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Abstract

Commelina benghalensis Linn is used in traditional medicine in several Asian
and African countries for the treatment of various ailments such as stomach
irritations, burns, sore throat and feet, diarrhoea and as an anti-inflammatory
agent. Recently, our laboratory showed that the crude methanolic extract of
Commelina benghalensis L (CMECB) exhibits growth inhibitory and pro-
apoptotic effects in Jurkat T and Wil-2 NS cancer cell lines. In this study, the
precise molecular mechanism(s) associated with CMECB-induced growth
inhibitory and apoptosis inducing effects in Jurkat T and Wil-2 NS cell lines
were investigated. This was achieved by investigating the effects of the
extract on the cell division cycle distribution profile as well as its effects on
various cell division cycle and apoptosis regulatory genes. Ground stems of C.
benghalensis L were extracted with absolute methanol to obtain a crude
extract. To assess the effect of CMECB on cancer cell growth, experimental
cell cultures were exposed to various concentrations (0 to 600 pg/ml) of
CMECSB for up to 72 hours. The results demonstrated a significant reduction in
cell viability and inhibition of proliferation of experimental cell cultures as
determined by the trypan blue dye exclusion assay and the Coulter counter
method, respectively. Analysis of nuclear morphological changes in cells
stained with Hoechst 33258 confirmed apoptosis as the mode of cell death
that is associated with the growth inhibitory effects of CMECB in both the
Jurkat T and Wil-2 NS cell lines. This assertion was based on the observed
presence of nuclear morphological changes such as chromatin condensation
and fragmentation and apoptotic bodies in cells exposed to CMECB. In order

to get an insight on the pro-apoptotic mechanisms of CMECB, Western blot

XXi



and quantitative real-time PCR (qrt-PCR) were used to investigate the
expression profiles of various apoptosis and cell division cycle regulatory
genes. Qrt-PCR results showed a lack of a clear up- and/or down-regulatory
effects of CMECB on the mRNA expression levels of bax and bcl-2 in both

Jurkat T and Wil-2 NS cells.

Western blot analyses demonstrated that CMECB induced apoptosis by
facilitating Bax protein translocation from the cytosol to the mitochondria in
both Jurkat T and Wil-2 NS cells. In addition, CMECB down-regulated Bcl-2
protein expression which, as a result, led to the shift in the Bax/Bcl-2 protein
ratio at certain time points and concentration in both Jurkat T and Wil-2 NS
cells. The modulation of the Bcl-2 family members led to mitochondrial
cytochrome c release into the cytosol and activation of caspases-9 and -3; this
was also confirmed by caspase activity assays and eventual degradation of
PARP. Furthermore, CMECB induced Jurkat T and Wil-2 NS cell division
cycle arrest at the G,/M phase as determined by flow cytometric analysis.
Western blot analyses of G,/M phase regulatory proteins demonstrated that
the CMECB-induced cell division cycle arrest was associated with the down-
regulation of cyclin B1 and Cdc2 protein expression levels. Western blot
analyses results further revealed that the arrest of Wil-2 NS cells at the G,/M
phase was independent of p21 protein activity. However, Jurkat T cell division
cycle arrest was found to be mediated, in part, by p21. Quantitative real-time
PCR results did not show a clear trend in terms of the down- or up-regulatory
effects of the extracts on the G,/M phase regulatory genes. The CMECB-

induced apoptosis and G,/M arrest was found to occur in a p53-independent

xXXii



manner due to the lack and down-regulation of p53 protein levels in both
Jurkat T and Wil-2 NS cells, respectively. In conclusion, CMECB induces its
anticancer activity by inducing G,/M phase arrest and mitochondrial-mediated
apoptosis independent of p53 protein activity. Although the study did not
perform in vivo experiments to ascertain the efficacy of extracts of CMECB
against specific tumour types in animal models, the present findings somehow
validate the traditional use of C. benghalensis L as an anticancer agent. A

more definitive study needs to be done to ascertain this assertion.

XXiii



Chapter 1

1. Introduction

Cancer still remains the leading cause of death in many countries. Because
carcinogenesis is a complex process, finding effective therapies often
depends on new discoveries about the underlying cellular mechanisms. A
number of studies are examining pharmaceutical agents that might interfere
with cellular mechanisms in cancerous cells so as to block the growth and
progression of tumours (Lin et al., 2007). Extensive research has identified
various molecular targets that can potentially be used not only for the
prevention of cancer but also for its treatment. However, the lack of success
with targeted monotherapy resulting from bypass mechanism has forced
researchers to employ either combination therapy or agents that interfere with

multiple cell signaling pathways (Aggarwal and Shishodia, 2006).

Recently, studies have shown evidence that support the anticancer activity of
plant extracts. Ashwagandha leaf extract is reported to have in vivo tumour
suppressive activity against highly malignant human fibrosarcoma (HT1080)
cells that were subcutaneously injected in nude mice to form tumours (Widodo
et al., 2007). In another study, Triphala, a herbal formulation consisting of
three equal parts of medicinal dried plant fruits Emblica officinalis, Terminalia
belerica and Terminalia chebula, has been reported to induce pancreatic
tumour growth inhibition and apoptosis in nude mice (Shi et al., 2008). In
addition, a wide array of phytochemicals has shown quite promising
anticancer results in this direction, with little or no cytotoxicity to normal cells.

These agents are present in edible plants as well as medicinal plants and



have been reported to interfere with multiple signaling pathways. The ability of
these agents to interfere with multiple cell signaling pathways stems from their
possession of substantial antioxidant, antimutagenic and anticarcinogenic
activities (Issa et al., 2006; Singh, R.P., et al., 2002). These phytochemicals
include resveratrol (found in red grapes, peanuts and berries), allicin (garlic),
lycopene (tomato), catechins (green tea), beta carotene (carrots), limonene
(citrus fruits), ursolic acid (apples, pears and prunes), and dietary fibre
(Aggarwal and Shishodia, 2006). The effects of phytochemicals on most of the
cell signaling cascades are ultimately linked to the modulation of cell division
cycle regulatory molecules leading to growth inhibition and/or apoptotic death
of cancer cells (Hsu et al., 2006; Srivastava and Gupta, 2006). Indeed, the
induction of apoptosis by certain anticancer chemotherapeutic agents is

regarded as the preferred way to manage cancer (Brown and Wouters, 1999).

Accordingly, in recent years, non-nutrient phytochemicals, ethno-
pharmacologically used herbs and plant extracts are being extensively
explored for their potential protective effects against cancer. This is because
phytochemicals are relatively non-toxic, inexpensive and available in an
ingestive form (Gali-Muhtasib et al., 2006). As a result, there is an increasing
trend worldwide to integrate traditional medicine with primary health care. This
renewed interest in traditional pharmacopoeias has meant that researchers
are concerned not only with determining the scientific rationale for the plants
usage but also with the discovery of novel compounds of pharmaceutical

value (Fennel et al., 2004).



While fruits and vegetables, herbs and other plant extracts are recommended
for prevention of cancer and other diseases, their active ingredients (at the
molecular level) and their mechanisms of action are less well understood. In
an effort to contributing towards understanding the mechanism of action by
which phytochemicals protect against cancer, the molecular pathway of the
crude methanolic extract of Commelina benghalensis L induced apoptosis and

its effect on cell division cycle progression will be investigated in this study.

1.1. Commelina benghalensis Linn

Commelina benghalensis Linn [family: Commelinaceae] commonly known as
the Benghal dayflower or tropical spiderwort, is an annual or perennial herb
with fleshy creeping stems that root readily at the nodes. It is native to the
tropical and subtropical Asia and Africa. Although native to Asia and Africa, C.
benghalensis L is also found in other countries such as the United States of
America and Australia where it is classified as one of the troublesome weeds

that invades agricultural sites (Webster et al., 2005).

In its native areas, C. benghalensis L is widely used as a traditional medicine
for the treatment of various ailments in the form of a concoction or paste,
eaten as a vegetable and also used as fodder for livestock. In India, different
parts of C. benghalensis L are used in traditional medicine for the treatment of
sore feet, sore throat, burns, eye irritation, thrush in infants, stomach irritations
(van der Burg, 2004), scabies, wound healing (Anitha et al., 2008), fever,
snake bites (Sikdar and Dutta, 2008), nervous disorders, swelling and as a

laxative (Immanuel and Elizabeth, 2009). In addition, C. benghalensis L is



said to be used for softening skin, soothing of internal inflamed or irritated
surfaces (Singh, A.K., et al., 2002), rabies (Sandhya et al., 2006), diarrhoea,
leprosy, fever, as well as a stimulant (Parekh and Chanda, 2008). In Nepal,
India, the leaves of the plant are said to be used as a paste for the treatment
of burns, while the root juice is used to treat indigestion (Manandhar and
Manandhar, 2002). In the Chhattisgarh province of India, C. benghalensis L
(locally called common Rice weed or Kaua-Kaini) is used by senior traditional
healers in the treatment of cancer

(http://botanical.com/site/column_poudhia/articles/_11840.html).

In Pakistan, C. benghalensis L is commonly used for treating bedsores, breast
sores, pimples (Qureshi et al., 2009), skin inflammation and as a laxative
(Jabeen et al., 2009). In China, C. benghalensis L is medicinally used as a
diuretic, febrifuge and an anti-inflammatory agent (Hong and DekFillipps,
2000). The stem sap squeezed from C. benghalensis L is topically used, in
South African traditional medicine, for the treatment of skin lumps or skin
outgrowths (K. Mabela, personal communication). Other reported traditional
medicinal uses of C. benghalensis L include treatment of malaria and soothing

of urethral pains (Iwalewa et al., 2007).

Alkaloids, caffeine and volatile oils are reported as some of the phytochemical
constituents of C. benghalensis L (Parekh and Chanda, 2008). Thus, the
various bioactivities of the plants may be, in part, attributed to the presence of

these chemical groups. Furthermore, some studies have also reported


http://botanical.com/site/column_poudhia/articles/_11840.html

alkaloids (Wong et al., 2009) and caffeine’s (Bode and Dong, 2007) ability to

exert anticancer activity by activating cancer cell apoptosis (discussed below)

1.2. Apoptosis

Apoptosis or programmed cell death is a well regulated physiological form of
cellular suicide. It plays an essential role in maintaining cell numbers,
eliminating cells that are redundant, damaged or infected. It is also vital for
normal development, maintenance of tissue homeostasis and for an effective
immune system (Adams, 2003). Apoptosis is a delicately regulated and
balanced process in physiological context. Failure of this regulation results in
pathological conditions, such as developmental defects, autoimmune

diseases, neurodegeneration or cancer (Jin and El-Deiry, 2005).

Apoptosis was first described in 1972 by Kerr and colleagues. It was
described or defined based on morphological changes that had been
repeatedly observed in various tissue and cell types when they die.
Characteristic apoptotic morphological features include: nuclear condensation,
nuclear fragmentation, membrane blebbing, cellular fragmentation into
membrane-bound bodies, reduction in cellular size, phagocytosis of the dying
cell and lack of an ensuing inflammatory response (Kerr et al., 1972; Wyllie et
al., 1980). Furthermore, these apoptosis-associated distinct morphological
changes are choreographed by the activation of a series of proteases called

caspases (Fuentes-Prior and Salvesen, 2004).



1.3. Caspases: Initiators and executioners of apoptosis

Caspases (cysteine-dependent aspartate-specific proteases) are a family of
cysteine proteases that cleave target proteins at specific aspartate residues.
These proteases are synthesised as inactive zymogens called procaspases
consisting of N-terminal pro-domains of variable length and amino acid
sequence, a large (p20) and a small subunit (p10). The domains are
separated by an inter-domain region consisting of one or more aspartate
residues that are cleaved during the activation of procaspases to active
enzymes (Wang and Lenardo, 2000; Denault and Salvesen, 2002; Fan et al.,
2005). There are approximately 14 known mammalian caspases that have
been identified. Based on their structural differences and their role in cellular
processes, caspases can be classified into two major groups: inflammatory
caspases and apoptotic caspases. The apoptotic caspases can be further
subdivided into initiator and executioner caspases (Fig. 1.1) (Boatright and

Salvesen, 2003; Degrerev et al., 2003).
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Figure 1.1 Caspase structure and activation. (A) The two major classes of caspases:

inflammatory caspases (group I) and apoptotic caspases which are further subdivided into

initiators (group 1) and executioners (group Ill) of apoptosis. (B) The cleavage of aspartate

residues within the linker region found between the N-terminal pro-domain, the large subunit

(p20) and the small subunit (p10) of procaspases to generate an active caspase enzyme

(Rupinder et al., 2007).



1.3.1 Initiator caspases

The group of apoptotic initiator caspases consist of caspases-2, -8, -9 and -
10. In their procaspase form, initiator caspases possess a long N-terminal pro-
domain consisting of motifs called the death effector domain (DED) in
caspases-8 and -10 or a caspase recruitment domain (CARD) in caspases-2
and -9. The DED and CARD enable procaspases to interact with adaptor
proteins forming part of multi-protein complexes that promote the recruitment
and dimerisation of initiator procaspases. As a result of dimerisation, the N-
terminal pro-domain is proteolytically removed leading to the formation of an
active enzyme consisting of two p20 and two p10 subunits (Boatright et al.,
2003; Chang et al., 2003; Donepudi et al., 2003, Lavrik et al., 2005). Once
activated, initiator caspases proteolytically cleave and activate downstream

executioner caspases (Stennicke and Salvesen, 2000).

1.3.2. Executioner caspases

The group of executioner caspases comprises of caspases-3, -6 and -7 and
are structurally characterised by the presence of a short N-terminal pro-
domain (Boatright and Salvesen, 2003; Bossy-Wetzel and Green, 1999). They
are activated when proteolytically processed by upstream initiator caspases at
aspartate residues found in the inter-domain region between the p10 and p20
domains and also between the N-terminal and the p20 domain (Creagh and
Martin, 2001; Denault and Salvesen, 2002). The active executioner cleaves
cytoskeletal proteins, cellular DNA repair proteins and cell division cycle-

related proteins ultimately leading to the aforementioned morphologic



manifestations of apoptosis (Ghobrial et al., 2005; Jin and El-Deiry, 2005;

Rupinder et al., 2007).

1.4. Apoptosis signaling pathways

There are two major apoptosis signaling pathways leading to the activation of
a caspase cascade: the extrinsic and intrinsic pathways. The extrinsic or
receptor-mediated pathway is mediated by death receptors from the tumour-
necrosis factor (TNF) receptor superfamily. The intrinsic or mitochondrial
pathway is mediated by the mitochondria and regulated by the B-cell
leukaemia-2 (Bcl-2) family of proteins (Fig. 1.2) (Ghobrial et al., 2005; Hsu et

al., 2004). These apoptosis signaling pathways are discussed below.
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Figure 1.2 The two main apoptosis signaling pathways. The extrinsic pathway is mediated
by death receptor proteins resulting in the activation of caspases-8 and/or -10. The intrinsic
pathway is triggered when cytochrome c is released from mitochondria leading to the
activation of the initiator caspase-9. The activation of the above mentioned initiator caspases

lead to the activation of executioner caspases and induction of apoptosis (Hengartner, 2000).
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1.4.1 Extrinsic apoptotic pathway

The extrinsic or receptor-mediated apoptotic pathway begins outside of the
cell, when conditions in the extracellular environment dictate that a cell must
die. This pathway is mediated by type | transmembrane proteins belonging to
the tumour-necrosis factor (TNF) growth factor superfamily of cell surface
receptors such as Fas/CD95, DR3, DR4 and tumour necrosis factor receptor
type 1 (TNFR1). These receptors are characterised by a conserved
extracellullar cysteine rich domain (Ghobrial et al., 2005; Z6rnig et al., 2001),
which makes it possible for them to recognise and bind their cognate ligands
with specificity (Ashkenazi, 2002). On the cytoplasmic side of the cell, death
receptors comprise of death domains which recruit and bind to adaptor
molecules required for the initiation of a caspase cascade (Strasser et al.,

2000; Zimmermann et al., 2001).

When the cell receives extracellular death signals, ligands [e.g., Fas-ligand
(FasL) and TNF] which are type Il membrane proteins, initiate apoptosis by
binding to type | cell surface receptors, e.g., Fas/CD95. Following binding of a
ligand, death-domains of death receptors oligomerise forming trimers leading
to the recruitment and binding of the adaptor protein Fas-associated death
domain (FADD) via death domain-death domain interactions. In addition to the
death domain, FADD also contains a death effector domain (DED) in its
structure. This DED is involved in the recruitment and binding of initiator
caspases-8 and/or -10 to the death domain/FADD complex leading to the
formation of a death-induced signaling complex (DISC). Within this complex,

procaspases come into close proximity resulting in their dimerisation and
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auto-processing giving rise to active caspases-8 and/or -10. (Boatright et al.,
2003; Chang et al., 2003; Donepudi et al., 2003; Lavrik et al., 2005; Strasser

et al., 2000).

Activated caspases-8 and/or-10, in turn, cleave and activate downstream
executioner caspases such as caspase-3 and caspase-7 (Qin et al., 2001).
The activated executioner caspases then attack defined cellular molecules,
thus leading to typical biochemical and morphological features of apoptosis
(Fig. 1.2) (Ghobrial et al., 2005; Holdenrieder and Stieber, 2004; Jin and EI-
Deiry, 2005; Rupinder et al., 2007). Other death receptors are also thought to
activate caspase-8 through the same induced proximity mechanism although
slightly detailed and complicated sets of adaptors are used by some receptors

(Ashkenazi and Dixit, 1999).

In some cell types, the signals of the activated initiator caspases are too weak
to trigger cell death. Therefore, the activated initiator caspase-8 cleaves Bcl-2
inhibitory domain (Bid) to truncated Bid (tBid) in order to amplify the death
signal and induce cell death. The cleavage of Bid, a pro-apoptotic member of
the Bcl-2 family of proteins which controls release of cytochrome c from
mitochondria, to tBid in turn activates other pro-apoptotic proteins such as Bcl-
2 associated protein X (Bax) and/or Bcl-2 antagonist killer 1 (Bak). The
activated Bak/Bax translocate to the outer mitochondrial membrane where
they promote the release of cytochrome c into the cytoplasm. As a result of

cytochrome c release, the mitochondrial or intrinsic pathway (Fig. 1.2) is
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activated (Bremmer et al., 2006; Broaddus et al., 2005; Li et al., 2002) in a

manner described below.

1.4.2 Intrinsic or mitochondria-mediated apoptosis

Intrinsic apoptosis can be initiated by a number of stress stimuli such as UV
radiation, heat shock, DNA damage, some tumour suppressor proteins and
most chemotherapeutic agents. Upon sensing these stress signals, the outer
mitochondrial membrane is permeabilised resulting in the release of
intermembrane space contents such as cytochrome ¢ and other pro-apoptotic
molecules into the cytoplasm (Kroemer, 2003; Marsden and Strasser, 2003).
In the cytoplasm, cytochrome c binds to the C-terminal of the adaptor
molecule apoptosis protease-activating factor 1 (Apaf-1) in the presence of
ATP/dATP. This induces a conformational change in Apaf-1 leading to the
exposure of its caspase associated recruitment domain (CARD) which is
located on the N-terminal domain. Following the conformational change, Apaf-
1 oligomerises forming a wheel-like structure that recruits and binds
procaspase-9 via CARD-CARD interactions (Acehan et al., 2002; Green and
Kroemer, 2005). This leads to the formation of a DISC-like complex called the
apoptosome wherein procaspase-9 is activated to caspase-9 via induced
proximity dimerisation (Chang et al., 2003; Pop et al., 2006). The activated
caspase-9 in turn proteolytically cleaves and activates effector caspases such
as caspase-3 (Rich et al., 2000; Shi, 2002a). Caspase-3 has been shown to
be the primary executioner caspase, necessary for cleavage of poly(ADP-
Ribose) polymerase (PARP) and the inhibitor of caspase-activated

deoxyribonuclease (ICAD), thus leading to DNA fragmentation and other
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morphological changes associated with apoptosis (Hsu et al., 2004).

