-231-, MCF-10A and BT-20 cell line after treatment with

bafiliomycin for 48 h used as positive control.
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CHAPTER 5

5. DISCUSSION

Tumourigenic cells modify metabolic activities, including glycolysis and

glutaminolysis, when compared to differentiated- and non-proliferating cells (142).
These altered metabolic events exerted by tumourigenic cells are required for the
hyperproliferative nature of transformed- and tumourigenic tissue in order to support
the biosynthetic requirements for hyperproliferation, survival and prolonged energy
maintenance which is characterised by glucose metabolism into lactate
dehydrogenase independent of oxygen availability (Warburg effect) (143). Due to the
upregulated metabolic activity, increased glycolysis and glutaminolysis, increased
expression of glucose- and amino acid transporters is required which results in
increased production of ATP (144). In order to fully take advantage of tumourigenic
aberrant metabolism for potential future therapeutics, it is necessary to fully
comprehend how glutamine deprivation influences tumourigenic proliferation, redox
regulation, mitochondrial membrane potential, cell survival, DNA damage and cell
death. In this study, the influence of glutamine deprivation on proliferation,
morphology, ROS production, antioxidant defences, cell cycle progression, possible
cell death via apoptosis- and autophagy induction, DNA damage and cell survival

signaling were investigated in tumourigenic- and non-tumourigenic cell lines.

In this research project spectrophotometry data indicates that glutamine deprivation
results in time-dependent antiproliferative effects in both metastatic tumourigenic
MCF-7- and MDA-MB-231 cell lines. Furthermore, this study demonstrates that
glutamine deprivation lead to more prominent antiprolifertaive activity in the luminal
MCF-7 cell line when compared to the basal MDA-MB-231-, MCF-10A- and BT-20
cell lines. This suggests that the tumourigenic ER positive, luminal cell line is more
dependent on glutamine as a source of energy for proliferation in comparison to
basal, triple negative cell line MDA-MB-231 and BT-20 cell lines suggesting
dependency of glutamine by metastatic and tumourigenic cells. These findings are
supported by Kung, et al (2011) who reported that glutamine deprivation (48 h)
resulted in compromised cell growth in the MDA-MB-231 cell line, breast

tumourigenic basal oestrogen receptor negative (MDA-MB-157) cell line, MCF-7 cell
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line and a breast tumourigenic luminal oestrogen receptor positive (BT-474) cell line
(100). The resistance observed from MDA-MB-231-, MCF-10A- and BT-20 cell lines
Is due to the cell type’s ability to synthesize de novo glutamine or opt for alternative
routes for anaplerosis to provide energy generating pathways that utilize carbon and
nitrogen to supplement the Krebs cycle which will subsequently support the cells with
energy thus allowing the cell lines to survive without glutamine (145). Furthermore,
this study demonstrated that glutamine deprivation refrained from affecting the non-
tumourigenic MCF-10A cell line. This indicates that tumourigenic cell lines are more
susceptible to glutamine deprivation when compared to non-tumourigenic cell lines

thus confirming that glutamine is a crucial nutrient for optimal cell proliferation.

Reactive oxygen species play an important role in tumourigenesis. ROS are a group
of molecules produced during metabolism and are signaling molecules at low and
intermediary concentrations; however, in high concentration ROS is detrimental to
the cells by damaging lipids, proteins, DNA and leads to oxidative stress (146). Flow
cytometry data demonstrated that ROS production after glutamine deprivation is
time-dependent. Superoxide is an anion radical and a precursor of a variety of other
ROS (147). The production of superoxide in the MCF-7 cell line was increased after
96 h of glutamine deprivation and was most prominently affected when compared to
the MDA-MB-231-, MCF-10A and BT-20 cell lines. These results are supported by
other nutrient deprivation studies where glucose deprivation resulted in increased
levels of superoxide in colon- and breast cancer cell lines (148). As superoxide is a
precursor of a plethora of ROS, increased metabolism and ROS production will
subsequently lead to increased levels of superoxide. Hydrogen peroxide is produced
from an enzymatic reaction involving the detoxification of superoxide thus constitutes
as ROS (149). Hydrogen peroxide production was significantly increased in the MDA-
MB-231 cell line after 24 h of glutamine deprivation. Yuan et al (2013) confirmed that
ROS was increased in the ovarian cancer cell lines HEY-, SKOV3- and IGOROV-1
after 24 h of glutamine deprivation (150). In addition, hydrogen peroxide with
concentrations above 100 uM is known to be cytotoxic and induces DNA damage
and thus inhibits proliferation. The decreased cell proliferation studies after 24 h of
glutamine deprivation in the MCF-7 cell line correlate with increased hydrogen
peroxide production and also confirm that significantly elevated ROS levels are

detrimental to cell growth. Vilema-Eriquez et al (2016) observed that hydrogen
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peroxide production (50-200 puM) inhibited proliferation in the MCF-7 cell line (151).
However, hydrogen peroxide generation decreased thereafter in a time-dependent
manner in MCF-7 and MDA-MB-231 cell lines following glutamine deprivation. The
reduction in ROS quantities due to glutamine starvation indicates a possible
decrease in cellular metabolism which correlates with the decrease in AMPK activity
(prominently observed in the MCF-7 cell line) observed in this study which is
responsible for the maintenance of energy status. Hydrogen peroxide generation in
MCF-10A- and BT-20 cell lines increases in a time-dependent manner following
glutamine deprivation. High ROS concentrations have physiological importance to
tumourigenic cells as ROS participate in cellular signaling pathways and induction of
mitogenic responses, thus correlating with the cell growth results where BT-20 cell
line remains unchanged (152). Furthermore, an increase in hydrogen peroxide may
suggest that the antioxidant mechanism in which superoxide is neutralized by
superoxide dismutase to hydrogen peroxide is functional (153). The increased- and
decreased quantities of ROS observed in this study following glutamine deprivation
are time- and cell line-dependent and is possibly due to the shortage of carbon
sources that supplies the Krebs cycle with intermediates to further support the
survival of tumourigenic cells indicating a possible shift in cellular metabolism from
glutaminolysis to alternative anaplerotic pathways that support pyruvate

carboxylation (154).

Data demonstrated via flow cytometry that the mitochondrial membrane potential of
the MDA-MB-231- and MCF-10A cell lines experienced time-dependent
hyperpolarisation after glutamine deprivation. Eukaryotic cells maintain a
hyperpolarised mitochondrial membrane potential to avoid the release of pro-
apoptotic agents such as cytochrome ¢ which will induce apoptosis (155). However,
tumourigenic cells have elevated levels of hyperpolarisation as a pro-survival
mechanism as described by Forrest M et al (2015) (156). Sastre-Serra et al (2010),
suggests that an increase with mitochondrial membrane potential which is termed
hyperpolarisation, enhances ROS production and thus promote tumourigenicity
(157). The MDA-MB-231 cell line experienced hyperpolarisation as well as increased
ROS production thus hyperpolarisation experienced correlates with increased ROS
production in this study. Furthermore, the BT-20 cell line showed no antiproliferative

effects further confirming adaptation following glutamine deprivation. Dmitry et al
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(2014), reported that hyperpolarisation of the mitochondrial membrane potential
coincided with the generation of excessive ROS (hydrogen peroxide) production,
which further reiterates the increased hydrogen peroxide production of our study
(158). The presence of transient hyperpolarisation is observed in the MDA-MB-231
cell line following glutamine deprivation and may possibly be explained by a temporal
blockage in the electron transfer chain (159). Thus, mitochondria are able to
withstand high levels of oxidative stress and develop adaptive mechanism to ensure

optimal functioning thus supporting tumourigenicity (160).

Extensive antioxidant defence mechanisms counteract free radicals in cells in order
to prevent oxidative stress which refers to a disturbance in the balance between the
production of free radicals and antioxidant defences (161). Superoxide dismutase is
an enzyme that converts superoxide anion to hydrogen peroxide which is further
detoxified by catalase to water and oxygen. Spectrometry data obtained showed low
levels of SOD inhibition rate suggesting that the SOD activity is high. Increased
levels of SOD activity is associated with advanced tumours as described by Ennen et
al (2011), hence on average, the SOD inhibition rate in this study, is decreased due
to the advanced origin of the cell lines used (162). The MCF-7 cell line showed
increased SOD activity after 24 h- and 48 h of glutamine deprivation. These results
were confirmed by Hart et al (2015), where luminal breast cancer samples stratified
by stage demonstrated SOD activity to be significantly elevated in progressing
tumour stages (163). Furthermore, after 24 h of glutamine deprivation, the MCF-7 cell
line demonstrated a significant increase in superoxide- and hydrogen peroxide
production suggesting that SOD was functional as illustrated by decreased SOD
inhibition suggesting the detoxification of superoxide to hydrogen peroxide aided by
SOD. Although catalase is frequently downregulated in tumours the underlying
mechanism remains unclear. Furthermore, spectrometry data demonstrated that
MCF-7 cell line demonstrated significant increase in catalase concentration after 24 h
of glutamine deprivation when compared to cells propagated in complete growth
medium. Goh et al (2011) reported that the presence of catalase resulted in reduced
intracellular ROS in tissue excised from transgenic mice that overexpresses PytMT
referring to the expression of the T antigen from polyoma virus and subsequent
enhanced tumor progression (164). In the current study, following the increase of