1.5. Regulation of apoptosis

Activation of a caspase cascade during the advent of apoptosis is regulated
and executed by different interplay of many genes responsive to various
stimuli (Huang et al., 2003). Dysregulation of apoptosis resulting in increased
or decreased activity is associated with a variety of chemical disorders
including cancer, autoimmunity, neurodegenerative diseases and infertility
(Rathmell and Thompson, 2002). Some of the proteins involved in the
regulation of apoptosis by regulating the activation of caspases are the Bcl-2
family of proteins, the inhibitor of apoptosis (IAP) family of proteins and the

cellular Flice inhibitory proteins (cFLIPS).

1.5.1. Bcl-2 family of proteins

The cytochrome c-mediated activation of caspases in both mitochondrial-
mediated intrinsic and extrinsic apoptotic pathway is regulated by the Bcl-2
family of proteins. This family comprises of approximately 30 members which
are characterised by the presence of one or more of the Bcl-2 homology
(BH1-BH4) domains (Fig. 1.3). The BH domains make it possible for Bcl-2
family members to interact and form homo- or heterodimers which leads to
their inhibition or activation (Reed et al., 2004). Family members are classified
as pro- or anti-apoptotic based on their ability to either promote or inhibit
cytochrome c¢ release by modulating the permeability of the outer
mitochondrial membrane (Bouchier-Hayes et al., 2005; Gabriel et al., 2003).

Anti-apoptotic members, such as Bcl-2 and B-cell lymphoma extra-large (Bcl-
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XL), consist of all four BH domains. The pro-apoptotic members consist of

multi-domain pro-apoptotic proteins such as Bax and Bak, consisting of three
BH domains (BH1 to BH3) and a subgroup which is composed only of the
BH3 domain called the BH3-only pro-apoptotic proteins; examples of this
group include Bid, Bim and Bad (Fig. 1.3) (Danial and Korsmeyer, 2004;

Strasser, 2005).
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Figure 1.3. Members of the Bcl-2 family of proteins. Bcl-2 family members are classified
as pro- or anti-apoptotic based on their cellular function. (a) The anti-apoptotic members are
characterised by the presence of four conserved Bcl-2 homology (BH1-BH4) domains. Pro-
apoptotic members are subdivided into (b) multi-domain and (c) BH3-only pro-apoptotic

proteins (Er et al., 2006).
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1.5.2. BH3-only and multi-domain pro-apoptotic proteins

BH3-only proteins are found in most parts of the cell and they serve as
sensors of stress signals (Cory and Adams, 2002). Upon sensing stress
signals, BH3-only proteins are activated in several ways. These include
transcriptional upregulation [p53-upregulated modulator of apoptosis (Puma)],
subcellular relocalisation [Bcl-2 interacting mediator of cell death (Bim)],
dephosphorylation [Bcl-2 antagonist of cell death (Bad)] and proteolysis (Bid)
(Kirkin et al., 2004; Puthalakath and Strasser, 2002). Once active, these
proteins can either activate or sensitise cells to undergo apoptosis by
interacting with multi-domain pro-apoptotic or anti-apoptotic proteins (Borner,

2003; Letai, 2005).

The sensitiser BH3-only proteins include Bad and Bcl-2 interacting killer (Bik)
and they exert their pro-apoptotic activity by binding to anti-apoptotic proteins
such as Bcl-2, and thus neutralising them. This leads to the release of the
second group of BH3-only proteins called activators, such as Puma, Bid/tBid
and Bak. These activator BH3-only and multi-domain pro-apoptotic proteins
normally exist as inactive proteins or bound to anti-apoptotic proteins in non-
apoptotic cells. Following their release from anti-apoptotic proteins, activator
BH3-only proteins then bind and activate multi-domain pro-apoptotic proteins
such as Bax and/or Bak (Fig. 1.4) (Galoneck and Hardwick, 2006; Kim et al.,

2006).
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Bax is a multi-domain pro-apoptotic member of the Bcl-2 family that resides in
the cytosol or loosely bound to the outer mitochondrial membrane as a
monomeric protein (Cory et al., 2003). Upon receipt of apoptotic signals,
activator BH3-only proteins bind and induce conformational change in Bax
and/or Bak proteins. As a result, Bax and/or Bak oligomerise forming
homodimers and migrate to the outer mitochondrial membrane. The Bax
and/or Bak oligomers insert themselves on the outer mitochondrial membrane
to form transmembrane channels. Bak and/or Bak oligomers are also
suggested to increase the permeability of the outer mitochondrial membrane
by interacting with the voltage-dependent ion channel. The disturbance of the
outer mitochondrial membrane leads to the release of contents of the
intermembrane space, such as cytochrome ¢ and apoptosis-inducing factors
(AIFs) into the cytosol and subsequent activation of a caspase cascade (Fig.

1.4) (Danial and Korsmeyer, 2004; Eskes et al., 2000; Letai, 2005).
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Figure 1.4. Activation of multi-domain pro-apoptotic proteins. Upon receipt of apoptotic
signals, activated BH3-only pro-apoptotic proteins bind to anti-apoptotic proteins (e.g. Bcl-2,
Bcl-xl). This leads to the displacement of activator BH3-only and multi-domain (Bax and/or
Bak) pro-apoptotic proteins from the anti-apoptotic proteins. The activator BH3-only proteins
then bind and activate multi-domain pro-apoptotic proteins resulting in the formation of pores
on the outer mitochondrial membrane. As a consequence of pore formation cytochrome c is
released into the cytosol and a caspase cascade is activated via the formation of an

apoptosome (Gewies, 2003).
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1.5.3. Bcl-2 and other anti-apoptotic proteins

Bcl-2 protein is an integral, mitochondrial membrane-associated protein with
anti-apoptotic effects. This protein and other anti-apoptotic proteins are
reported to govern ion transport and protect against breaches in the
membrane (Packham and Stevenson, 2005). The Bcl-2 proteins
predominantly localise the outer mitochondrial membrane and mediate anti-
apoptotic effects by stabilising the mitochondrial membrane. The stabilisation
of the mitochondrial membrane leads to the inhibition of pore formation, the
release of cytochrome c and the subsequent activation of caspases (Green
and Kroemer, 2005). It is suggested that Bcl-2 anti-apoptotic proteins prevent
cytochrome c release by sequestering activator BH3-only and forming
heterodimers with multi-domain pro-apoptotic proteins. This prevents the BH-
3-only pro-apoptotic proteins induced oligomerisation and activation of multi-
domain pro-apoptotic proteins such as Bax (Fig. 1.4) (Zornig et al., 2001).
Evidence indicates that over-expressed Bcl-2 prevents the activation of
caspases in apoptosis and hypoxia-induced necrosis, suggesting that Bcl-2
prevents cell death by acting upstream of the activation of caspases

(Puthalakath and Strasser, 2002).

In summary, the sensitivity of cells to apoptotic stimuli depends upon the
relative ratios of Bax/Bax homodimers, Bcl-2/Bax heterodimers and Bcl-2/Bcl-
2 homodimers. An excess of Bax homodimers promotes cell death, whereas
Bax complexed with Bcl-2 favours survival (Danial and Korsmeyer, 2004;
Z0rnig et al., 2001). As mentioned, these proteins regulate apoptosis in part

by affecting the mitochondrial compartmentalisation of cytochrome c.
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1.5.4. Cellular Flice inhibitory proteins (CFLIPS)

Cellular Flice inhibitory proteins are structurally similar to initiator caspases-8
and -10 but lack a functional catalytic domain. To date two variants of Flips
have been identified in mammalian cells: cFLIP,, and cFLIPs. cFLIP, is a long
form of cFLIP characterised by presence of two death effector domains
located on the N-terminal and a non-functional catalytic domain consisting of
large (p20) and small (p12) domains. cFLIPs is a short form of cFLIP, like the
long form, cFLIPs contains death effector domains on its N-terminal but lack
the non-catalytic domain on the C-terminal (Fig. 1.5) (Krueger et al., 2001,

Panka et al., 2001).

Both forms of FLIPs are reported to inhibit caspase activation in the receptor-
mediated apoptotic pathway at the DISC by binding to FADD via their death
effector domains and thus preventing the recruitment and the activation of
initiator caspases-8. Furthermore, FLIPs are reported to inhibit caspase
activation by directly binding to initiator procaspases-8 through DED-DED
interactions. This prevents the association of initiator procaspases with the
adaptor molecule FADD as well as the formation of a functional DISC which is
required for the activation of initiator procaspases (de Thonel and Eriksson,

2005).
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Figure 1.5. The Structural similarities between procaspase-8 and the two variants of

Flice inhibitory proteins (Krueger et al., 2001).

1.5.5. Inhibitor of apoptosis proteins

The inhibitor of apoptosis proteins (IAP) family is also regarded as key
regulators of apoptosis due to their ability to bind and inhibit active initiator
and effector caspases activity (Schimmer, 2004). To date, six members of the
IAP protein family have been identified in mammalian cells namely cellular-
IAP1 (c-IAP1), cellular-IAP2 (c-IAP1, X-linked IAP (XIAP), neuronal apoptosis
inhibitory protein (NIAP), survivin and livin. These proteins are characterised
by the presence of between one and three baculovirus IAP repeats (BIR)
domain(s) at the N-terminal (Shi, 2002b). c-IAP1, c-IAP2 and XIAP consist of
three BIR domains and a C-terminal really interesting new gene (RING)
domain that has an E3 ubiquitin ligase activity (Fig. 1.6) (Dean et al., 2007;
Yang et al., 2000). In addition to the BIR and RING domains, c-IAP1 and c-
IAP2 also contain a CARD which is suggested to play a regulatory role rather

than recruiting and binding caspases (Dean et al., 2007).
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Figure 1.6. Inhibitor of apoptosis protein (IAP) family members. The IAP family members
are characterised by the presence of one or more BIR domain(s) at the N-terminal. Some

members also contain a C-terminal RING or Leucine rich domain (Boaz et al., 2004).
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The IAP members exert their anti-apoptotic activity by directly binding and
inhibiting the active initiator caspase-9 and effector caspases-3 and -7
(Salvesen and Duckett, 2002). There are two ways in which these proteins are
suggested to inhibit caspase activity. One involves the BIR domains at the N-
terminal and the other involves C-terminal RING domain. XIAP, clAP1 and
clAP2 BIR3 is reported to specifically inhibit active caspase-9 by directly
binding to it. The amino acid sequence linking BIR1 and BIR2 domains is
reported to be essential for the inhibiting effector caspases-3 and -7. It is
reported that binding of IAP such as XIAP, clAP1 and clAP2 to either
caspase-3 or -7 results in the linker region lying on the caspase active site.
This in turn prevents the effector caspases from binding and cleaving their
substrates (Du et al., 2000; Ekert et al., 2001). Although poorly understood,
Zimmermann et al. (2001) reported that clAP1 and clAP2 may also inhibit
caspase-9 maturation via CARD-CARD interaction found near the C-terminal

RING domain.

In addition to their ability to directly bind and inhibit various caspases, IAP
members also possess ubiquitilation activity which targets IAPs and proteins
bound to them for degradation by the proteosome. This activity is seen as
both anti-apoptotic and pro-apoptotic. It is pro-apoptotic in that it facilitates self
ubiquitination of IAP and thereby targeting them for degradation, anti-
apoptotic in a sense that it can also ubiquinate and target caspases bound to
IAP for degradation (Schimmer, 2004; Yang et al., 2000). For the cells to
maintain the balance between cell death and proliferation, apoptosis is

intimately linked to the cell division cycle (Yu et al., 2005).
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1.6. The cell division cycle

The cell division cycle governs cell proliferation, growth and cell division.
Eukaryotic cell division cycle is divided into four distinct phases: gap 1 (Gi),
DNA synthesis (S phase), gap 2 (G2) and mitosis (M phase). In the S phase
DNA is synthesised and during the M phase cells divide into two daughter
cells. These events are separated by G; and G, phases during which proteins
that are required for S and M phase control and progression are synthesised,
respectively (Collins and Garrett, 2005; Sherr and Roberts, 1999) (Fig. 1.7).
The cell division cycle also consists of two check points (G1/S and G,/M)
found at the boundaries between the G41/S and G,/M phases, respectively.
These checkpoints are there for the detection of damaged DNA and/or
malfunctional organelles or structures such as mitotic spindle which are
required during mitosis thus preventing the replication of damaged DNA and
proliferation of cells with genetic abnormalities (Bode and Dong, 2007; Park
and Lee, 2003; Roberts, 1999). In addition to the above mentioned phases,
the cell division cycle also consists of the Gy or quiescent phase wherein cells
neither proliferate nor divide. However, the cells grow and perform their

functions (Sherr and Roberts, 1999).

The progression of cell division cycle phases and the transition from one
phase to the next is facilitated by cyclin-dependent kinases (cdks). The cell
division cycle promoting activity of cdks is activated through forming
complexes with cyclins. Cdks are also subject to regulation by cdk-activating
kinases through phosphorylation and dephosphorylation mechanism(s). There

are four known cyclins that are involved in the progression of the cell division

25



cycle and are expressed at different phases of the cycle. The cyclin D/cdk4/6
and cyclin E/cdk2 complexes are responsible for G; phase entry and
progression and for the transition from G; to S phase, respectively. Cyclin
Alcdk2 is required for S phase progression while G,/M transition and
progression are characterised by cyclin B/cdc2 and cyclin A/cdc2 complexes
(Fig. 1.6) (Oren, 2003; Sancar et al., 2004; Senderowicz, 2003, Swanton,
2004). Cyclin/cdk complexes (cyclin D/cdk4/6 and cyclin E/cdk2) promote cell
division cycle entry and progression by phosphorylating the retinoblastoma
protein (pRb) which functions as a negative regulator of cell division cycle.
The phosphorylation of pRb leads to the activation of E2F transcription factors
which in turn induce the transcription of various genes that are required for
G4/S transition and DNA synthesis (Nevins, 2001; Stevens and La Thangue,

2003).

The activity of cdks is negatively regulated by a group of proteins called
cyclin-dependent kinase inhibitors (cdki) which are classified into two,

namely: the inhibitor of cdk4 (INK4) and kinase inhibitor proteins (KIPs). The

INK4 INK4b INK4 INK4d
6 5 ghne 9 .

INK4 class of cdki comprises of pl , p1 , p1 and pl
These proteins negatively regulate the cell division cycle by binding to cdk4/6
thereby inhibiting cyclin D/cdk4/6 complex formation which is required to
promote cell division cycle progression. The KIP class (p21, p27 and p57) is
also referred to as universal cdk inhibitors because of their ability to bind and
inhibit a broad range of cyclin/cdk complexes (Fig. 1.6) (Lin et al., 2007; Mdiller

and Helin, 2000; Sherr and Roberts, 1999).
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Figure 1.7. The cell division cycle. The cell division cycle consists of four non-overlapping
phases (G;, S, G, and M). The transition from one phase to the next is governed by cyclin/cdk
complexes which are in turn negatively regulated by a group of proteins called cyclin

dependent kinase inhibitors (CDKIs) (Schwartz and Shah, 2005).
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1.7. Interconnection between the cell division cycle and
apoptosis

Increased cellular proliferation and/or decreased cell death in the form of
apoptosis are some of the causes of cancer. In addition, cancer can also be a
consequence of a failure of cells to differentiate which may result from the
breakdown of normal cellular processes that regulate differentiation (Singh,
R.P., et al., 2002). Multicellular organisms maintain proper control of cell
proliferation by keeping a balance between cell proliferation and apoptosis. To
maintain this balance, cell division cycle and apoptosis are interlinked through
sharing several regulatory proteins (Khosravi-Far and Esposti, 2004; King and
Cidlowsky, 1995). This is based on the findings in which several cell division
cycle regulatory proteins have been seen playing a regulatory role in the
induction and/or repression of apoptosis. Furthermore, this link is observed
when cells are exposed to various stresses. Some of the proteins reported to
play a regulatory role in both apoptosis and cell division cycle include

pRb/E2Fs, c-Myc and p53 (Yu and Zhang, 2005).

1.7.1 The c-Myc protein

The c-Myc protein is a member of short-lived nuclear phosphoproteins that
transcriptionally regulate various proteins involved in cell proliferation, growth
and apoptosis. Other members of the Myc family of proteins include L-Myc
and N-Myc (Dang, 1999). The c-Myc protein consists of an N-terminal which
comprises of two regions known as Myc Box 1 (MB1) and Myc Box 2 (MB2)
which are involved in the activation of transcription. On the C-terminal c-Myc
consists of a basic helix-loop-helix-leucine-zipper (bHLH-LZ) which is involved

in DNA binding. The bHLH-LZ also facilitates the binding of c-Myc to another
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bHLH-LZ protein known as Myc associated protein-X (Max) leading to the
formation of a heterodimeric complex. Formation of this complex activates c-
Myc’s transcriptional regulatory activity and also enhances its ability to bind to
specific DNA sequences (Grandori et al., 2000; Oster et al., 2002; Pelengaris

and Khan, 2003).

Stimulation of c-Myc protein levels in response to growth factors is reported to
promote cell proliferation by inducing S phase entry and progression in cells at
the Go phase of the cell division cycle. The c-Myc protein achieves this
through its transcriptional targets cdc25A, cyclin D2, and cdk4 (Dang et al.,
2006). C-Myc-mediated cdc25A elevation is reported to activate cyclin E/cdk2
complex formation. Induction of cyclin D2 and cdk4 via c-Myc is reported to
promote cyclin D/cdk4/6 complex formation. In addition, the accumulation of
cyclin D2 is also suggested to repress the inhibitory activity of the
cyclinE/cdk2 inhibitor, p27"P. All the above mentioned events lead to the
release and activation of the family members of transcription factors E2F
(E2F2 and E2F3) through the phosphorylation of the retinoblastoma protein
(pRb) mediated by cyclin D/cdk4/6 and cyclin E/cdk2 complexes. Activation of
E2Fs then facilitates the transcription of various proteins required for Gi/S
phase progression (Bouchard et al., 2001; Dey et al., 2000; Sherr and

Roberts, 1999).

In the absence of growth factors or in response to various stresses,

accumulation of c-Myc protein is reported to lead to the induction of apoptosis.

The molecular mechanism by which c-Myc promotes apoptotic cell death is
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unclear or poorly understood. However, it is suggested that c-Myc executes its
pro-apoptotic activity by transcriptionally up-regulating the expression of
Mouse double minute 2 (Mdm2) negative regulators, p19/14°FF. The

accumulation of p19/14°RF

proteins blocks Mdmz2 activity which results in the
accumulation and stabilisation of the p53 protein and apoptosis (Matsumura et

al., 2003; Sherr, 2006; Tsantoulis and Gorgoulis, 2005).

1.7.2 pRB and E2F complex

The rb gene product retinoblastoma protein (pRb) is a phosphoprotein
belonging to a group of proteins called pocket proteins which also include
proteins such as p107 and p130. These proteins are reported to be involved in
the regulation and progression of G;/S phase and in the induction of
apoptosis. pRb executes its apoptosis and cell division cycle regulatory
activity through interacting with members of the E2F family of transcription
factors. The binding of pRb to the transcription factors is in turn regulated by
phosphorylation and dephosphorylation mechanisms (Giangrande et al.,

2004; Israels and Israels, 2005).

In quiescent cells, pRb is hypophosphorylated (active form) and is normally
found associated with E2F proteins. The E2F proteins are a family of
transcription factors that promote entry into the S phase in quiescent cells.
The binding of pRb to these proteins represses their transcriptional activity
and as a result G;/S entry and progression is inhibited. Following growth
stimulation signals, pRb is inactivated (hyperphosphorylated) through the

activity of cyclin D/cdk4/6 complexes. The hyperphosphorylated pRb is unable
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to bind to E2F transcription factors and this leads to their activation and
subsequent stimulation of cells at Gy to enter the cell division cycle (Singh,

R.P., et al., 2002).

pRb is also suggested to play a regulatory role in apoptosis.
Hypophosphorylated pRb is reported to inhibit apoptosis by binding and
inhibiting E2F1 which has been reported to induce the transcription of p14°7F-
p53 mediated apoptosis as described above. In contrast, pRb is also reported
to have pro-apoptotic activities. It is reported to promote cell death by binding
to p53-Mdm2 complex. As a result the p53 inhibitory activity of Mdm2 is
inhibited and a p53-mediated apoptosis is induced (Godefroy et al., 2006). In
another mechanism of pRb-mediated apoptosis, hyperphosphorylation of pRb
IS suggested to increase E2F1 protein levels which in turn lead to the
induction of the p53 homolog p73. Activated p73 then induces the

transcription of pro-apoptosis genes (Bracken et al., 2004; Phillips et al.,

1999).

1.7.3 p53

The tumour suppressor protein p53 is a transcription factor that regulates
various genes involved in the regulation of cellular response to DNA-damage,
cell division cycle control and induction of apoptosis (Liu et al., 2007; Xie and
Shaikh, 2006). In unstressed cells, p53 is produced as an inactive protein and
its levels are generally kept low due to its short half-life (Kasibhatla and
Tseng, 2003; Sutcliffe and Brehm, 2004). Mdm2 protein is mainly responsible

for keeping p53 protein levels low and blocking its transcriptional activity.
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Mdm2 protein promotes the degradation of p53 protein by binding and
ubiquitinating p53, through its ubiquitin ligase activity. The ubiquitinated p53
protein is then exported from the nucleus to the cytoplasm and targeted for
proteosome degradation (Tweddle et al., 2003). In addition, Mdm2 is reported
to down-regulate p53’s transcriptional activity by binding within p53
transactivation domain located on the N-terminus of the protein and thus
preventing its interaction with components of the transcription machinery

(Bode and Dong, 2004).

In response to various stimuli such as DNA damage, oxidative stress and
exposure to anticancer agents, p53 undergoes posttranslational modifications
such as phosphorylation and/or acetylation which are believed to be crucial for
the stabilisation, activation and functional activity of the protein (Shu et al.,
2007). As a result of these modifications, Mdm2 is inhibited from binding to
p53 and thus prevent ubiquitination and degradation of the protein (Ryan et
al., 2001). Phosphorylation of p53 has been reported to not only stabilise p53
by abolishing its interaction with Mdm2, and regulate cellular localisation by
inhibiting nuclear export, it also stimulates the transactivation activity of p53
(Sutcliffe and Brehm, 2004). Mdm2 is also reported to undergo
phosphorylation when the cell experiences genotoxic or other cellular stress.
Phosphorylated Mdm2 has been shown to be less able to promote p53

degradation (DeHaan et al., 2001).

Accumulation and activation of p53 in the nucleus stimulates its activity as a

transcription factor that can induce growth arrest and/or apoptosis (Lee et al.,
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2008). Growth arrest mediated by p53 is achieved via the transactivation of
p53 response gene p21 which acts by inducing cell division cycle arrest either
in the G;/S or G,/M phase (Fuster et al., 2007; Shu et al., 2007). The p21
protein is a universal inhibitor of cdks; its effect on cdks blocks the formation
of the catalytic complexes between cdks and cyclins which are crucial for the
control and transition of the cell division cycle from one phase to the next (Kim
and Zhao, 2005). The arrest of the cell division cycle allows time for the cell to
assess and repair the damage on the DNA, thus preventing the growth of
tumour prone cells (Fuster et al., 2007). If the damage is extensive, p53

triggers the extrinsic or intrinsic apoptotic cell death (Haupt et al., 2003).

In the extrinsic pathway p53 is reported to transcriptionally activate tumour
necrosis factor (TNF) receptor superfamily members such as Fas/CD95, DR4
and DR5/KILLER, a receptor for the death ligand TRAIL (Schuler and Green,
2001; Yu and Zhang, 2005). Activation of these receptor proteins leads to the
formation of a death-inducing signaling complex that triggers a caspase
cascade leading to apoptosis. p53 is reported to induce the intrinsic apoptotic
cell death by transcriptionally activating pro-apoptotic protein Bax (Chipuk and
Green, 2006). The activation of Bax protein in turn antagonises the outer
mitochondrial membrane-stabilising activity of the anti-apoptotic protein Bcl-2
resulting in pore formation and release of cytochrome c into the cytosol. This
leads to the formation of an apoptosome and the activation of a caspase
cascade leading to the induction of apoptosis (Debatin, 2004; Khosravi-Far

and Esposti, 2004).
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In addition several other studies have reported that p53 may also induce
apoptosis in a p53-independent transactivation pathway. In this pathway, a
tetrameric form of p53 is reported to translocate to the outer mitochondrial
membrane where it binds and antagonise the anti-apoptotic activity of the Bcl-
2 protein. The p53/Bcl-2 interaction is believed to lead to the formation of
pores on the outer mitochondrial membrane and the release of apoptogenic

molecules into the cytosol (Liu et al., 2007; Shiah et al., 2007).

1.8. Motivation of the study

Recently, research on natural diet based agents for anticancer has been
focused on activity capable of selective or preferential elimination of cancer
cells by inhibiting cell division cycle progression and/or causing apoptosis.
Commelina benghalensis L is traditionally used for the treatment of skin
outgrowth, stomach disorders and as an anti-inflammatory agent. Several
studies have reported that various anti-inflammatory agents play an important
role in the prevention of cancer. The anticancer activity of these agents is
suggested to be attributed to their ability to inhibit inflammation by scavenging
free radicals which may cause DNA damage and lead to carcinogenesis.
Based on the prevalent usage of C. benghalensis L in African and Asian
traditional medicine as an anti-inflammatory agent, we hypothesized that the
plant may also have anticancer activity. Indeed, we demonstrated from our
previous study that treatment of Jurkat T cancer cell line with CMECB resulted
in a p53-dependent induction of apoptosis which was associated with the
activation of Bax expression and repression of Bcl-2 expression. In addition,

the extract induced a p53-dependent Wil-2 NS cells apoptosis which was
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associated with the repression of Bcl-2 expression (Mbazima, 2005).
Therefore, based on these findings, the present study aims to delineate the
precise molecular mechanism(s) of CMECB-induced apoptosis in Jurkat T
and Wil-2 NS cancer cell lines. In order to characterise the apoptotic
mechanism(s) in these cells, expression levels of key molecules endemic to
the intrinsic and extrinsic apoptotic signaling pathways are investigated.
Special attention was focused on the possible involvement of cytochrome c,
caspases-3 and -9 and PARP in this study model. In addition, the effects of
CMECB on p21 protein expression profiles and cell division cycle distribution

profiles are evaluated.

1.9. Hypotheses:

CMECB alters the Bax-to-Bcl-2 proteins expression ratio in Jurkat T and
Wil-2 NS cells that leads to mitochondrial release of cytochrome c; this
further triggers a caspase cascade that results in the cleavage of PARP

and apoptosis.

CMECB induces apoptosis in Jurkat T and Wil-2 NS cancer cells and this

induction is accompanied by protein p21-mediated cell division cycle arrest.

1.10. Aim

The aim of the study was to delineate the molecular mechanisms of CMECB-
induced apoptosis and to investigate its effect on the cell division cycle

distribution profiles in Jurkat T and Wil-2 NS cancer cell lines.
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1.10.1. Objectives

The specific objectives of this study were to:

Analyse the mRNA and protein expression profiles of bax, bcl-2 and
p53 after treatment with CMECB using quantitative real-time PCR and
Western blot analysis.
Investigate the downstream apoptotic events, such as:
e The release of mitochondrial cytochrome c¢ into the cytosol
using Western blot analyses.
e The effect of CMECB on caspases-3 and -9 using Western

blot analyses and caspase activity assays.

Investigate the effect CMECB on the cell division cycle distribution
profiles of Jurkat T and Wil-2 NS cells using flow cytometry.

Analyse the mRNA and protein expression profiles of cell division cycle
regulatory genes using quantitative real-time PCR and Western blotting,
respectively.

Establish a possible apoptotic model of CMECB-induced apoptosis in

Jurkat T and Wil-2 NS cancer cells.
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Chapter 2

Materials and Methods

2.1 Equipment

e Biichi Rotary evaporator R-205 (Buichi Labortechnik AG, Switzerland).

e CO;Incubator (NAPCO model, Instrulab cc, RSA)

e Coulter counter model Z; [Beckman Coulter (Pty), Ltd, RSA]

e Centrifuges (model GS-6R and GS-15R, Beckman Instruments Inc.,
USA)

e DU730 spectrophotometer (Beckman Coulter, USA)

e EC 120 mini-vertical gel system (E-C apparatus corporation, USA)

e [Easy-cast electrophoresis system (Owl Scientific, Inc., USA)

e Hybaid Omnigene thermal cycler (Hybaid Limited, UK)

e Light and Fluorescence Microscope (Zeiss, Germany)

e ChemiDoc XRS image analyser, microtiter plate reader model 550,
Western blot transfer system and power-pack (Bio-Rad Laboratories
Inc., USA)

e Hypercassette (Amersham, UK)

e Tissue culture flasks (Greiner Bio-one, Germany),

¢ Rotor-Gene 6000 real-time PCR machine (Corbett Research, Australia)

e Commercial blender (Waring products division, USA)

e Epics Alba flow cytometer (Beckman-Coulter, USA)
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2.2 Cells, culture media and biochemicals

Jurkat T and Wil-2 NS cell cultures (American Type Culture Collection,

USA)

RPMI-1640 media, DMEM, foetal bovine serum (FBS), penicillin,
streptomycin and neomycin (PSN) mixture (Gibco, New Zealand)
Acetic acid, bromophenol blue, coomassie blue R200, ponceau S,
sodium chloride, ethanol, methanol, Na,HPO, KHPO,, EDTA
[Saarchem (Pty) Ltd, RSA]

Monoclonal 1gG primary antibodies and goat anti-mouse IgG-HRP
conjugated secondary antibodies (Santa-Cruz Biotechnology Inc.,
USA)

Caspases-3 and -9 colorimetric assay kits (R&D Systems, Inc., USA)
High capacity cDNA reverse transcription kit (Applied Biosystems,
USA)

SensiMix dT kit (Quantace, UK)

Trypan blue, ammonium persulphate, TEMED, sodium orthovanadate,
Tris, diethyl pyrocarbonate, EGTA, 2-mercaptoethanol, MTT, sodium
dodecyl-sulphate, Hoechst 33258 (Sigma-Aldrich, USA)

High pure RNA isolation Kkit, protease inhibitor cocktail (Roche
Diagnostics GmbH, Germany)

PVDF membrane (Pall Corporation, USA)

Acrylamide and bis-acrylamide, nonidet P-40, skimmed powder milk
(Fluka Biochemica, Switzerland)

Tween-20, DMSO, KCI [Merck Laboratory Suppliers (Pty) Ltd, RSA]
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BCA protein assay Kkit, supersignal West Pico chemiluminescent
substrate (Thermo Scientific, USA)
Glycerol [NT Laboratory Supplies (Pty) Ltd, RSA]

PCR primer pairs (Invitrogen Life Technologies, UK)
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2.3. Preparation of extract

The stems of C. benghalensis L were harvested from a maize plantation field
at Acornhoek, Mpumalanga province in February 2006 and 2007. Stems were
stored at 4°C during transportation and were stored at -20°C until extracted.
Crude methanol extracts were obtained by extraction of putative bioactive
compounds from fresh stems of C. benghalensis L. Briefly, the fleshy stems of
C. benghalensis L were ground into small pieces under liquid nitrogen using a
blender (Waring Products Division, USA), followed by extraction with absolute
methanol at room temperature for 48 hours. The methanol extracts were dried
under vacuum using a rotary evaporator R-205 (Buchi Labortechnik AG,
Switzerland) set under low pressure at 40°C. The dried residue was weighed
and re-dissolved in dimethyl sulphoxide (DMSO) to give a stock concentration
of 200 mg/ml. The quantified extracts were stored at —20°C under a stream of

nitrogen in the dark until required.

2.4. Cell lines, cell culture maintenance and treatment

2.4.1. Experimental cancer cell lines

Jurkat T cells are T lymphocyte cells that were originally derived from
peripheral blood of a 14 year old with acute lymphoblastic leukemia (ALL).
They have a round shape and grow in suspension as single cells or clumps in
RPMI-1640 medium supplemented with 15% foetal bovine serum (FBS) and

have a doubling of 25-35 hours (Schneider et al., 1977).

Wil-2 NS cells are non-immumoglobulin secreting B lymphocytes. They are

variants of Wil-2 derived from a spleen of a Caucasian male with hereditary
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spherocytic anaemia. They have a lymphoblast shape and grow in suspension
as single cells or clumps in RPMI-1640 medium supplemented with 10% FBS.
Under these culture conditions the Wil-2 NS cells have a doubling time of 18-

24 hours (Levy et al., 1971).

2.4.2. Cell culture and treatment

Jurkat T and Wil-2 NS experimental cell cultures were obtained from
American type culture collection (ATCC, USA). Cells were maintained and
grown in tissue culture flasks at 37°C in a humidified atmosphere of 95% air
and 5% CO; in RPMI-1640 supplemented with 10% (v/v) heat inactivated FBS
and 1% antibiotic (penicillin, streptomycin and neomycin, PSN) mixture.
Normal monkey Vero cell line was kindly donated by Prof J Eloff (University of
Pretoria) and maintained at 37°C in a humidified atmosphere of 95% air and
5% CO; in DMEM medium supplemented with 5% heat inactivated FBS and

1% PSN.

For the treatment of Jurkat T and Wil-2 NS cultures, the stock solution was
diluted with RPMI-1640 medium supplemented with 10% FBS to give final
concentrations ranging from 0 to 600 pg/ml. The solutions were filter sterilised
through a 0.22 pm pre-sterilised GP express plus steritop™ filter (Millipore
Corporation, USA) before testing. The final concentration of DMSO in the
CMECB-treated experimental cultures did not exceed 0.1%. Control or
untreated cultures were exposed to 0.1% of the drug vehicle DMSO. For

experiments, cells were seeded at a concentration of 2 x 10° cells/ml and
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treated with 0, 100, 400 (for Jurkat T cells) or 350 (for Wil-2 NS cells) and 600

pg/ml of CMECB, unless stated otherwise.

2.5. Cell proliferation and assessment of cell viability

To determine the effect of the crude methanolic extracts of CMECB on cell
proliferation and viability, Jurkat T and Wil-2 NS cells were treated with
different concentrations of the extract and incubated for 24, 48 and 72 hours.
To assess the effect of the extract on cell proliferation, cells were sampled
and counted at different times of incubation using a Coulter counter model Z;
(Coulter Electronics, RSA). Percentage cell viability was assessed by staining
cells with 0.4% trypan blue dye. Numbers of dead and viable cells were
counted using a haemocytometer under a light microscope (Zeiss, Axiolab,

Germany), and cell viability expressed as percentage per 100 cells counted.

The effect of CMECB on the normal monkey Vero cells was assessed using
the 3-(4, 5-dimethylthiazol-2-yl)-2-5-diphenyltetrazolium bromide (MTT) assay.
Briefly, normal monkey Vero cells were seeded in a 96-well microtiter plate at
1 x10° cells/well and exposed to various concentrations of CMECB (0-1000
pg/ml) for 24 hours after allowing them to attach for overnight. After treatment,
50 pl of MTT (5 mg/ml) solution was added to each well and the plate was
incubated for an additional 4 hours at 37°C. Following the careful removal of
the medium and MTT, 100 pl of DMSO was added to each well to dissolve the
formazan crystals formed within the cells. The amount of the dissolved
formazan was measured at 570 nm using a microtiter plate reader model 550

(Bio-Rad Laboratories Inc., USA). The percentage survival was calculated
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using the following formula: % survival = (Experimental absorbance values/

Control absorbance values) x 100.

2.6. Examination of apoptotic nuclear morphology

Nuclear morphological changes in Jurkat T and Wil-2 NS cells exposed to
CMECB for 3 hours were examined using fluorescence microscopy.
Experimental cell cultures were exposed to different concentrations of
CMECB for 3 hours. Following treatment, cells were harvested by
centrifugation at 100 x g for 10 minutes and washed twice with ice-cold
phosphate-buffered saline (PBS), pH 7.4. After washing, cells were stained
with 50 ug/ml of Hoechst 33258 stain (Sigma-Aldrich, USA) for 10 minutes.
Nuclear morphological changes, occurring in the cells as an indicator of the
advent of apoptosis, were then viewed under fluorescence microscopy (Zeiss,

Axioskop, Germany).

2.7. Quantitative real-time PCR analysis

The effects of CMECB on mRNA expression levels of various apoptosis and
cell division cycle regulatory genes were analysed using quantitative real-time
polymerase chain reaction (grt-PCR). Experimental cells were treated with
various concentrations of CMECB and then harvested at 1, 6, 12 and 24
hours. The cells were washed twice with ice-cold PBS, pH 7.4; total RNA was
then isolated using high pure RNA isolation kit according to the
manufacturer’'s instructions (Roche Diagnostics GmbH, Germany). The

isolated RNA was quantified by reading the absorbance at 260 nm with an OD
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of 1 being considered equivalent to 40 pg/ml of RNA. The quality of RNA was

evaluated by determining the Azgo/Azso ratio.

Complementary DNA (cDNA) strands were synthesised by reverse
transcribing 1 ug of RNA in a reverse transcription reaction mixture containing
1x PCR buffer, 0.5 mM deoxy-nucleoside triphosphates (ANTPs) mix, one unit
of RNAse inhibitor, random RT-PCR primers and 2.5 units of MuLV reverse
transcriptase (High Capacity cDNA Reverse Transcription Kit, Applied
Biosystems, USA). After 10 minutes of incubation at room temperature to
allow primer annealing, the reaction mixture was incubated at 42°C for 15
minutes, heated to 95°C for 5 minutes, and chilled at 4°C for 5 minutes in a
Hybaid Omnigene thermal cycler (Hybaid Limited, UK). The resultant cDNA
was quantified by reading the absorbance at 260 nm with an OD of 1 being

considered equivalent to 33 pg/ml of DNA.

For quantitative real-time PCR, cDNA (equivalent to 100 ng) was amplified in
25 ul reaction mixtures containing 1x SensiMix master mix, 1x Sybr green
(Quantace, UK) and 0.8 uM of each reverse and forward primers. The cycling
conditions consisted of 10 minutes polymerase activation at 95°C and 30 (for,
GAPDH) or 40 (for bax, bcl-2, cdc2, cyclin B1, p53 and p21) cycles of
annealing at 58°C (for bcl-2, cdc2, cyclin B1, GAPDH, p53 and p21) or 60°C
(for bax) for 15 seconds, elongation at 72°C for 20 seconds and denaturation
at 95°C for 10 seconds, using the Rotor-Gene 6000 system (Corbett

Research, Australia). The primer sequences listed in Table 1 were used for
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the amplification of the respective genes and were obtained from the

PrimerBank and synthesised by Invitrogen Life Technologies, UK.