catalase concentration after 24 h of glutamine deprivation, the MCF-7 cell line
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experienced decreased hydrogen peroxide production thus correlating with findings
reported by Goh et al (2011) (164).

Reactive oxygen species (ROS) produced either endogenously or exogenously
damage lipids, protein and nucleic acid cells (165). In nuclear- and mitochondrial-
DNA, 8-hydroxydeoxyguanosine, an oxidized nucleoside of DNA, is frequently
detected and indicates oxidative stress-induced DNA damage (166). Fluorescent
microscopy demonstrated that glutamine deprivation resulted in increased formation
of 8-hydroxydeoxyguanosine which is indicative of an oxidative form of DNA damage.
The MCF-7 luminal cell line demonstrated significant DNA damage caused by
oxidative stress after 48 h of glutamine deprivation. In addition, previous studies
indicated that significantly elevated levels of 8-hydroxydeoxyguanosine was
observed in oestrogen receptor-positive tissue when compared with oestrogen-
negative malignant tissues, and in breast cancer cell lines, suggests a positive
relationship  between 8-hydroxydeoxyguanosine formation and oestrogen
responsiveness (167). Histone H2AX phosphorylation is a sensitive marker for DNA
double-strand breaks which is a result of various factors including ROS production
and oxidative stress (168). This study demonstrated that the luminal, MCF-7 cell line
indicated more double stranded breaks when compared to the MDA-MB-231-, MCF-
10A- and BT-20 cell lines. In addition, the MCF-7 cell line demonstrated increased
ROS formation. Previous studies suggest that environmental factors including poor
nutritional profile results in DNA damage which this study implements by depleting
cells of nutrient (glutamine) (169). Given the complexity of breast cancer in which
gene-environment interactions play a significant role in the development of cancer,
oxidative stress may be an excellent model for exploring mechanisms mediating
gene-environment interactions and investigations that may help to suggest future

strategies for therapeutics.

Cell cycle progression analysis via flow cytometry demonstrated an increase in the
number of cells present in the S-phase in the MCF-7 cell line after 72 h of glutamine
deprivation accompanied by a significant decrease in the Gi phase of the cell cycle.
This suggests nucleotide depletion as glutamine serves a nitrogen donor to purine
nucleobases namely guanine and adenine. Thus glutamine deprivation may induce

slower cycling cells in the S-phase as elucidated by Gaglio et al (2009) due to
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inadequate pairing of nucleotide bases (170). Cyclin D1 and CDK4 which promote
the entry of cells into the S-phase are upregulated by glutamine in a concentration-
dependent manner. The MDA-MB-231 cell line resulted in a significant increase in
cells present in the G2/M phase after 24 h of glutamine deprivation which was also
found by Kansara et al (2004) who demonstrated that the fibrosarcoma cell line,
KHT-C2-LP1, showed a significant number of cells present in the G2/M phase of the
cell cycle suggesting there is rapid protein synthesis due to the cells efforts to adapt
to the lack of glutamine and thus adequate carbon sources needed for sufficient
energy production (171). MCF-10A cells demonstrated a significant decrease in the
G1 phase after 96 h of glutamine deprivation. Glutamine deprivation in the BT-20 cell
line resulted in a significant increase Gi1 phase after 72 h of glutamine deprivation.
These results suggest that glutamine deprivation differentially affects cell cycle

progression phases in a time-dependent manner.