Quantification of the molecular concentration of template cDNA was
performed with the standard curve method for relative quantification. The real-
time PCR efficiencies (E) were calculated by the Rotor-Gene 6000 series
software 1.7.87 (Corbett Research, Australia). The baseline and the threshold
were automatically set by the Rotor-Gene 6000 series software 1.7.87. The
crossing point of the amplification curve with the threshold represented the
cycle threshold (Cy). In addition, the real-time reaction of the products was
checked by melting point analysis after each reaction. The expression levels
of the genes of interest were determined relative to GAPDH using the relative

expression software tool (REST-RG) (Pfaffl et al., 2002).
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Table 1. Primer sequences used in quantitative real-time PCR analysis

Bax

Bcl-2

p53

cyclinBl

Cdc-2

GAPDH

p21

Forward primer:

Reverse primer:

Forward primer:

Reverse primer:

Forward primer:

Reverse primer:

Forward primer:

Reverse primer:

Forward primer:

Reverse primer:

Forward Primer:

Reverse Primer:

Forward primer:

Reverse primer:

5'-GGG TGG TTG GGT GAG ACT C-3

5'-AGA CAC GTA AGG AAA ACG CAT TA-3

5'-CTG TCT GGA ATA GAA GGC ACT CT-3'

5'-ACC CTC GTC TTT TAG AAA CAG GA-3

5'-ATT GCC AGA GGT TTT ACC GAG-3

5'-CGA AAC TCC CAC GGA TAG AAT CT-3

5'-AGA AGA CGC CTC TTT CCC AGT-3

5'-GGG TAA AGT TGA CCT GGT TCA G-3'

5'-ACC AGATCG ACT TGA TCG TGC-3'

5'-CGC CCTTTT CTT AGG GTC GTA-3'

5-ACC CACTCC TCCACCTTT G-3

5'-CTCTTG TGC TCT TGC TGG G-3'

5'-TGC AAC ATT TTC GGC AGC TAA-3'

5'-TCC TCA AAT TCG TCA AAG GGT TC-3'
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2.8. Extraction of total cellular and mitochondrial proteins

Experimental cultures exposed to different concentrations of CMECB were
harvested by centrifugation at 700 x g and washed twice with ice-cold PBS,
pH 7.4. Total cellular protein extracts were prepared by resuspending cells in
a lysis buffer [2 mM Tris-HCI, pH 8.0, 1% Nonident P-40, 13.7 mM NacCl, 10%
glycerol, 1 mM sodium orthovanadate (NaVO3) and protease inhibitor cocktail
(Roche Diagnostics GmbH, Germany)] for 20 minutes on ice. Lysates were
centrifuged at 14 000 x g at 4°C for 15 minutes and the supernatants stored at

-20°C until needed for Western blot analysis.

For extraction of mitochondrial proteins, experimental cultures that were
seeded at 5 x 10° cells/ml were exposed to different doses of CMECB for up
to 24 hours. After treatment, cells were harvested as described above and
washed with ice-cold PBS, pH 7.4. Cell were then lysed in isotonic sucrose
buffer (250 mM sucrose, 10 mM HEPES-KOH, 1.5 mM MgCl,, 10 mM KCI, 1
mM EGTA, 1 mM EDTA, pH 8.0, 10 uM digitonin and protease inhibitor
cocktail) for 5 minutes at 37°C. After centrifuging at 15 000 x g for 10 minutes
at 4°C, the resultant pellets were lysed with ice-cold 0.5% Triton X-100 in
isotonic sucrose buffer for 10 minutes on ice. Lysates were centrifuged at
15000 x g for 10 minutes and the supernatants containing mitochondrial
proteins were stored at -20°C for Western blot analysis. Protein concentration
of total cellular and mitochondrial protein extracts was determined by using

the BCA assay kit (Thermo Scientific, USA).
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2.9. Western blot analysis

Aliquots containing equal amount (30—40 pg) of total cellular or mitochondrial
proteins were boiled in 2x sodium dodecyl sulphate (SDS) sample loading
buffer [125 mM Tris-HCI, 4% (w/v) SDS, 20% (v/v) glycerol, 10% (v/v) 2-
mercaptoethanol, pH 6.8)] before being resolved on a 12% sodium dodecyl
sulphate-polyacrylamide gel (SDS-PAGE). Proteins on the gels were electro-
blotted onto PVDF membrane (Pall Corporation, Pensacola, FL, USA) using a
blotting buffer (20% methanol, 25 mM Tris, 192 mM glycine, pH 8.3) at 200
mA for 90 minutes at 4°C. Following electro-blotting, the membranes were
blocked with 0.05% TBS-Tween (25 mM Tris, 125 mM NaCl, pH 7.4)
containing 3% skimmed milk for 1 hour at room temperature. After blocking,
the membranes were washed three times for 10 minutes each with wash
buffer (0.05% TBS-Tween without milk), and then incubated with specific
primary goat monoclonal anti-mouse antibodies: Bcl-2 (1: 500), caspases-3
and -9 (1: 500), cytochrome c (1: 000), cyclin B1 (1: 500), Cdc2 (1: 500), p21
(1: 500), PARP (1: 500), Bax (1: 250), and p53 (1:500) at 4°C overnight. After
washing three times with washing buffer for 10 minutes each, membranes
were further incubated for 1 hour in the presence of a peroxidase-conjugated
goat IgG secondary antibody (1: 10 000) diluted with blocking buffer. The
membranes were washed again as described above and immunoreactive
proteins were then detected using the supersignal west pico
chemiluminescent substrate (Thermo Scientific, USA) and visualised using the
ChemiDoc XRS image analyser (Bio-Rad Laboratories Inc., USA). To ensure
that equal amounts of protein were loaded, GAPDH was used as an internal

control.
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2.10. Caspase activity assays

The effect of CMECB on the activities of caspase-3 and caspase-9 was
assessed using caspase-3 and caspase-9 colorimetric assay kits (R&D
Systems, Inc., USA) following the manufacturer’s instructions. Briefly, Jurkat T
and Wil-2 NS cells (3 x 10° cells/ml) were exposed to various concentrations
of CMECB for 0.5, 1, 3, 6 and 12 hours. After treatment, the control and
treated cells were collected by centrifugation at 100 x g, washed twice with
ice-cold PBS, pH 7.4, and lysed by incubating in a lysis buffer for 10 minutes
on ice. Following centrifugation at 10 000 x g for 1 minute at 4°C, aliquots of
the supernatants were used to determine protein concentration using BCA
assay kit (Thermo Scientific, USA). Caspases-3 and -9 activities were
assayed by incubating equal amount of protein lysates in reaction mixtures
containing caspase-3 (Ac-DEVD-pNA) or caspase-9 (LEHD-pNA) substrates
and caspase-3 or caspase-9 assay reaction buffers for 2 hours at 37°C. The
release of para-nitroaniline (pNA) was measured at 405 nm using a microtiter

plate reader model 550 (Bio-Rad Laboratories Inc., USA).

2.11. Cell division cycle distribution analysis

Cell division cycle synchronisation of Jurkat T and Wil-2 NS cells was
achieved by culturing cells (8 x 10° cells/ml) in RPMI-1640 medium
supplemented with 0.04% FBS for 24 hours. This resulted in the arrest of cells
at the Go/G; phase of the cell division cycle. Synchronised cells (1 x 10°
cells/ml) were treated with designated concentrations of CMECB for 24, 48
and 72 hours in RPMI-1640 medium supplemented with 10% FBS. After

treatment, cells were harvested by centrifugation at 100 x g for 10 minutes,
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washed twice with ice-cold PBS, pH 7.4, and fixed in 70% ethanol at -20°C.
Fixed cells were washed twice with 1% BSA in PBS and re-suspended in 0.5
ml of DNA staining buffer [0.05 mg/ml propidium iodide, 40 mM, 1 mg/mi
RNAse (DNAse free), 0.1% NP-40 and 40 mM sodium citrate, pH 7.6] in the
dark for 30 minutes at 37°C. Following incubation, cell division cycle
distribution was assessed using Epics Alba flow cytometer (Beckman Coulter,
USA). Data from 10 000 cells per sample were collected and analysed by

using the cell fit analysis program (Beckman Coulter, USA).

2.12. Data presentation and statistical analysis

All values are expressed as mean * standard deviation (SD). The data was
analysed by one-way ANOVA followed by Dunnett's comparison test using
GraphPad InStat Software. Differences between the means of control and

CMECB-treated cells were considered significant at p< 0.05.
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Chapter 3

Results

3.1. CMECB inhibits cancer cell growth

The first objective was to investigate whether CMECB treatment inhibits the
growth of Jurkat T and Wil-2 NS cancer cells. As shown in Figs, 3.1A and
3.2A, CMECB inhibited the proliferation of Jurkat T and Wil-2 NS cells in a
dose-dependent manner as determined electronically by the Coulter counter
method. The inhibition of proliferation suggested cell death in the experimental
cultures. To confirm this, the viability assay was conducted using the trypan
blue dye exclusion assay. The results shown in Figs, 3.1B and 3.2B revealed
that CMECB not only inhibited the proliferation of test cell cultures but also
was able to decrease the percentage viability of the cell cultures in a dose-
and time-dependent manner. Significant inhibition of cell proliferation and
reduction in cell viability was observed in cells exposed to 400 and 600 pg/mi
of CMECB. As a control experiment, treatment with CMECB concentrations of
up to 1000 pg/ml did not have an inhibitory effect on the viability of normal
Vero monkey cells (Fig. 3.3). These results demonstrate that the CMECB has
a cell growth inhibitory activity that is specific against the experimental cell

cultures and not against the normal cells.
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Figure 3.1. The effect of CMECB on the proliferation (A) and viability (B) of Jurkat T cells.
Cells were cultured with or without different concentrations of CMECB for 24, 48 and 72
hours, and the cell number and viability were determined using the Coulter counter and the
trypan blue dye exclusion assay, respectively. Each data point represents the meant S.D. of

three independent experiments. *p< 0.05, **p< 0.01.
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Figure 3.2. The effect of CMECB on the proliferation (A) and viability (B) of Wil-2 NS cells.
Cells were cultured with or without different concentrations of CMECB for 24, 48 and 72
hours, and the cell number and viability were determined using the Coulter counter and the
trypan blue dye exclusion assay, respectively. Each data point represents the meant S.D. of

three independent experiments. *p< 0.05, **p< 0.01.
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Figure 3.3. The effect of CMECB on the viability of normal Vero monkey cells. Cells were
cultured with or without different concentrations of CMECB for up to 72 hours and the cell
viability was assessed by the MTT assay. Each data point represents the meanzx S.D. of three

independent experiments performed in duplicates. *p< 0.05.
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3.2. CMECB induces nuclear morphological changes
indicative of apoptosis

To investigate whether the antiproliferative activity and the decrease in cell
viability of Jurkat T and Wil-2 NS cells were a result of the induction of
apoptosis, nuclear morphology of both cells lines, treated with or without
CMECB for 3 hours, was examined. CMECB-treated Jurkat T and Wil-2 NS
cells showed typical nuclear morphological changes indicative of the induction
of apoptosis. These features include condensation and margination of the
chromatin as evidenced by the light blue staining of the chromatin and the
formation of apoptotic bodies (Figs. 3.4 and 3.5). On the other hand, the
control cells showed intact and uniform blue staining of the chromatin which
was less bright when compared to apoptotic cells, while few showed features
that are characteristic of apoptosis (Figs. 3.4 and 3.5); this was not a
surprising observation since apoptosis is a normal physiological process.
These results give an indication that CMECB-induced anticancer activity in
Jurkat T and Wil-2 NS cells is associated with the induction of apoptotic cell

death.
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Figure 3.4. CMECB-induced nuclear morphological changes in Jurkat T cells. Cells were
exposed to various concentrations of CMECB for 3 hours, stained with Hoechst 33258 and
viewed under a fluorescence microscopy. Arrows are highlighting the presence of apoptotic
features such as chromatin condensation and margination as well as the formation of

apoptotic bodies. Magnification: 40X.
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Figure 3.5. CMECB-induced nuclear morphological changes in Wil-2 NS cells. Cells were
exposed to various concentrations of CMECB for 3 hours, stained with Hoechst 33258 and
viewed under a fluorescence microscopy. Arrows are highlighting the presence of apoptotic
features such as chromatin condensation and margination as well as the formation of

apoptotic bodies. Magnification: 40X.
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3.3. CMECB induces Bax translocation and Bcl-2 down-

regulation in Jurkat T and Wil-2 NS cells

Members of the Bcl-2 family of proteins are known to play a crucial role in the
promotion or inhibition of apoptosis. To investigate the involvement of the
members of the Bcl-2 family of proteins in CMECB-induced apoptosis in
Jurkat T and Wil-2 NS cells, Bax and Bcl-2 protein expression profiles were
assessed using Western blotting. As shown in Fig. 3.6, the exposure of Jurkat
T cells to various concentrations of CMECB resulted in the down-regulation of
Bcl-2 protein expression as compared to the control cells at 3 and 6 hours. A
dose-dependent decrease of Bcl-2 protein expression was observed in Jurkat
T cells exposed to CMECB for 0.5, 1, 12 and 24 hours. Exposure of Jurkat T
cells to 400 and 600 pg/ml of CMECB resulted in the maximal down-
regulation of Bcl-2 protein levels ranging between 83-97% and 76-99% after
12 and 24 hours, respectively (Fig. 3.6). Western blot analysis of Bcl-2 protein
expression in Wil-2 NS cells treated with different concentrations of CMECB
revealed a dose-dependent decrease in Bcl-2 protein expression at all
experimental time intervals evaluated (Fig. 3.10). The down-regulation of Bcl-
2 protein expression was detected as early as 0.5 hour after treatment and
lasted up to 24 hours, with the maximal down-regulatory effects of 91 and
98% being observed after 12 hours in the presence of 400 and 600 pg/ml of

CMECB, respectively (Fig. 3.10).

Treatment of Jurkat T and Wil-2 NS cell lines with various concentrations of
CMECB had no notable or down-regulatory effects on the total cellular protein
levels of the pro-apoptotic protein, Bax, as compared to the vehicle-treated

cells (Figs. 3.7 and 3.11). This was attributed to the translocation of Bax
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protein from the cytosol to the outer mitochondrial membrane as evidenced by
the dose-dependent increase of Bax protein levels in the mitochondrial protein
fraction (Figs. 3.8 and 3.12). As a result, an increase in Bax to Bcl-2 ratio,
following the exposure of both experimental cultures to various concentration
of CMECB for 0.5, 1, 12 and 24 hours, was observed (Figs. 3.9 and 3.13).
These results suggest that CMECB-induced apoptosis in Jurkat T and Wil-2
NS cells is mainly mediated through the down-regulation of the anti-apoptotic
protein, Bcl-2, which is triggered by the translocation and accumulation of Bax

in the mitochondria.
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Figure 3.6. The effect of CMECB on Bcl-2 protein expression in Jurkat T cells. Cells were
exposed to various concentrations of CMECB or vehicle control (DMSO) for 0.5-24 hours and
protein expression was analysed by Western blotting. Densitometric band analysis was done
using Quantity One Software. The intensity of each band relative to control is shown beneath

the bands.
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Figure 3.7. The effect of CMECB on Bax protein expression in Jurkat T cells. Cells were
exposed to various concentrations of CMECB or vehicle control (DMSO) for 0.5-24 hours and
protein expression was analysed by Western blotting. Densitometric band analysis was done
using Quantity One Software. The intensity of each band relative to control is shown beneath

the bands.
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Figure 3.8. Effects of CMECB on the translocation of Bax protein to the mitochondria in
Jurkat T cells as determined by Western blotting. Densitometric band analysis was done

using Quantity One Software. The intensity of each band relative to control is shown beneath

the bands.
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Figure 3.9. Bax/Bcl-2 protein expression ratio in CMECB treated Jurkat T cells. Densitometric
analysis of Bax and Bcl-2 protein expression of Jurkat T cells exposed to CMECB were used

to obtain a Bax/Bcl-2 ratio.
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Figure 3.10. The effect of CMECB on Bcl-2 protein expression in Wil-2 NS cells. Cells were
exposed to various concentrations of CMECB or vehicle control (DMSO) for 0.5-24 hours and
protein expression was analysed by Western blotting. Densitometric band analysis was done
using Quantity One Software. The intensity of each band relative to control is shown beneath

the bands.
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Figure 3.11. The effect of CMECB on Bax protein expression in Wil-2 NS cells. Cells were
exposed to various concentrations of CMECB or vehicle control (DMSO) for 0.5-24 hours and
protein expression was analysed by Western blotting. Densitometric band analysis was done
using Quantity One Software. The intensity of each band relative to control is shown beneath

the bands.

65



0.5h 1h
0 100 350 600 0 100

350 600 pg/ml CMECB

Mitochondrial Bax

Densitometric analysis 1 4.63 14.89 11.70 1 1.05 0.67 6.60

Figure 3.12. Effects of CMECB on the translocation of Bax protein to the mitochondria in Wil-
2 NS cells as determined by Western blotting. Densitometric band analysis was done using

Quantity One Software. The intensity of each band relative to control is shown beneath the

bands.

66



g;’: E=3 Control
o 2.0 EZ=4 100 pg/ml
e ESNI350 pg/ml
o [0 600 pg/ml
S
[an]
3
©
m
6.0+
5.5+ Control
o o] E=100 pg/ml
g 4:0- ¥ZA 350 pug/mi
o 3.59 I 600 ug/ml
< 3.01
@ 254
X 2.0
B 154
1.0+
0.5+
0.0
16
15 E=3 Control
14
o 13 EZ=3 100 pg/mi
T 11 PZA350 pg/ml
N9 1 600 ug/mi
= 8
8 7
= 6 V
5
g 3 g
3
: %
$1 EA B
L)

Figure 3.13. Bax/Bcl-2 protein expression ratio in CMECB treated Wil-2 NS cells.
Densitometric analysis of Bax and Bcl-2 protein expression of Wil-2 NS cells exposed to

CMECB were used to obtain a Bax/Bcl-2 ratio.
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3.4. Effect of CMECB on bax and bcl-2 mRNA expression
levels

To investigate whether the observed alteration of Bax and Bcl-2 protein
expression levels was as a result of CMECB ability to modulate bax and bcl-2
MRNA expression levels, quantitative real-time PCR was used. No definite
up- or down-regulatory trend of bax and bcl-2 mRNA expression was
observed in experimental cell cultures exposed to different concentrations of
CMECB (data not shown). These results suggest that CMECB regulate the
expression of these genes at the protein level and not at transcriptional or
MRNA level. In addition, the PCR results emphasises that the translocation of
Bax protein from the cytosol to the mitochondria might be the key event in the
initiation of CMECB-induced apoptosis in Jurkat T and Wil-2 NS cells rather

than dysregulation at the mRNA expression level.
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3.5. CMECB promotes mitochondrial cytochrome c release in
Jurkat T and Wil-2 NS cells

To investigate whether the alteration in the levels of Bax and Bcl-2 protein
leads to cytochrome c release, cytochrome c levels were assessed after
treatment of cells with CMECB. Western blot results demonstrated an
increase in the amount of released cytochrome c into the cytosol in Jurkat T
cells treated with different concentrations of CMECB for 1 hour (Fig. 3.14).
Further increase in cytosolic cytochrome c levels was also demonstrated in
Jurkat T cells exposed to 400 and 600 pg/ml for 6 hours. Furthermore, a
significant amount of cytochrome ¢ was released in Jurkat T cells after 12 and
24 hours of exposure to 100, 400 and 600 pg/ml of CMECB (Fig. 3.14).
However, no notable change was observed in Jurkat T cells treated with
various CMECB concentrations for 0.5 and 3 hours. A dose-dependent
mitochondrial release of cytochrome c into the cytosol was observed in Wil-2
NS cells after 0.5, 3, 12 and 24 hours of exposure to various concentrations of
CMECB. In addition, exposure of Wil-2 NS cells to 350 and 600 pg/ml for 1
hour and 600 pg/ml for 6 hours also resulted in the elevation of cytochrome ¢
levels in the cytosol (Fig. 3.15). These results suggest that the CMECB-
induced release of mitochondrial cytochrome c in Jurkat T and Wil-2 NS cells
IS mediated through the modulation of the members of the Bcl-2 family of

proteins.
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Figure 3.14. Western blot analysis of cytochrome c release in Jurkat T cells after treatment
with various concentrations of CMECB or vehicle control (DMSO) for 0.5-24 hours. The
amount of cytochrome c released into the cytosol was assayed using Western blotting.
Densitometric band analysis was done using Quantity One Software. The intensity of each

band relative to control is shown beneath the bands.
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Figure 3.15. Western blot analysis of cytochrome c release in Wil-2 NS cells after treatment
with various concentrations of CMECB or vehicle control (DMSO) for 0.5-24 hours. The
amount of cytochrome c released into the cytosol was assayed using Western blotting.
Densitometric band analysis was done using Quantity One Software. The intensity of each

band relative to control is shown beneath the bands.
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3.6. CMECB activates a caspase cascade and PARP cleavage

Mitochondrial release of cytochrome c is reported to trigger the activation of
caspases which play a crucial role in the initiation and execution of apoptosis
(Gabriel et al., 2003). Thus, the involvement of initiator caspase-9 and
executioner caspase-3 in Jurkat T and Wil-2 NS cells CMECB-induced
apoptosis was investigated. As shown in Fig. 3.16, the exposure of Jurkat T
cells to 400 and 600 pg/ml for 1, 3 and 6 hours resulted in caspase-9
activation, as indicated by the decrease in the levels of procaspase-9. Jurkat
T cells treated with 100, 400 and 600 pg/ml for 0.5, 12 and 24 hours also
demonstrated a decrease in the levels of procaspase-9 (Fig. 3.16). A dose-
dependent activation of caspase-3 in CMECB-treated Jurkat T cells was also
shown by the decrease in procaspase-3 levels. This effect was observed after

0.5 hour of treatment and lasted up to 24 hours (Fig. 3.18).

Treatment of Wil-2 NS cells with various concentrations of CMECB for
different time intervals resulted in a decrease of procaspase-9 protein levels
except in cells exposed to 100 pg/ml of CMECB for 1 hour (Fig. 3.21). While
there was no notable decrease in the protein levels of procaspase-3 in Wil-2
NS cells exposed to CMECB for 0.5 and 3 hours, a decrease in procaspase-3
levels was observed in cells treated with various concentrations of CMECB at
1, 6, 12 and 24 hours (Fig. 3.23). In addition to Western blot analyses,
caspase-9 and caspase-3 activity was also assessed using a colorimetric
caspase assay kit. The results revealed that treatment of Jurkat T and Wil-2
NS cells with CMECB resulted in a dose-dependent activation of caspase-9

from 0.5 hour up to 12 hours (Figs. 3.17 and 3.22).
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Moreover, CMECB treatment also induced a dose-dependent activation of
caspase-3 in both test cell lines after 0.5 hour and persisted up to 12 hours of
treatment (Figs. 3.19 and 3.24). Consistent with the activation of caspase-3, a
marked increase in the proteolytic cleavage of poly (ADP-ribose) polymerase
(PARP) was observed in CMECB-treated Jurkat T and Wil-2 NS cells. The
cleavage of PARP (a DNA repair enzyme that is cleaved by activated
caspase-3 in cells undergoing apoptosis) was evidenced by the decrease of
the intact 119 kDa moiety of the protein from 0.5 to 24 hours of exposure to
CMECB (Figs. 3.20 and 3.25). The results indicate that the CMECB-induced
apoptosis in both experimental cell lines is associated with the activation of

caspases-9 and -3 which leads to the degradation of PARP.
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Figure 3.16. Effects of CMECB on the expression profile of procaspase-9 in Jurkat T cells.
Cells were treated with different concentration of CMECB or vehicle control (DMSO) for 0.5-
24 hours and the expression levels of procaspase-9 was determined using Western blotting.
Densitometric band analysis was done using Quantity One Software. The intensity of each

band relative to control is shown beneath the bands.
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Figure 3.17. Activation of caspase-9 in CMECB-treated Jurkat T cells. Cells were exposed to

different concentrations of CMECB or vehicle control (DMSO) for the indicated times and

caspase-9 activity was determined by the cleavage of a colorimetric caspase-9 substrate

monitored at 405 nm using a microtiter plate reader. Each data point represents the meant

S.D. of two independent experiments done in duplicates. *p< 0.05, **p< 0.01.
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Figure 3.18. Effects of CMECB on the expression profile of procaspase-3 in Jurkat T cells.
Cells were treated with different concentration of CMECB or vehicle control (DMSO) for 0.5-
24 hours and the expression levels of procaspase-3 was determined using Western blotting.
Densitometric band analysis was done using Quantity One Software. The intensity of each

band relative to control is shown beneath the bands.
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Figure 3.19. Activation of caspase-3 in CMECB-treated Jurkat T cells. Cells were exposed to

different concentrations of CMECB or vehicle control (DMSO) for the indicated times and

caspase-3 activity was determined by the cleavage of a colorimetric caspase-3 substrate

monitored at 405 nm using a microtiter plate reader. Each data point represents the meant

S.D. of two independent experiments done in duplicates. *p< 0.05, **p< 0.01.
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Figure 3.20. PARP cleavage in Jurkat T cells exposed to various doses of CMECB or vehicle
control (DMSO) for 0.5-24 hours. Protein expression was determined by Western blotting as
described in materials and methods. Densitometric band analysis was done using Quantity

One Software. The intensity of each band relative to control is shown beneath the bands.
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Figure 3.21. Effects of CMECB on the expression profile of procaspase-9 in Wil-2 NS cells.
Cells were treated with different concentration of CMECB or vehicle control (DMSO) for 0.5-
24 hours and the expression levels of procaspase-9 was determined using Western blotting.
Densitometric band analysis was done using Quantity One Software. The intensity of each

band relative to control is shown beneath the bands.
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Figure 3.22. Activation of caspase-9 in CMECB-treated Wil-2 NS cells. Cells were exposed to

different concentrations of CMECB or vehicle control (DMSO) for the indicated times and

caspase-9 activity was determined by the cleavage of a colorimetric caspase-9 substrate

monitored at 405 nm using a microtiter plate reader. Each data point represents the meant

S.D. of two independent experiments done in duplicates. *p< 0.05, **p< 0.01.
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Figure 3.23. Effects of CMECB on the expression profile of procaspase-3 in Wil-2 NS cells.
Cells were treated with different concentration of CMECB or vehicle control (DMSO) for 0.5-
24 hours and the expression levels of procaspase-3 was determined using Western blotting.
Densitometric band analysis was done using Quantity One Software. The intensity of each

band relative to control is shown beneath the bands.
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Figure 3.24. Activation of caspase-3 in CMECB-treated Wil-2 NS cells. Cells were exposed to

different concentrations of CMECB or vehicle control (DMSO) for the indicated times and

caspase-3 activity was determined by the cleavage of a colorimetric caspase-3 substrate

monitored at 405 nm using a microtiter plate reader. Each data point represents the meant

S.D. of two independent experiments done in duplicates. *p< 0.05, **p< 0.01.
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Figure 3.25. PARP cleavage in Wil-2 NS cells after treatment with various doses of CMECB
or vehicle control (DMSO) for 0.5-24 hours. Protein expression was determined by Western
blotting as described in materials and methods. Densitometric band analysis was done using
Quantity One Software. The intensity of each band relative to control is shown beneath the

bands.
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3.7. CMECB induces G,/M phase cell division cycle arrest

In most cases, the advent of apoptosis is reported to be associated with the
arrest of the cell division cycle; thus the effects of CMECB on cell division
cycle distribution was evaluated using flow cytometric analysis. No changes in
the cell division cycle distribution profiles were observed after 24 hours (Fig.
3.26A) and 48 hours (Fig. 3.26B) in Jurkat T cells and 24 hours (Fig. 3.27A) in
Wil-2 NS in response to CMECB exposure. At 72 hours CMECB caused a
dose-dependent accumulation of Jurkat T cells in G,/M phase (Fig. 3.26C).
CMECB also increased the population of Wil-2 NS cells in the G,/M phase in
a dose-dependent manner after 48 and 72 hours as seen by an increase in
the population of cells in the G,/M phase (Figs. 3.27B and 3.27C). The results
indicate that the exposure of Jurkat T and Wil-2 NS to CMECB leads to G,/M

cell division cycle arrest.

84



Control 100 pg/ml

73
46

G2Im G2/M
13.6% 21.3%
N T T Fiae o : i 1020
DNA Lin DNA Lin
400 pg/ml e 600 pug/ml
Gz/m G2iM
16.8% 21.1%
3 1023 1023
DNA Lin DNA Lin

704 o

B2 Control
604

B 100 pg/ml
504 =400 pg/mi
404 (ITTT1 600 pg/ml

BN W
T T F°

% Cell Division Cycle Distribution

o
1

|
Gy/G;
Cell Division Cycle Phase

Figure 3.26A. The effect of CMECB on cell division cycle distribution in Jurkat T cells. Cells
were exposed to various concentrations of CMECB or vehicle control (DMSO) for 24 hours.
Cellular DNA content was assayed using a flow cytometer after staining with propidium
iodide. Graph shows percentages of cells in various cell division cycle phases. The data

shown represent the meanz S.D. of two independent experiments.
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Figure 3.26B. The effect of CMECB on cell division cycle distribution in Jurkat T cells. Cells
were exposed to various concentrations of CMECB or vehicle control (DMSO) for 48 hours.
Cellular DNA content was assayed using a flow cytometer after staining with propidium

iodide. Graph shows percentages of cells in various cell division cycle phases. The data
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Figure 3.26C. The effect of CMECB on cell division cycle distribution in Jurkat T cells. Cells

were exposed to various concentrations of CMECB or vehicle control (DMSO) for 72 hours.

Cellular DNA content was assayed using a flow cytometer after staining with propidium

iodide. Graph shows percentages of cells in various cell division cycle phases. The data

shown represent the meanz S.D. of two independent experiments.
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Figure 3.27A. The effect of CMECB on cell division cycle distribution in Wil-2 NS cells. Cells
were exposed to various concentrations of CMECB or vehicle control (DMSO) for 24 hours.
Cellular DNA content was assayed using a flow cytometer after staining with propidium
iodide. Graph shows percentages of cells in various cell division cycle phases. The data

shown represent the meanz S.D. of two independent experiments.
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Figure 3.27B. The effect of CMECB on cell division cycle distribution in Wil-2 NS cells. Cells
were exposed to various concentrations of CMECB or vehicle control (DMSO) for 48 hours.
Cellular DNA content was assayed using a flow cytometer after staining with propidium
iodide. Graph shows percentages of cells in various cell division cycle phases. The data

shown represent the meanz S.D. of two independent experiments.
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3.8. CMECB induces G,/M phase arrest by down-regulating

cyclin B1 and Cdc2 protein levels

Since the exposure of experimental cultures to CMECB resulted in G,/M
phase arrest, the effects of CMECB on G,/M cell division cycle phase
regulatory proteins, cyclin B1, Cdc2 and p21, were investigated using Western
blotting. Treatment of Jurkat T cells led to an increase in the protein levels of
p21 after 12 hours of treatment. In contrast to the results obtained after 12
hours of treatment, a decrease in the protein levels of p21 was seen in Jurkat
T cells treated with CMECB for 24 hours (Fig. 3.28). In addition, treatment of
Jurkat T cells with 100 to 600 pg/ml of CMECB resulted in a dose-dependent
decrease in Cdc2 protein levels which was accompanied by a dose- and time-
dependent decrease in cyclin B1 protein expression after 12 and 24 hours
(Fig. 3.28). No p21 protein expression levels were detected in response to 12
hours of exposure of Wil-2 NS cells to different concentrations of CMECB.
However, a dose-dependent down-regulation in p21 protein levels was
observed in Wil-2 NS cells exposed to CMCEB for 24 hours (Fig. 3.29). In
addition, a dose-dependent decrease in Cdc2 protein levels in Wil-2 NS cells
exposed to CMECB for 12 hours was observed, while no notable change in
Cdc2 protein levels was observed in cell treated with CMECB for 24 hours.
Furthermore, a dose-dependent decrease in cyclin B1 protein levels was
observed in response to CMECB treatment for 24 hours, while no expression
of cyclin B1 was detected after 12 hours (Fig. 3.29). These findings suggest
that the CMECB-induced G,/M phase arrest is mediated by the down-

regulation of cyclin B1 and Cdc2 protein levels.
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Figure 3.28. The effect of CMECB on cell division cycle regulatory proteins in Jurkat T cells.
Cells were exposed to various concentrations of CMECB or vehicle control (DMSO) for 12-24
hours and protein expression was analysed by Western blotting. Densitometric band analysis
was done using Quantity One Software. The intensity of each band relative to control is

shown beneath the bands.
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Figure 3.29. The effect of CMECB on cell division cycle regulatory proteins in Wil-2 NS cells.
Cells were exposed to various concentrations of CMECB or vehicle control (DMSO) for 12-24
hours and protein expression was analysed by Western blotting. Densitometric band analysis
was done using Quantity One Software. The intensity of each band relative to control is

shown beneath the bands.



3.9. The effects of CMECB on the mRNA expression of G,/M

phase regulatory genes
To determine the effect of CMECB on the mRNA expression profiles of p217,

cdc2 and cyclin B1, qrt-PCR was used. The results showed a down-regulation
in the expression of p27 mMRNA in Jurkat T cells exposed to different
concentrations of CMECB for 12 and 24 hours (Fig. 3.30). In Wil-2 NS cells,
an increase in p217 mRNA expression was observed after 12 and 24 hours in
the presence of 100 and 600 ug/ml and different concentrations of CMECB
(100 to 600 pg/ml), respectively (Fig. 3.31). Although cdc2 mRNA expression
was up-regulated after 12 hours of exposure of Jurkat T cells to different
concentrations of CMECB, treatment of cells with CMECB for 24 hours
resulted in a dose-dependent down-regulation of cdc2 mRNA. (Fig. 3.30). In
Wil-2 NS cells, cdc2 mRNA levels were down-regulated in the presence of
350 and 600 pg/ml while an up-regulation was observed in cells exposed to
100 pg/ml for 12 hours. In contrast, cdc2 mRNA expression was down-
regulated in the presence of 100 pug/ml and up-regulated in cells treated with

350 and 600 pg/ml of CMECB for 24 hours (Fig. 3.31).

Furthermore, treatment of Jurkat T cells with CMECB resulted in the up-
regulation of cyclin B1 mRNA expression after 12 and 24 hours (Fig. 3.30).
Exposure of Wil-2 NS cells to CMECB led to a decrease in cyclin BT mRNA
expression in the presence of different CMECB concentrations after 12 hour
and 100 pg/ml after 24 hours, while an increase was observed in cells treated
with 350 and 600 pg/ml for 24 hours (Fig. 3.31). These results also suggest
that CMECB modulates the expression of G,/M phase regulatory genes at the

protein level and not at the mRNA level.
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Figure 3.30. The effects of CMECB on p21, cdc2 and cyclin BT mRNA expression in Jurkat T
cells. Cells were exposed to various concentrations of CMECB or vehicle control (DMSO) for

the indicated times and mMRNA expression levels were determined by real-time PCR.
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Figure 3.31. The effects of CMECB on p21, cdc2 and cyclin BT mRNA expression in Wil-2
NS cells. Cells were exposed to various concentrations of CMECB or vehicle control (DMSO)

for the indicated times and mRNA expression levels were determined by real-time PCR.
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3.10. CMECB down-regulates p53 protein expression levels

p53 is known to induce arrest and/or apoptosis in response to various cellular
stresses and anticancer agents by regulating the cell division cycle and
apoptosis regulatory genes. The involvement of p53 in CMECB-induced cell
division cycle arrest and apoptosis was investigated using Western blotting.
No p53 protein expression was detected in Jurkat T cells in response to
CMECB treatment at all experimental time intervals evaluated. In Wil-2 NS
cells, p53 protein levels were down-regulated in response to CMECB after 12
and 24 hours (Fig. 3.32). These results suggest that the observed CMECB-
induced apoptosis and G,/M phase arrest are mediated in a p53-independent

manner.
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Figure 3.32. The effect of CMECB on p53 protein expression in Wil-2 NS cells. Cells were
exposed to various concentrations of CMECB or vehicle control (DMSO) for 12-24 hours and
protein expression was analysed by Western blotting. Densitometric band analysis was done
using Quantity One Software. The intensity of each band relative to control is shown beneath

the bands.
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3.11. The effects of CMECB on p53 mRNA expression

Using qrt-PCR the effects of CMECB on p53 mRNA expression of the
experimental cultures were investigated. At 12 hours Jurkat T cells exposed to
100 and 600 pg/ml showed a decrease in p563 mRNA expression which was
accompanied by an increase in p53 mMRNA expression in the presence of 400
pg/ml. This was followed by a dose-dependent down-regulation of p563 mMRNA
expression in Jurkat T cells exposed to different concentrations of CMECB for
24 hours (Fig. 3.33). Treatment of Wil-2 NS cells resulted in the up-regulation
of p563 MRNA expression in the presence of 100 and 600 pg/ml after 12 hours
and 350 and 600 pg/ml of CMECB for 24 hours (Fig. 3.34). The results
suggest that CMECB down-regulates p53 gene expression at protein level

and not at the mRNA level.
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Figure 3.33. The effects of CMECB on p53 mRNA expression in Jurkat T cells. Cells were
exposed to various concentrations of CMECB or vehicle control (DMSQO) for the indicated

times and mMRNA expression levels were determined by real-time PCR.
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Figure 3.34. The effects of CMECB on p53 mRNA expression in Wil-2 NS cells. Cells were
exposed to various concentrations of CMECB or vehicle control (DMSQO) for the indicated

times and mRNA expression levels were determined by real-time PCR.
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Chapter 4

Discussion and Conclusion

Plant extracts and/or plant-derived compounds have attracted a lot of interest
as potential anticancer agents. This is attributed to their ability to induce
cancer cell division cycle arrest and apoptosis with less or no harm to the
surrounding normal cells (Hsu et al., 2006; Srivastava and Gupta, 2006).
Indeed, apoptosis is a preferred way of eliminating cancerous cells since
apoptotic cells are engulfed by macrophages and thus removed from the
tissue without eliciting or invoking an inflammatory response (Brown and
Wouters, 1999; Seraste and Pulkki, 2000; Zimmerman et al., 2001). The
development of anticancer agents such as vinblastine from Catharanthus
roseus, podo-phyllotoxin from Podollum emody and paclitaxel from Taxus
brevifolia in the recent past has fuelled the search for more safe and effective
plant-derived compounds and/or extracts that can be used as anticancer

agents (Schwartsmann et al., 2002).

This renewed interest in traditional pharmacopoeias has meant that
researchers are concerned not only with determining the scientific rationale for
the plants usage but also with the understanding of the molecular
mechanisms and signaling pathways that are involved in their anticancer
activity as well as the discovery of novel compounds of pharmaceutical value
(Fennel et al., 2004). Previous studies from our laboratory demonstrated
CMECB to possess anti-proliferative effects and also to induce apoptosis by a

p53-dependent modulation of Bax and Bcl-2 protein expression levels in
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Jurkat T and Wil-2 NS cells (Mbazima, 2005). Thus, it was against this
background that the pro-apoptotic molecular events that are induced by
CMECB, downstream of the mitochondria, and its effect on the cell division
cycle distribution in Jurkat T and Wil-2 NS cancer cell lines were investigated

in this study.

The first objective of the study was to evaluate the effect of CMECB on Jurkat
T and Wil-2 NS cancer cell growth. The results showed a dose-dependent
inhibition of cell proliferation and a dose- and time-dependent decrease in cell
viability. Cell death is known to occur in two distinct modes: necrosis, an
unordered and accidental form of cell death that occurs in response to a
number of independent biochemical events that are activated by severe cell
injury and depletion of cell energy (Kanduc et al., 2002) and apoptosis, a
controlled type of cell death that can be induced by a variety of physiological
stimuli and pharmacological agents (Kerr et al., 1972). Apoptotic cells are
characterised by several cellular and nuclear morphological features such as
cell shrinkage, condensation and margination of chromatin at the nuclear
membrane, plasma membrane blebbing and apoptotic body formation.
Therefore, to characterise the mode of cell death associated with the CMECB-
induced growth inhibitory activity in Jurkat T and Wil-2 NS cells, the
morphological changes associated with the induction of apoptosis were
assessed. Similar to our previous findings (Mbazima, 2005), CMECB-treated
Jurkat T and Wil-2 NS cells clearly demonstrated apoptotic nuclear
morphological features such as the condensation and margination of

chromatin (Figs. 3.4 and 3.5). These results indicate that the growth inhibitory
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activity of CMECB in Jurkat T and Wil-2 NS cells is indeed associated with the

induction of an apoptotic cell death programme.