Programmed cell death is an evolutionarily conserved pathway resulting in a
morphological cell death termed apoptosis or type | cell death. Hallmarks of
apoptosis include membrane blebbing, cell shrinkage, chromatin condensation and
endonucleolytic cleavage of DNA. During the initial stages of apoptosis,
phosphatidylserine is translocated from the inner plasma membrane to the outer as a
marker for phagocytosis (172). Annexin V paired with flow cytometry was utilized to
detect the PS flip which demonstrated that the MCF-7 cell line is the only cell line to
be significantly affected with regards to apoptosis induction after glutamine
deprivation. These studies demonstrated that glutamine deprivation reduced cell
viability in a time-dependent manner in the MCF-7 cell line to 75% after 96 h of
glutamine deprivation, with a corresponding increase in cells observed in apoptosis
and necrosis when compared to cells propagated in complete growth medium. This
corresponds with earlier findings from the present study where glutamine deprivation
resulted in decreased cell proliferation, oxidative stress and disruption in the
mitochondrial membrane potential in the MCF-7 cell line indicating the induction of

apoptosis including by means of the mitochondrial pathway.

The PI3K and ERK pathways are well known pathways that regulate of cell survival,
cell proliferation, metabolism and differentiation (173). However, the production of

PI3K and ERK in the luminal MCF-7 cell line was decreased after glutamine
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deprivation, thus suggesting that glutamine has a direct effect on the cell survival
signaling in luminal cell lines. ERK activation in the MCF-7 was decreased after 48 h
of glutamine deprivation which further suggest that the survival mechanism in the
luminal cell line is compromised correlating with the antiproliferative studies. The
basal cell lines MCF-10A and BT-20 cell line demonstrated activation of ERK
pathway after 72 h glutamine deprivation, which elaborates the maximal cell growth

in the proliferation studies.

Autophagy is a catabolic process that functions in recycling and degrading cellular
proteins, and is also induced as an adaptive response to the increased metabolic
demand upon nutrient starvation (174). In this study glutamine deprivation did not
induce autophagy in both luminal and basal subtypes cell lines. Studies suggest that
glutamine is required for autophagy-induced mammalian target of rapamycin
complex 1 (mMTORC1) to be reactivated during amino acid starvation (175). Active
MTORCL1 also phosphorylates and activates p70S6K which in turn phosphorylates
ribosomal protein S6 to enhance translation efficiency (176). Thus, mTORC1
increases protein translation when amino acids are available. Amino acids are
considered the most critical regulator of mMTORC1 because growth factors alone
cannot activate the kinase efficiently during amino acid deprivation (177). Although
autophagy releases free amino acids during amino acid deprivation, the level of
replenishment is insufficient thus autophagy fails confirmed by Onodera et al (2005)
(178).
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CHAPTER 6

6. CONCLUSION

From this study it is evident that glutamine deprivation results in differential- and time

dependent, antiproliferative activity and aberrant changes in the cell cycle
progression; increased superoxide production, biphasic hydrogen peroxide
production, negligible apoptosis- and autophagy induction, increased SOD- and
differential catalase activity, decreased cell survival signaling and increased DNA
damage. All of the mentioned effects more prominently observed in the luminal
tumourigenic MCF-7 cell line when compared to the basal tumourigenic MDA-MB-
231. The non-tumourigenic MCF-10A and non-metastatic BT-20 cell lines were least
affected by glutamine deprivation. This study provides evidence that there are
differential, time-dependent responses in different types of tumourigenic breast cell
lines following glutamine deprivation in comparison to non-tumourigenic cell lines.
Understanding how, when and which kind of cell types adapt to glutamine deprivation
is essential in future treatments targeting tumourigenic metabolism since more drugs
are being developed that target cancer cell metabolism. Furthermore, glutamine
deficiency may influence non-tumourigenic tissue tolerance to antitumour treatment,
and will potentially possess pre-sensitizing effects to chemotherapeutic treatments. In
conclusion the hypothesis proved to be true where glutamine deprivation differentially
affected proliferation, morphology, oxidative stress, cell survival, innate antioxidant
systems, energy status, DNA damage, mitochondrial functioning, cell cycle
progression, cell survival signaling and cell death induction in tumourigenic breast

cell lines when compared to a non-tumourigenic breast cell line.

Limitations and future perspectives

Breast cancer varies greatly in patients when compared to the limited types of breast
cancer cell lines utilized in cell culture. In addition, cell models may not translate in
the whole body system, effects may prevail on cellular level however different effects
in animal models and whole body system may be observed. Future investigations will
elucidate the molecular pathway of glutamine addiction in tumourigenic cells which
promotes proliferation, thus halting this process may have promising therapeutic
strategies for anti-cancer agents.
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