Apoptosis is known to occur through two signaling pathways: the extrinsic and
intrinsic pathways. The extrinsic pathway is mediated by death receptor
protein members of the tumour necrosis factor (TNF) receptor superfamily.
The intrinsic apoptosis pathway leads to cytochrome c release from the
mitochondria (Fan et al., 2005; Kim, 2005). The commitment of cells to
apoptosis initiated by either pathway is dependent on the balance between
pro- and anti-apoptotic protein members of the Bcl-2 family. This is due to
their ability to regulate the permeability of the outer mitochondrial membrane,
which when disturbed leads to the release of apoptotic factors such as
cytochrome c into the cytosol. The anti-apoptotic protein Bcl-2 resides on the
outer membrane of the mitochondria and promotes cell survival by inhibiting
the formation of pores and the subsequent release of cytochrome ¢ which is
required for caspase activation. In contrast, the pro-apoptotic protein Bax is
located in the cytosol and becomes activated in response to various death
stimuli. Once active, Bax translocates to the mitochondria where it is reported
to antagonise the anti-apoptotic activity of Bcl-2 or forms channels that
eventually lead to mitochondrial cytochrome c release (Hervouet et al., 2007;
Youle and Strasser, 2008). The presence of cytochrome c in the cytosol is
reported to initiate the formation of a complex called the apoptosome which is
required for the recruitment and activation of initiator caspase-9. In turn, the
active caspase-9 proteolytically cleaves and activates the executioner

caspase-3 which further cleaves and inactivates various cellular proteins
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including PARP (Letai, 2005). Although CMECB failed to influence the mRNA
expression levels of bax and bcl-2 (data not shown), western blot results
showed a definite translocation and subsequent accumulation of Bax protein
levels in the mitochondria (Figs. 3.8 and 3.11); this was accompanied by a
decrease in Bcl-2 protein levels (Figs. 3.6 and 3.9) and an increase in
cytosolic cytochrome c levels (Figs. 3.14 and 3.15) in both CMECB-treated
cell lines. Based on these observations, we concluded that CMECB
modulates bax and bcl-2 gene expression at the protein level. In addition, the
activation of initiator caspase-9 and executioner caspase-3, as well as PARP
cleavage, was observed in response to CMECB exposure to Jurkat T and Wil-
2 NS cells. These results suggest that CMECB induces modulation of the Bcl-
2 family of proteins which in turn mediates mitochondrial cytochrome c release
into the cytosol; this subsequently led to the activation of caspase-9 and
caspase-3 and eventual PARP degradation. The modulation of Bcl-2 family
members, release of cytochrome c and activation of caspase-9 strongly
suggests that CMECB induces mitochondrial-mediated apoptosis signaling

pathway in these cellular systems.

Since it has been reported in various studies that apoptosis occurs in close
association with cell division cycle arrest, it was pertinent to investigate the
effect of CMECB on the cell division cycle distribution profiles and cell division
cycle regulatory proteins in both Jurkat T and Wil-2 NS cells. Clearly, our
results demonstrated that CMECB treatment of Jurkat T and Wil-2 NS cells
leads to the arrest of the cell division cycle at G,/M phase (Figs. 3.26 and

3.27). Since cell proliferation is tightly linked to the cell division cycle, these
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results suggest that the observed CMECB-induced anti-proliferative activity
might be associated with cell division cycle arrest. The progression of the cell
division cycle is positively regulated by catalytic complexes formed between
cdks and cyclins. The cyclin B1/Cdc2 complex is crucial for the transition of
the cell division cycle from the G, to the M phase. In addition, the kinase
activity of the Cdc2 protein is dependent on its association with cyclin B1
(Johnson and Walker, 1999). Thus, the down-regulation of cyclin B1 and/or
the inhibition of cyclin B1/Cdc2 complex formation may lead to G,/M phase
cell division cycle arrest. Accordingly, CMECB treatment caused a decrease
in the protein expression levels of cyclin B1 and Cdc2 in both the test cell lines
(Figs. 3.28 and 3.29). Consistent with the CMECBUs inability to affect the
MRNA levels of bax and bcl-2 genes, no clear trend or notable effect was
observed in the expression of cdc2 and cyclin B1 mRNA levels in Jurkat T and
Wil-2 NS cells exposed to CMECB (Figs. 3.30 and 3.31). This may suggest
that CMECB down-regulate G,/M phase regulatory genes at the protein level

rather than at the mRNA level.

Considering that protein p21 is a cell division cycle inhibitor which exerts its
inhibitory effects by binding cyclin/cdk complexes and inactivating the kinase
activity of cdks, its role in the CMECB-induced cell division cycle arrest was
investigated. Despite the reduction in cyclin B1 and Cdc2 protein levels in Wil-
2 NS cells, a decrease in the protein levels of p21 was observed. In contrast,
a slight up-regulation of p21 protein was detected in Jurkat T cells after 12
hours of exposure to CMECB. These results, therefore, suggest that CMECB

treatment causes Jurkat T and Wil-2 NS cells, G,/M phase arrest by down-
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regulating cyclin B1 and Cdc2 protein levels; this subsequently led to the
inhibition of cyclin B1/Cdc2 complex formation, a key event for the transition
from the G, to the M phase. Furthermore, CMECB-induced G,/M phase arrest
in Wil-2 NS cells is thought to be mediated by other mechanisms or molecules
independent of p21 activity. On the other hand, our observations suggest that
the CMECB-induced G,/M phase arrest in Jurkat T cells might be mediated, in
part, by the p21 protein. Again, there was no notable change in the expression
levels of p27 mRNA (Figs. 3.30 and 3.31), thus further confirming that
CMECB exerts its anticancer effects by modulating these apoptosis and cell
cycle regulatory genes at the protein level rather than at the level of the

MRNA expression.

Since apoptosis and cell division cycle are closely linked and are regulated by
the phosphoprotein p53, the role of the p53 protein in the observed CMECB-
induced G,/M cell division cycle arrest and apoptosis was investigated. p53 is
reported to play an important role in deciding whether a cell undergoes
reversible cell division cycle arrest and/or apoptosis in response to DNA
damage, oxidative stress and other cellular stress signals (Marchetti et al.,
2004; Michael and Oren, 2002). The decision to induce cell division cycle
arrest and/or apoptosis by p53 depends on the intensity of the cellular stress
or DNA damage and the available amount of the p53 protein in the cell. Less
intense stress signals lead to p53-mediated cell division cycle arrest while
highly intense signals lead to p53-mediated apoptotic cell death. p53 is also

reported to carry out its dual role as a cell division cycle and apoptosis
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regulator by transcriptionally activating and/or repressing several cell division

cycle and apoptosis regulatory genes (Fuster et al., 2007).

Most notably, p53 has been demonstrated to induce the transcription of the
universal cyclin-dependent kinase inhibitor, p21 (Kanemitsu et al., 2009). The
induction of p21 protein leads to the inhibition of Cdc2 activity, a critical event
for the transition of cells from the G, to the M phase. As a result of Cdc2
inhibition, the cells get arrested at the G,/M phase to give time to repair
themselves or undergo apoptosis (Taylor and Stark, 2001). Although a slight
up-regulation in the p21 protein levels was observed in CEMCB-treated Jurkat
T cells (Fig. 3.28), no p53 protein (data not shown) as well as appreciable p53
MRNA expression levels (Fig.3.30) were detected at all experimental time
points evaluated. Our results therefore, suggest that the slight increase in p21
protein expression levels and the G,/M phase arrest in CMECB-treated Jurkat
T cells are mediated in a p53-independent manner. In addition, CMECB also
induced a p53-independent G,/M phase arrest in Wil-2 NS cells. This was
shown by the down-regulation of Cdc2, cyclin B1 and p21 protein levels (Fig.
3.29) which were accompanied by a decrease in p53 protein levels after 12
and 24 hours of exposure to CMECB (Fig. 3.32). The decrease in p53 protein
expression levels in Wil-2 NS cells treated with CMECB as compared to the
control cells (Fig. 3.32) suggests that the extract might be enhancing the
degradation of p53 protein through a proteosome/ubiquitin pathway. In
summary, the results suggest that CMECB induces G,/M phase arrest in

Jurkat T and Wil-2 NS cells independent of p53 protein activity. Therefore, the
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mechanism(s) involved in the CMECB-induced G,/M phase arrest in both

experimental cultures remains to be identified.

p53 is reported to regulate apoptosis by regulating the expression levels of
Bax and Bcl-2, both in a transcription-dependent and/or-independent manner
(Fuster et al., 2007; Hofseth et al., 2004). Upon sensing stress signals, p53
translocates to the nucleus where it plays a role as a transcription factor by
activating Bax protein expression and suppressing Bcl-2 protein levels (Yee
and Vousden, 2005). In transcription-independent mechanism, p53 has also
been shown to translocate to the mitochondria where it directly binds to Bcl-2
proteins. The interaction between the p53 and Bcl-2 proteins is believed to
lead to the inactivation of Bcl-2[]s anti-apoptotic activity and the promotion of
mitochondrial release of cytochrome c into the cytosol (Lavin and Gueven,
2006; Liu et al., 2007; Johnstone et al., 2002). In contrast to these reports, our
results gave an indication that p53 was not involved in the events leading to
the alteration of Bax and Bcl-2 protein expression levels in both experimental
culture systems. This is because the down-regulation of Bcl-2 protein levels
and the increase in Bax protein levels in the mitochondria, as a result of Bax
translocation, were detected as early as 0.5 hour after treatment; and at that
point no p53 expression was detected both in the total cellular and
mitochondrial protein lysates (data not shown). These results are also in
contrast with the previous findings (Mbazima, 2005; Mbazima et al., 2008) that
showed a p53-mediated alteration of bcl-2 and bax gene expression levels in
Jurkat T cells. This discrepancy might be due to the difference in the time

intervals used in the present and the previous studies. The -current
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observations suggest that other mechanisms or molecules may be involved in
the CMECB-induced activation and subsequent translocation of Bax from the
cytosol to the mitochondria and the down-regulation of Bcl-2 protein levels.

These mechanisms or molecules remain to be delineated or elucidated.

In summary, CMECB exerts its anticancer activity by inducing cell division
cycle arrest that is accompanied by mitochondrial-mediated apoptosis in
Jurkat and Wil-2 NS cells. This was demonstrated by the modulation of Bax
and Bcl-2, mitochondrial cytochrome c release and activation of caspases-9
and -3, as well as PARP degradation. Judging from the early activation of Bax
and caspases -9 and -3, the CMECB-induced apoptosis appears to precede
cell division cycle arrest. Cell division cycle arrest was demonstrated by the
accumulation of cell population at the G,/M phase which was also confirmed
by the down-regulation of cyclin B1 and Cdc2 proteins. It is possible that the
late Go/M phase arrest may subsequently trigger more cells to undergo
apoptosis in an attempt to eliminate the severely stressed or damaged cells.
Our data also revealed that the CMECB-induced cell division cycle arrest and
apoptosis were independent of p53 activity in both Jurkat T and Wil-2 NS
cells. Based on these findings, two apoptotic pathway models that are induced
by CMECB in both Jurkat T and Wil-2 NS cells are proposed (Figs. 4.1 and
4.2, respectively). Since we do not know the identity of the active
component(s) in CMECB that are responsible for the plant’s inherent
anticancer activity, a follow-up study is underway in an effort to purify and

identify these bioactive components.
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In conclusion, the ability of CMECB to induce cell cycle arrest associated with
apoptosis in a p53-independent manner makes it a potential candidate for the
treatment of tumours that occur due to the lack of p53 activity. Additionally,
since most cancers occur as a consequence of a rampant or non-functional
p53 gene or gene products, the findings of this study are particularly
interesting. Furthermore, these findings show the potential of C. benghalensis
L as an anticancer agent. However, further studies are warranted to evaluate
the molecules or mechanism(s) of Bax translocation induced by CMECB.
Furthermore, there is also a need to evaluate the potential in vivo anticancer

activity of CMECB using animal models.
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Figure 4.1. A proposed model of an apoptotic pathway induced by CMECB in Jurkat T

cells. At early hours, CMECB induces Bax protein translocation from the cytosol to the outer

membrane of the mitochondria (OMM). On the OMM, Bax protein antagonises the anti-

apoptotic activity of Bcl-2 and form pores that facilitate the release of mitochondrial

cytochrome ¢ into the cytosol. When in the cytosol,

cytochrome ¢ activates a caspase

cascade which leads to the degradation of PARP and eventual apoptosis. After 12 and 24

hours of exposure, CMECB induces a p21 which in turn arrests the cell division cycle at the

G,/M phase by inhibiting cyclin B1/Cdc2 complex formation, thus leading to apoptosis.
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Figure 4.2. A proposed model of an apoptotic pathway induced by CMECB in Wil-2 NS
cells. At early hours, CMECB induces Bax protein translocation from the cytosol to the outer
membrane of the mitochondria (OMM). On the OMM, Bax protein antagonises the anti-
apoptotic activity of Bcl-2 and form pores that facilitate the release of mitochondrial
cytochrome c into the cytosol. When in the cytosol, cytochrome c¢ activates a caspase
cascade which leads to the degradation of PARP and eventual apoptosis. After 12 and 24
hours of exposure, CMECB induces cell division cycle arrest at the G,/M phase by inhibiting
cyclin B1/Cdc2 complex formation and induce apoptosis in a p53- and p21l-independent

manner.

113



Chapter 5

References

Acehan, D., Jiang, X., Morgan, D.G., Heuser, J.E., Wang, X. and Akey, C.W.
(2002). Three-dimensional structure of the apoptosome: implications for

assembly, procaspase-9 binding, and activation. Mol. Cell 9:423-432.

Adams, J.M. (2003). Ways of dying: multiple pathways to apoptosis. Genes

Dev. 17:2481-2495.

Aggarwal, B.B. and Shishodia, S. (2006). Commentary: Molecular targets of
dietary agents for prevention and therapy of cancer. Biochem. Pharmacol.

71:1397-1421.
Anitha, A., Mohan, V.R., Athiperumalsami, T. and Sutha, S. (2008).
Ethnomedicinal plants used by the Kanikkars of Tirunelveli district, Tamil

Nadu, India to treat skin diseases. Ethnobot. Leaflets 12:171-180.

Ashkenazi, A. (2002). Targeting death and decoy receptors of the tumour-

necrosis factor superfamily. Nat. Rev. Cancer 2:420-430.

Ashkenazi, A. and Dixit, V.M. (1999). Apoptosis control by death and decoy

receptors. Curr. Opin. Cell Biol. 11:255-260.

114



Boatright, K.M. and Salvesen, G.S. (2003). Mechanism of caspase activation.

Curr. Opin. Cell Biol. 15:725-731.

Boatright, K.M., Renatus, M., Scott, F.L., Sperandio, S., Shin, H., Pederson,
[.M., Ricci, J.E., Edris, W.A., Sutherlin, D.P., Green, D.R. and Salvesen, G.S.

(2003). A unified model for apical caspase activation. Mol. Cell 11:529-541.

Boaz, N., Yaqoub, A. and Dina, B.-Y. (2004). The inhibitor of apoptosis family
(IAPs): an emerging therapeutic target in cancer. Sem. Cancer Biol. 14: 231-

243.

Bode, A.M. and Dong, Z.G. (2004). Post-translational modification of p53 in

tumorigenesis. Nat. Rev. Cancer 4:793-805.

Bode, A.M. and Dong, Z. (2007). The enigmatic effects of caffeine in cell cycle

and cancer. Cancer Lett. 247:26-39.

Borner, C. (2003). The Bcl-2 protein family: sensors and checkpoints for life-

or-death decisions. Mol. Immunol. 39(11):615-647.

Bossy-Wetzel, E. and Green, D.R. (1999). Caspases induce cytochrome c

release from mitochondria by activating cytosolic factors. J. Biol. Chem.

274:17484-17490.

115



Bouchard, C., Dittrich, O., Kiermaier, A., Dohmann, K., Menkel, A., Eilers, M.
and Luscher, B. (2001). Regulation of cyclin D2 gene expression by the
Myc/Max/Mad network: Myc-dependent TRRAP recruitment and acetylation at

the cyclin D2 promoter. Genes Dev. 15:2042-2047.

Bouchier-Hayes, L., Lartigue, L. and Newmeyer, D.D. (2005). Mitochondria:

pharmacological manipulation of cell death. J. Clin. Invest. 115:2640-2647.

Bracken, A.P., Ciro, M., Cocito, A. and Helin, K. (2004). E2F target genes

unravelling the biology. Trends Biochem. Sci. 29:409-411.

Bremmer, E., van Dam, G., Kroesen, B.J., de Leij, L. and Helfrich, W. (2006).
Targeted induction of apoptosis for cancer therapy: current progress and

prospects. Trends Mol. Med. 12:382-393.

Broaddus, V.C., Dansen, T.B., Abayasiriwardana, K.S., Wilson, S.M., Finch,
A.J., Swigart, L.B., Hunt, A.E. and Evan, G.l. (2005). Bid mediates apoptotic
synergy between TNF-related apoptosis-inducing ligand (TRAIL) and DNA

damage. J. Biol. Chem. 280:12486-12493.

Brown, J.M. and Wouters, B.G. (1999). Apoptosis, p53, and tumour cell

sensitivity to anticancer agents. Cancer Res. 59:1391-1399.

116



Chang, D.W., Ditsworth, D., Liu, H., Srinivasula, S.M. Alnemri, E.S. and Yang,
X. (2003). Oligomerisation is a general mechanism for the activation of

initiator and inflammatory procaspases. J. Biol. Chem. 278:16466-16469.

Chipuk, J.E. and Green, D.R. (2006). Dissecting p53-dependent apoptosis.

Cell Death Differ. 13:994-1002.

Collins, I. and Garrett, M.D. (2005). Targeting the cell division cycle in cancer:

CDK and cell cycle checkpoint kinase inhibitors. Curr. Opin. Pharmacol.

5:366-373.

Cory, S. and Adams, J.M. (2002). The Bcl-2 family: Regulators of the cellular

life-or-death switch. Nat. Rev. Cancer 2:647-656.

Cory, S., Huang, D.C.S. and Adams, J.M. (2003). The Bcl-2 family: roles in

cell survival and oncogenesis. Oncogene 22:8590-8607.

Creagh, E.M. and Martin, S.J. (2001). Caspases: cellular demolition experts.

Biochem. Soc. Trans. 29:696-702.

Dang, C.V. (1999). c-Myc target genes involved in cell growth, apoptosis and

metabolism. Mol. Cell. Biol. 19:1-11.

Dang, C.V., O'Donnell, K.A., Zeller, K.I., Nguyen, T., Osthus, R.C. and Li, F.

(2006). The c-Myc target gene network. Sem. Cancer Biol. 116:253-264.

117



Danial, N.N. and Korsmeyer, S.J. (2004). Cell death: critical control points.

Cell 116:205-2109.

de Thonel, A. and Eriksson, J.E. (2005). Regulation of death receptors —

Relevance in cancer therapies. Toxicol. Applied Pharmacol. 207:5S123-S132.

Dean, E.J., Ranson, M., Blackhall, F., Holt, S.V., Dive, C. (2007). Novel
therapeutic targets in lung cancer: Inhibitor of apoptosis proteins from

laboratory to clinic. Cancer Treatment Rev. 33:203-212.

Debatin, K.M. (2004). Apoptosis pathways in cancer and cancer therapy.

Cancer Immunol. Immunother. 53:153-159.

Degrerev, A., Boyer, M. and Yuan, J. (2003). A decade of caspases.

Oncogene 22:854-867.

DeHaan, R.D., Yazlovitskaya, E.M. and Persons, D.L. (2001). Regulation of

p53 target gene expression by cisplatin-induced extracellular signal regulated

kinase. Cancer Chemother. Pharmacol. 48:383-388.

Denault, J.-B. and Salvesen, G.S. (2002). Caspases: keys in the ignition of

cell death. Chem. Rev. 102:4489-4499.

118



Dey, A., She, H., Kim, L., Boruch, A., Guris, D.L., Carlberg, K., Sebti, S.M.,
Woodley, D.T., Imamoto, A. and Li, W. (2000). Colony-stimulating factor-1
receptor utilises multiple signaling pathways to induce cyclin D2 expression.

Mol. Biol. Cell 11:3835-3848.

Donepudi, M., Sweeney, A.M., Briand, C. and Grutter, M.G. (2003). Insights

into the regulatory mechanism for caspase-8 activation. Mol. Cell 11:543-549.

Du, C., Fang, M., Li, Y., Li, L. and Wang, X. (2000). Smac, a mitochondrial
protein that promotes cytochrome c-dependent caspase activation by

eliminating IAP inhibition. Cell 102:33-42.

Ekert, P.G., Silke, J., Hawkins, C.J., Verhagen, A.M. and Vaux, D.L. (2001).
DIABLO promotes apoptosis by removing MIHA/XIAP from processed

caspase-9. J. Cell Biol. 152:483-490.

Er, E., Oliver, L., Cartron, P-F., Juin, P., Manon, S. and Vallette, F.M. (2006).
Mitochondria as the target of the pro-apoptotic protein Bax. Biochim. Biophys.

Acta 1757:1301-1311.

Eskes, R., Desagher, S., Antonsson, B. and Martinou, J.C. (2000). Bid

induces the oligomerisation and insertion of Bax into the outer mitochondrial

membrane. Mol. Cell Biol. 20:929-935.

119



Fan, T.-J., Han, L.-H., Cong, R.-S. and Liang, J. (2005). Caspase family

proteases and apoptosis. Acta Biochim. Biophys. Sin. 37(11):719-727.

Fennel, C.W., Lindsey, K.L., McGaw, L.J., Sparg, S.G., Stafford, G.I.,
Elgorashi, E.E., Grace, O.M. and van Staden, J. (2004). Assessing African
medicinal plants for efficacy and safety: pharmacological screening and

toxicology. J. Ethnophamacol. 94:205-217.

Fuentes-Prior, P. and Salvesen, G.S. (2004). The protein structures that
shape caspase activity, specificity, activation and inhibition. Biochem. J.

384:201-232.

Fuster J.J., Sanz-Gonzalez, S.M., Moll, U.M. and Andres, V. (2007). Classic
and novel roles of p53: prospects for anticancer therapy. Trends Mol. Med.

13(5):192-199.

Gabriel, B., Sureau, F., Cesselyn, M., Teissie, J. and Petit, P.X. (2003).
Retroactive pathway involving mitochondria in electroloaded cytochrome c-
induced apoptosis: protective properties of Bcl-2 and Bcl-xl. Exp. Cell Res.

289:195-210.

Gali-Muhtasib, H., Roessner, R. and Scheinder-Stock, R. (2006).

Thymoquinone: A promising anti-cancer drug from natural sources. Int. J.

Biochem. Cell Biol. 38:1249-1253.

120



Galoneck, H.L. and Hardwick, J.M. (2006). Upgrading the Bcl-2 network. Nat.

Cell Biol. 8:1317-13109.

Gewies, A. (2003). ApoReview - Introduction to apoptosis. pp 1-26.

Ghobrial, .M., Witzig, T.E. and Adjei, A.A. (2005). Targeting apoptosis

pathways in cancer therapy. CA Cancer J. Clin. 55:178-194.

Giangrande, P.H., Zhu, W., Schlisio, S., Sun, X., Mori, S., Gaubatz, S. and
Nevins, J.R. (2004). A role for E2F6 in distinguishing G1/S-and G,/M-specific

transcription. Genes Dev. 18:2941-2951.

Godefroy, N., Lemaire, C., Mignotte, B. and Vayssiere, J.-L. (2006). p53 and
Retinoblastoma protein (pRb): A complex network of interactions. Apoptosis

11:659-661.

Grandori, C., Cowley, S.M., James, L.P. and Eisenman, R.N. (2000). The c-

Myc /max/mad network and the transcriptional control of cell behaviour. Annu.

Rev. Cell Dev. Biol. 16:563-699.

Green, D.R. and Kroemer, G. (2004). The pathophysiology of mitochondrial

cell death. Science 305:626-629.

Green, D.R. and Kroemer, G. (2005). Pharmacological manipulation of cell

death: clinical applications in sight? J. Clin. Invest. 115:2610-2617.

121



Haupt, S., Berger, M., Goldberg, Z. and Haupt, Y. (2003). Apoptosis - the p53

network. J. Cell Science 15:4077-4085.

Hengartner, M.O. (2000). The biochemistry of apoptosis. Nature 407:770-776.
Hervouet, E., Simonnet, H. and Godinot, C. (2007). Mitochondria and reactive

oxygen species in renal cancer. Biochemie 89:1080-1088.

Hofseth, L.J., Hussain, S.P. and Harris, C.C. (2004). p53: 25 years after its

discovery. Trends in Pharmacol. Science 25(4):177-181.

Holdenrieder, S. and Stieber, P. (2004). Review: Apoptotic markers in cancer.

Clin. Biochem. 37:605-617.

Hong, D.Y. and DeFillipps, R.A. (2000). Commelina diffusa, in Wu, Z.Y.,
Raven, P.H., Hong, D.Y. (eds). Flora of China Vol. 24, Beijing: Science Press,

St. Louis, Missouri Garden Press, pp 36.

Hsu, S., Singh, B. and Schuster, G. (2004). Induction of apoptosis in oral
cancer cells: agents and mechanisms for potential therapy and prevention.

Oral Oncol. 40:461-473.

Hsu, Y.L., Kuo, P.L., Tzeng, W.S. and Lin, C.C. (2006). Chalcone inhibits the

proliferation of human breast cancer cell by blocking cell cycle progression

and inducing apoptosis. Food Chem. Toxicol. 44:704-713.

122



http://botanical.com/site/column_poudhia/articles/_11840.html, 2008/02/07

Huang, S-T., Yang, R-C., Yang, L-J., Lee, P-N. and Pang, J-H.S. (2003).
Phyllanthus urinaria triggers the apoptosis and Bcl-2 down-regulation in Lewis

lung carcinoma cells. Life Sciences 72:1705-1716.

Immanuel, R.R. and Elizabeth, L.L. (2009). Weeds in agroecosystem: A
source of medicines for human health care. International J. PharmTech Res.

1(2):375-385.

Israels, E.D. and Israels, L.G. (2005). The cell cycle. Oncologist 5:510-513.

Issa, A.Y., Volate, S.R. and Wargovich, M.J. (2006). The role of
phytochemicals in inhibition of cancer and inflammation: New directions and

perspectives. J. Food Comp. Anal. 19:405-419.

Iwalewa, E.O., McGaw, L.J., Naidoo, V. and Eloff, J.N. (2007). Inflammation:
the foundation of disease and disorders. A review of phytomedicines of South
African origin used to treat pain and inflammatory conditions. Afr. J. Biotech.

6(25):2868-2885.

Jabeen, A., Khan, M.A., Ahmad, M., Zafar, M. and Ahmad, F. (2009).

Indigenous uses of commercially important flora of Margallah hills national

park, Islamabad, Pakistan. Afr. J. Biotech. 8(5):763-784.

123



Jin, Z. and EI-Deiry, W.S. (2005). Overview of cell death signaling pathways.

Cancer Cell Biol. Ther. 4(2):139163.

Johnson, D.G. and Walker, C.L. (1999). Cyclins and cell cycle checkpoints.

Ann. Rev. Pharmacol. Toxicol. 39:295-312.

Johnstone, R.W., Ruefli, A.A. and Lowe, S.W. (2002). Apoptosis: a link

between cancer genetics and chemotherapy. Cell 108:153-164.

Kanduc, D., Mittelman, A., Serpico, R., Sinigaglia, E., Sinha, A.A., Natale, C.,
Santacroce, R., Di Corcia, M.G, Lucchese, A., Dini, L., Pani, P., Santacroce,
S., Simone, S., Bucci, R. and Farber, E. (2002). Cell death: Apoptosis versus

necrosis. Int. J. Oncol. 21:165-170.

Kanemitsu, H., Yamauchi, H., Komatsu, M., Yamamoto, S., Okazaki, S.,
Uchida, K. and Nakayama, H. (2009). 6-Mercaptopurine (6-MP) induces cell
cycle arrest and apoptosis of neural progenitor cells in the developing fetal rat

brain. Neurotoxicol. Teratology 31:104-109.

Kasibhatla, S. and Tseng, B. (2003). Why target apoptosis in cancer

treatment. Mol. Cancer Ther. 2:573-580.

Kerr, J.F., Wyllie, A.H. and Currie, A.R. (1972). Apoptosis: A basic biological

phenomenon with wide-ranging implications in tissue kinetics. Br. J. Cancer

265:239-257.

124



Khosravi-Far, R. and Esposti, M.D. (2004). Death receptor signals to

mitochondria. Cancer Biol. Ther. 3:1051-1057.

Kim, R. (2005). Recent advances in understanding the cell death pathways

activated by anticancer therapy. Cancer 103:1551-1560.

Kim, R., Emi, M. and Tanabe, M. (2006). Role of mitochondria as the gardens

of cell death. Cancer Chemother. Pharmacol. 57:545-553.

Kim, Y.T. and Zhao, M. (2005). Aberrant cell cycle regulation in cervical

carcinoma. Yonsei Med. J. 46(5):597-613.

King, K.L. and Cidlowsky, J.A. (1995). Cell cycle and apoptosis: common

pathways to life and death. J. Cell Biochem. 58: 175-180.

Kirkin, V., Joos, S. and Zdrnig, M. (2004). The role of Bcl-2 family members in

tumorigenesis. Biochim. Biophys. Acta 1644:229-249.

Kroemer, G. (2003). Mitochondrial control of apoptosis: an introduction.

Biochem. Biophys. Res. Commun. 304:433-435.

Krueger, A., Bauman, S., Krammer, P.H. and Kirchhoff, S. (2001). FLICE-

inhibitory proteins: regulators of death receptor-mediated apoptosis. Mol. Cell

Biol. 21:8247-8254.

125



Lavin M.F. and Gueven, N. (2006). The complexity of p53 stabilisation and

activation. Cell Death Differ. 13:941-950.

Lavrik, I.N., Golks, A. and Krammer, P.H. (2005). Caspases: pharmacological

manipulation of cell death. J. Clin. Invest. 115:2665-2672.

Lee., D.-H., Kim, C., Zhang, L. and Lee, Y.J. (2008). Role of p53, PUMA, and
Bax in Wigonin-induced apoptosis in human cancer cells. Biochem.

Pharmacol. 75:2020-2033.

Letai, A. (2005). Pharmacological manipulation of Bcl-2 family members to

control cell death. J. Clin. Invest. 115: 2648-2655.

Levy, T.A., Buell, DN., Creech, C., Hirshaut, Y. and Silverberg, H. (1971).
Further characterisation of the WI-L1 lymphoblastoid lines. J. Nat. Cancer

Inst. 46:647-654.

Li, S., Zhao, Y., He, X., Kim, T.H., Kuharsky, D.K., Rabinowich, H., Chen, J.,
Du, C. and Yin, X.M. (2002). Relief of extrinsic pathway inhibition by the Bid-
dependent mitochondrial release of Smac in Fas-mediated hepatocyte

apoptosis. J. Biol. Chem. 277:26912-26920.

Lin, J.-C., Ho Y.-S,, Lee, J.-J., Liu, C.-L., Yong, T.-L. and Wu, C.-H. (2007).

Induction of apoptosis and cell cycle arrest in human colon cancer cells by

Meclizine. Foodchem. Toxicol. 45:953-944.

126



Liu, S., Li, J., Tao, Y. and Xiao, X. (2007). Small heat shock protein aB-
crystallin binds to p53 to sequester its translocation to mitochondria during
hydrogen peroxide-induced apoptosis. Biochem. Biophys. Res. Commun.

354:109-114.

Manandhar, N.P. and Manandhar, S. (2002). Plants and people of Nepal.

Timber Press, pp 167.

Marchetti, A., Cecchinelli, B., D'Angelo, M., D Orazi, G., Crescenzi, M.,
Sacchi, A. and Soddu, S. (2004). p53 can inhibit cell proliferation through

caspase-mediated cleavage of ERK2/MAPK. Cell Death Differ. 11:596-607.

Marsden, V.S. and Strasser, A. (2003). Control of apoptosis in the immune

system: Bcl-2, BH3- only proteins and more. Annu. Rev. Immunol. 21:71-105.

Matsumura, |., Tanaka, H. and Kanakura, Y. (2003). E2F1 and c-Myc in cell

growth and death. Cell Cycle 2(4):333-338.

Mbazima, V.G. (2005). The elucidation of the molecular and biochemical
anticancer mechanisms induced by extracts of Commelina benghalensis in
Wil-2 NS and Jurkat T cancer cell lines. M.Sc. Dissertation. University of

Limpopo. Sovenga, RSA.

127



Mbazima, V.G., Mokgotho, M.P., February, F., Rees, D.J.G. and Mampuru,
L.J. (2008). Alteration of Bax-to-Bcl-2 ratio modulates the anticancer activity of
methanolic extract of Commelina benghalensis (Commelinaceae) in Jurkat T

cells. Afr. J. Biotech. 7(20):3569-3576.

Michael, D. and Oren, M. (2002). The p53 and Mdm2 families in cancer. Curr.

Opin. Genet. Dev. 12:53-59.

Mdller, H. and Helin, K. (2000). The E2F transcription factors: key regulators

of cell proliferation. Biochim. Biophys. Acta 1470:M1-M12.

Nevins, J.R. (2001). The Rb/E2F pathway and cancer. Human Mol. Genetics

10(7):699-703.

Oren, M. (2003). Decision making by p53: life, death and cancer. Cell Death

Differ. 10:431-442.

Oster, S.K., Ho, C.S., Soucie, E.L. and Penn, L.Z. (2002). The Myc oncogene:

Marvellously complex. Adv. Cancer Res. 84:81-154.

Packham, G. and Stevenson, F.K. (2005). Bodyguards and assassins: Bcl-2

family proteins and apoptosis control in chronic lymphocytic leukaemia.

Immunol. 114:441-449.

128



Panka, D.J., Mano, T., Suhara, T., Walsh, K. and Mier, JW. (2001).
Phosphatidylinositol 3-kinase/Akt activity regulates cFLIP expression in

tumour cells. J. Biol. Chem. 276:6893-6896.

Parekh, J. and Chanda, S.V. (2008). Antibacterial activity of agueous and
alcoholic extracts of 34 Indian medicinal plants against some Staphylococcus

species. Turk. J. Biol. 32: 63-71.

Park, M.-T. and Lee, S.-J. (2003). Cell cycle and cancer. J. Biochem. Mol.

Biol. 23:60-65.

Pelengaris, S. and Khan, M. (2003). The many faces of c-Myc. Arch.

Biochem. Biophys. 416:129-136.

Pfaffl, M.W., Horgan, G.W. and Dempfle, L. (2002). Relative Expression
Software Tool (REST®) for groupwise comparison and statistical analysis of

relative expression results in real-time PCR. Nucleic Acids Res. 30:e36.

Phillips, A.C., Enerst, M.K., Rice, N.R. and Vousden, K.H. (1999). E2F1
potentiates cell death by blocking anti-apoptotic signaling pathways. Mol. Cell

4(5):771-781.

Phuthalakath, H. and Strasser, A. (2002). Keeping killers on a right leash:

transcriptional and post-translational control of the pro-apoptotic activity of

BH3-only proteins. Cell Death Differ. 9:505-512.

129



Pop, C., Timmer, J., Sperandio, S. and Salvesen, G.S. (2006). The

apoptosome activates caspase-9 by dimerisation. Mol. Cell 22:269-275.

Qin, Z-H., Wang, Y., Kikly, K.K., Sapp, E., Kegel, K.B., Aronin, N. and Difiglia,
M. (2001). Procaspase-8 is predominantly localised in the mitochondria and
released into cytoplasm upon apoptotic stimulation. J. Biol. Chem.

276(11):8079-8086.

Qureshi, R., Waheed, A., Arshad, M., Umbreen, T. (2009). Medico-

ethnobotanical inventory of Tehsil Chakwa, Pakistan. Pak. J. Bot. 41(2):529-

538.

Rathmell, J.C. and Thompson, C.B. (2002). Pathways of apoptosis in

lymphocyte development, homeostasis, and disease. Cell 109:S97-107.

Reed, J.C., Doctor, K.S. and Godzik, A. (2004). The domains of apoptosis: a

genomics perspective. Sci. STKE 2004(239): re9.

Rich, T., Allen, R.L. and Wyllie, A.H. (2000). Defying death after DNA

damage. Nature 407:777-783.

Roberts, J.M. (1999). Evolving ideas about cyclins. Cell 98:129-132.

Rupinder, S.K., Gurpreet, A.K. and Manjeet, S. (2007). Cell suicide and

caspases. Vasc. Pharmacol. 46:383-393.

130



Ryan, K.M., Phillips, A.C. and Vousden, K.H. (2001). Regulation and function

of the p53 tumour suppressor protein. Curr. Opin. Cell Biol. 13:332-337.

Salvesen, G.S. and Duckett, C.S. (2002). IAP proteins: blocking the road to

death’s door. Nat. Rev. Mol. Cell. Biol. 3(6):401-410.

Sancar, A., Lindsay-Boltz, L.A., Unsal-kaccmaz, K. and Lin, S. (2004).
Molecular mechanisms of mammalian DNA repair and DNA damage check

points. Annu. Rev. Biochem. 73:39-85.

Sandhya, B., Thomas, S., Isabel, W. and Shenbagarathai, R. (2006).
Ethnomedical plants used by Valaiyan community of Piranmalai hills
(Reserved forest), TamilNadu, India — a pilot study. Afr. J. Trad. CAM

3(11):101-114.

Schimmer, A.D. (2004). Inhibitor of apoptosis proteins: Translating basic

knowledge into clinical practice. Cancer Res. 64:7183-7190.

Schneider, U., Schwenk, H.U. and Bornkamm, G. (1977). Characterisation of
EBV-genome negative “null” and “T” cell lines derived from children with acute
lymphoblastic leukemia and leukemic transformed non-Hodgkin lymphoma.

Int. J. Cancer 19:621-626.

Schuler, M. and Green, D.R. (2001). Mechanisms of p53-dependent

apoptosis. Biochem. Soc. Trans. 7:684-688.

131



Schwartsmann, G., Ratain, M.J., Cragg, G.M., Wong, J.E., Saijo, N.,
Parkinson, D.R., Fujiwara, Y., Pazdur, R., Newton, D.J., Dagher, R. and
Leone, D. (2002). Anticancer drug discovery and development throughout the

world. J. Clin. Oncol. 20:47-59.

Schwartz, G.K. and Shah, M.A. (2005). Targeting the cell cycle: A new

approach to cancer therapy. J. Clin. Oncol. 23:9408-9421.

Senderowicz, A.M. (2003). Small-molecule cyclin dependent kinase

modulators. Oncogene 22:6609-6620.

Seraste, A. and Pulkki, K. (2000). Morphologic and biochemical hallmarks of

apoptosis. Cardiovasc. Res. 45(3):528-537.

Sherr, C.J. (2006). Divorcing ARF and p53: an unsettled case. Nat. Rev.

Cancer 6:663-673.

Sherr, C.J. and Roberts, J.M. (1999). Cdk inhibitors: positive and negative

regulators of G;-phase progression. Genes Dev. 13:1501-1512.

Shi, Y. (2002a). Mechanisms of caspase activation and inhibition during

apoptosis. Mol. Cell. 9:459-470.

Shi, Y. (2002b). Apoptosome: the cellular engine for the activation of caspase-

9. Structure (Camb) 10:285-288.

132



Shi, Y., Sahu, R.P and Srivastava, S.K. (2008). Triphala inhibits both in vitro
and in vivo xenograft growth of pancreatic tumour cells by inducing apoptosis.

BMC Cancer 8:294-310.

Shiah, H.-S., Lee, W.-S., Juang, S.-H., Hong, P.-C., Lung, C.-C., Chang, C.-
J., Chou, K.-M. and Chang, J.-Y. (2007). Mitochondria-mediated and p53-
associated apoptosis induced in human cancer cells by a novel Selenophene

derivative, D-501036. Biochem. Pharmacol. 73:610-619.

Shu, K.X., Li, B. and Wu, L.X. (2007). The p53 network: p53 and its

downstream genes. Col.Surf B: Bio Interfaces. 55:10-18.

Sikdar, M. and Dutta, U. (2008). Traditional phytotherapy among the Nath

people of Assam. Ethno-Med. 2(1):39-45.

Singh, A.K., Raghubanshi, A.S. and Singh, J.S. (2002). Medical ethnobotany
of the tribals of Sonaghati of Sonbhadra district, Uttar Pradesh, India. J.

Ethnopharmacol. 81:31-41.

Singh, R.P., Dhanalakshmi, S. and Agarwal, K. (2002). Phytochemicals as cell

cycle modulators: A less toxic approach in halting human cancers. Cell Cycle

1(3):156-161.

133



Srivastava, J.K. and Gupta, S. (2006). Tocotrienol-rich fraction of palm oil
induces cell cycle arrest and apoptosis selectively in human prostate cancer

cells. Biochem. Biophys. Res. Commun. 346:447-453.

Stennicke, H.R. and Salvesen, G.S. (2000). Caspases-controlling intracellular

signals by protease zymogen activation. Biochim. Biophys. Acta 1477:299-

306.

Stevens, C. and La Thangue. (2003). E2F and cell cycle control: a double-

edged sword. Arch. Biochem. Biophys. 412:157-169.

Strasser, A. (2005). The role of BH3-only proteins in the immune system. Nat.

Rev. Immunol. 5(3):189-200.

Strasser, A., O’Connor, L. and Dixit, V.M. (2000). Apoptosis signaling. Annu.

Rev. Biochem. 69:217-245.

Sutcliffe, J.E. and Brehm, A. (2004). Of flies and men; p53, a tumour

suppressor. FEBS Lett. 567:86-91.

Swanton, C. (2004). Cell cycle targeted therapies. Lancet Oncol. 5:27-36.

Taylor, W.R. and Stark, G.R. (2001). Regulation of the G,/M transition by p53.

Oncogene 20:1803-1815.

134



Tsantoulis, P.K. and Gorgoulis, V.G. (2005). Involvement of E2F transcription

factor family in cancer. Eur. J. Cancer 416:2403-2414.

Tweddle, D.A., Pearson, A.D.J., Haber, M., Norris, M.D., Xue, C., Flemming,
C. and Lunec, J. (2003). The p53 pathway and its inactivation in

neuroblastoma. Cancer Lett. 197:93-98.

van der Burg, W.J. (2004). Commelina benghalensis L. In: Grubben, G.J.H.
and Denton, O.A. (eds). PROTA 2: vegetables/Legumes (CD-Rom). PROTA,

Wageningen, Netherlands.

Wang, J. and Lenardo, M.J. (2000). Roles of caspases in apoptosis,
development, and cytokine maturation revealed by homozygous gene

deficiencies. J. Cell Science 113:753-757.

Webster, T.M., Burton, M.G., Culpepper, A.S., York, A.C. and Prostko, E.P.
(2005). Tropical spiderwort (Commelina benghalensis). A tropical invader
threatens agroecosystems of the southern United States. Weed Tech. 19:

501-508.

Widodo, N., Kaur, K., Shrestha, B.G., Takagi, Y., Ishii, T., Wadhawa, R. and
Kaul, K.C. (2007). Selective killing of cancer cells by leaf extract of
Ashwagandha: Identification of a tumour-inhibitory factor and the first

molecular insights to its effect. Clin Cancer Res. 13(7):2298-2306.

135



Wong, B.-S., Hsiao, Y.-C., Lin, T.-W., Chen, K.-S., Chen, P.-N., Kuo, W.-H.,
Chu, S.-C. and Hseih, Y.-S. (2009). The in vivo apoptotic effects of Mahonia
oiwakensis on human lung cancer cells. Chem. Biol. Interactions 180:165-

174.

Wyllie, A.H., Kerr, J.F. and Currie, A.R. (1980). Cell death: the significance of

apoptosis. Int. Rev. Cytol. 68:251-306.

Xie, J. and Shaikh, Z.A. (2006). Cadmium induces cell cycle arrest in rat

kidney epithelial cells in G,/M phase. Toxicol. 224:56-65.

Yang, Y., Fang, S., Jensen, J.P., Weissman, A.M. and Ashwell, J.D. (2000).

Ubiquitin protease ligase activity of IAPs and their degradation in proteosomes

in response to apoptotic stimuli. Science 288:874-877.

Yee, K.S. and Vousden, K.H. (2005). Complicating the complexity of p53.

Carcinogenesis 26:1317-1322.

Youle, R.J. and Strasser, A. (2008). The Bcl-2 protein family: opposing

activities that mediate cell death. Nat. Rev. Mol. Cell Biol. 9:47-59.

Yu, J. and Zhang, L. (2005). The transcriptional targets of p53 in apoptosis

control. Biochem. Biophys. Res. Commun. 331:851-858.

136



Zimmermann, K.C., Bonzon, C. and Green, D.R. (2001). The machinery of

programmed cell death. Pharmacol. Ther. 92:57-70.

Zornig, M., Hueber, A-O., Baum, W. and Evan, G. (2001). Apoptosis

regulators and their role in tumorigenesis. Biochim. Biophys. Acta 1551:F1-

F37.

137



Appendix

Al: Abstract for conference oral presentation

1. Growth inhibitory and apoptosis inducing effects of crude methanolic
extracts of Commelina species through modulation of apoptosis

regulatory genes in Wil-2 NS and Jurkat T cancer cell lines.

Mbazima, V.G and Mampuru, L.J.

Biochemistry Discipline, School of Life and Molecular Sciences, University of the

North, Private Bag X 1106, Sovenga, 0727, Limpopo Province, South Africa.

Extracts of Commelina species used in our study, although not extensively
documented, are frequently used in traditional medicine for the treatment of
ailments such as skin ulcers and skin lumps. In this study, we investigated the
effects of CMEC on cell proliferation and the induction of apoptosis in cultured
Wil-2 NS and Jurkat T cancer cell lines. CMEC inhibited cell proliferation and
decreased cell viability in a time and dose dependent manner, as determined
by the Coulter counter, trypan blue dye exclusion assay, respectively. Other
results revealed that CMEC induced classical morphological changes
associated with apoptosis and modulated the expression levels of apoptosis
regulatory genes, such as, bax, bcl-2 and p53, as demonstrated by Western
blot analysis and RT-PCR. Taken together, the data strongly suggest that the
crude extracts of Commelina species contain bioactive compounds that may
be beneficial in the treatment of cancerous growths and this apparent anti-
neoplastic activity is a consequence of dysregulated expression of apoptosis-

responsive genes.

+ Presented at the South African Society of Biochemistry and Molecular
Biology (SASBMB) XIX" conference held at the University of Stellenbosch
from 16-20 January 2005.
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1. Pro-apoptotic effects of Commelina species on Jurkat T cancer cell

line

Mbazima, V.G and Mampuru, L.J

Department of Biochemistry, Microbiology and Biotechnology, School of Life and
Molecular Sciences, University of Limpopo, Turfloop Campus, Private Bag X 1106,

Sovenga, 0727, Limpopo Province, South Africa.

Extracts of Commelina species used in our study, although not extensively
documented, are frequently used in traditional medicine for the treatment of ailments
such as skin ulcers and skin lumps. In this study, we investigated the effects of crude
methanolic extracts of Commelina (CMEC) on cell proliferation and the induction of
apoptosis in cultured Jurkat T cancer cell lines. CMEC inhibited cell proliferation and
decreased cell viability in a time and dose-dependent manner, as determined by the
Coulter counter and trypan blue dye exclusion assay, respectively. Other results
revealed that CMEC induced classical morphological changes associated with
apoptosis and modulated the expression levels of apoptosis regulatory genes, such
as, bax, bcl-2 and p53, as demonstrated by Western blot analysis and RT-PCR.
Taken together, the data strongly suggest that the crude extracts of Commelina
species contain bioactive compounds that may be beneficial in the treatment of
cancerous growths and this apparent anti-neoplastic activity is a consequence of

dysregulated expression of apoptosis-responsive genes.

+ Presented at the Indigenous plant use forum (IPUF) conference held at

the University of Botswana from 3-6 July 2006.

+ Presented at the Molecular and Cell Biology Group (MCBG) annual
symposium held at the University of Witwatersrand on October 12, 2006.
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2. The crude methanol extract of Commelina benghalensis induces G,/M

phase arrest and apoptosis in Wil-2 NS cells

Mbazima, V.G and Mampuru, L.J

Department of Biochemistry, Microbiology and Biotechnology, School of Life and
Molecular Sciences, University of Limpopo, Turfloop Campus, Private Bag X 1106,
Sovenga, 0727, Limpopo Province, South Africa.

Commelina species used in this study is used in traditional medicine in the
eastern and northern parts of South Africa. It is used for the treatment of skin
outgrowth, epilepsy, stomach disorders. We have evaluated CMECB as a
cancer chemopreventative agent in vitro by studying its role in the regulation
of proliferation, cell division cycle and apoptosis in Wil-2 NS cancer cell line.
CMECSB inhibited cell proliferation and induced G,/M arrest and apoptosis in
Wil-2 NS cells. CMECB-induced apoptosis in Wil-2 NS cells is mediated via
the modulation of the intrinsic apoptotic pathway. Upregulation and
phosphorylation of p53 resulted in the down regulation of the anti-apoptotic
protein Bcl-2. The altered expression of Bcl-2 triggered the release of
cytochrome ¢ and activation of caspase-9 followed by activation of effector
caspase-3 leading to PARP cleavage and apoptosis. In summary, inhibition of
Wil-2 NS cells proliferation is related to cell cycle arrest at the G,/M and

induction of caspase-mediated apoptosis.

4 Presented at the Bio-08 conference held in Grahamstown from 21-25 January
2008.
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Mampuru. Inhibition of Wil-2 NS cells proliferation is related to G,/M arrest
and induction of caspase-mediated apoptosis. African Journal of
Traditional, Complementary and Alternative Medicines. Abstracts of the
world congress on medicinal and aromatic plants (WOCMAP), Cape Town
November 2008.
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ABSTRACTS OF THE WORLD CONGRESS ON MEDICINAL AND AROMATIC PLANTS, CAPE TOWN
NOVEMBER 2008 = Mbazima

INHIBITION OF WIL-2 NS CELLS PROLIFERATION IS
RELATED TO G2/M ARREST AND INDUCTION OF
CASPASE-MEDIATED APOPTOSIS

V. G. Mbazima, M. P. Mokgotho, P. Masoko, R. L. Howard, L. J. Mampuru

Abstract

Commelina benghalensis L is an annual or perennial herb with fleshy creeping
stems that root readily at the nodes. The plant is used in the eastern and
northern parts of South Africa as a crude medicinal agent in the treatment of
stomach disorders, skin lumps and/or on cancerous skin outgrowths. We have
evaluated CMECB for its possible chemopreventative application in vitro by
studying its role in the regulation of proliferation, cell division cycle and
apoptosis in Wil-2 NS cancer cell line. CMECB inhibited cell proliferation and
induced Gy/M arrest and apoptosis in Wil-2 NS cells. CMECB-induced
apoptosis of Wil-2 NS cells is mediated via the modulation of the intrinsic
apoptotic pathway. Up-regulation and phosphorylation of p53 resulted in the
down regulation of the anti-apoptotic protein Bcl-2. The altered expression of
Bcl-2 triggered the release of cytochrome c and activation of caspase-9
followed by activation of effector caspase-3 thus leading to PARP cleavage
and apoptosis. In conclusion, CMECB exerts its anti-neoplastic effects by
modulating the cell cycle and apoptosis regulatory genes.
Acknowledgements: National Research Foundation (NRF) and the University

of Limpopo senate research fund for financial support.
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Stem extracts of Commelina benghalensis (Linn.), although not extensively documented, are frequently
used in traditional medicine for the treatment of ailments such as skin malformations and outgrowths.
Accordingly, the study was aimed to investigate possible molecular mechanisms that are associated
with the potential anti-carcinogenic property of this agrofield weed. Jurkat T cells were exposed to
different concentrations (0-600 pg/ml) of the crude methanolic extract of C. benghalensis to evaluate
their growth inhibitory and apoptosis inducing effects. The extract elicited a dose- and time-dependent
inhibition of cell proliferation, followed by a concomitant decrease in cell viability. The observed
cytotoxicity was linked to the induction of apoptosis as determined by morphological and biochemical
features known to be associated with the advent of apoptosis. Real time quantitative RT-PCR and
Western blot analyses of Bax, Bcl-2 and p53 exhibited aberrant expression profiles of these genes
under various treatment conditions. Taken together, the data suggest that the crude methanolic extract
of C. benghalensis contains bioactive compounds that may be beneficial in the treatment of malignant
growths, and that this apparent antineoplastic activity is a consequence of dysregulated expression of
apoptosis-responsive genes. These observations could provide a credible scientific justification upon
which the ethnopharmacological utilisation of C. benghalensis is founded.

Key words: Apoptosis, Bcl-2, Bax, p53, Commelina benghalensis; Jurkat T cells.

INTRODUCTION

Plant-derived compounds and extracts have traditionally
played important roles in the treatment of a number of
human diseases (Farnsworth, 1984; Cox, 1994;
Taraphdar et al., 2001). Recent studies suggest that a
number of anticancer drugs have side effects and
encounter resistance from slow growing cancers. Thus,
there is a need to develop new, safe and effective
prototype anticancer drugs from natural products (Yang

*Corresponding author. E-mail: Leseilanem@ul.ac.za. Tel. +27-
15-268-3018. Fax. +27-15-268-3234.

et al., 2000; Taylor et al., 2001). Indeed, recent studies
on tumour inhibitory compounds of plant origin have
yielded an impressive array of novel structures, with
notable drugs such as taxol. These new prototypes could
serve as templates in the design of potential chemo-
therapeutic agents. A successful anticancer drug should
kill or incapacitate cancer cells without causing excessive
damage to normal cells (Yi et al,, 2003). This ideal
situation is achievable by inducing apoptosis in cancer
cells.

Apoptosis is a defined form of cell death, which plays
an important role in the development of multicellular
organisms and in the regulation and maintenance of the
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populations in tissues under physiological and patholo-
gical conditions (Leist and Jaattela, 2001). Apoptotic cells
are characterised by a number of morphological features
such as cell shrinkage, membrane blebbing, chromatin
condensation and the formation of apoptotic bodies
(Zimmerman et al., 2001; Orienius, 2004). Some of the
morphological changes associated with apoptosis occur
as a result of the activation of endogenous endonu-
cleolytic and proteolytic (caspases) enzymes that, in turn,
mediate the cleavage of DNA into fragments as well as
protein substrates, which usually determine the integrity
and shape of the cytoplasm and organelles (Seraste and
Pulkki, 2000; Denault and Salvesen, 2002; Kasibhatla
and Tseng, 2003). Furthermore, apoptosis is regulated
and executed by different interplay of many genes res-
ponsive to various stimuli (Huang and Cidlowski, 2002).
The most widely studied genes involved in apoptosis are
the bcl-2 family members and p53; these are major
regulators of the apoptotic process, whereas caspases
are the major executioners (Cohen, 1997).

The tumour suppressor protein p53 is a transcription
factor that regulates various genes involved in the
regulation of cellular response to DNA-damage, cell cycle
control and induction of apoptosis (Xie and Shaikh, 2006;
Liu et al., 2007). p53 is reported to induce apoptotic cell
death by directly or indirectly modulating the expression
of the Bcl-2 family of proteins (Bax and Bcl-2). The Bcl-2
family of proteins play an important role in the control of
apoptosis by regulating mitochondrial membrane
permeability (Hofseth et al., 2004). The family includes a
number of anti-apoptotic members such as Bcl-2 and Bcl-
X, as well as pro-apoptotic members including Bax and
Bad (Scatena et al., 1998). Bax is a pro-apoptotic mem-
ber of the Bcl-2 family that resides in the cytosol.
Together with other pro-apoptotic family members, Bax
promotes apoptosis by forming homodimeric and hetero-
dimeric complexes that result in the formation of channels
or pores on the mitochondrial membrane to facilitate the
release of cytochrome ¢ and apoptosis-inducing factors
(AlFs) from mitochondrial intermembrane spaces into the
cytosol. The formation of these pores results in the loss
of the selective ion permeability across the mitochondrial
membrane. The intracisternal contents that are released
into the cytosol triggers a cascade of events that
culminate in the execution of apoptosis through activation
of caspases (Israels and Israels, 1999).

In contrast, the anti-apoptotic Bcl-2 protein localises the
outer mitochondrial membrane and mediates its anti-
apoptotic effects by stabilising the integrity of the
mitochondrial membrane. The stabilisation of the
mitochondrial membrane leads to the inhibition of the
permeability transition pore and the release of cyto-
chrome c¢ (Vander and Thompson, 1999), and this is
achieved by formation of heterodimers with pro-apoptotic
members of such as Bax and Bak, thus neutralising their
activity (Zérnig et al., 2001). Indeed, heterodimerisation

of pro- and anti-apoptotic proteins was shown to antago-
nise apoptosis (Zérnig et al., 2001). Thus, the sensitivity
of cells to apoptotic stimuli will depend upon the relative
ratios of Bax/Bax homodimers, Bax/Bcl-2 heterodimers
and Bcl-2/Bcl-2 homodimers (Israels and Israels, 1999).
Additionally, over expression of Bcl-2 prevents the
activation of caspases in apoptosis and hypoxia-induced
necrosis, suggesting that Bcl-2 prevents cell death by
acting upstream of the activation of caspases
(Chinnaiyan and Dixit, 1996).

Commelina benghalensis Linn. [family: Commelina-
ceae] commonly known as the Benghal dayflower or
tropical spiderwort, is an annual or perennial herb native
to the tropical and subtropical Asia and Africa. It is widely
distributed in the eastern and northern parts of South
Africa, including the Limpopo province. The stem sap
squeezed from C. benghalensis is topically used, in local
traditional medicine, for the treatment of skin lumps or
skin outgrowths (K. Mabela, personal communication). In
the Chhattisgarh province of India, C. benghalensis
(locally called common Rice weed or Kaua-Kaini) is used
by senior traditional healers in the treatment of cancer
(http://botanical.com/site/column_poudhia/articles/_11840
.html). Additionally, the plant is used medicinally in China
as a diuretic, febrifuge and an anti-inflammatory agent
(Hong and DefFillipps, 2000). The plant is also used as
animal fodder and vegetable, as a laxative and to cure
inflammations of the skin as well as leprosy (Qaiser and
Jafri, 1975). However, there is virtually no scientific
substantiation to support and validate the above claims. It
was, therefore, the objective of this study to try to
delineate and validate some of the cellular and molecular
mechanism(s) associated with the anticancer activity of
C. benghalensis L.

MATERIALS AND METHODS
Reagents

RPMI-1640 media and foetal bovine serum (FBS) were purchased
from Highveld Biologicals (Pty) Ltd, Lyndhurst, South Africa.
Penicillin, streptomycin and neomycin, (PSN) antibiotic cocktail from
Gibco, Auckland, New Zealand. Monoclonal IgG primary antibodies,
Goat anti-mouse IgG-HRP conjugated secondary antibodies, and
Western blotting luminol reagent from Santa-Cruz, Biotechnology Inc.,
USA. DMSO and Tween-20 from Merck Laboratory Suppliers (Pty).
Sodium  dodecyl-sulphate  (SDS), BDH Laboratory Suppliers.
Phenylmethylsulfonyl fluoride (PMSF) from Boehringer-Mannheim,
Germany. Bromophenol blue, Coomassie blue R200, Sodium
chloride, Ethanol, and Methanol from Saarchem (Pty) Ltd, South
Africa.

Preparation of crude extract

Frozen stems of C. benghalensis (CB) were minced in liquid
nitrogen using a wharing blendor. Ground stems were weighed and
exhaustively extracted with absolute methanol (1 g/10 ml, w/v) at
room temperature for 24 h. The resultant methanolic extract was
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Table 1. The primers used for the amplification of the respective genes in the

real time quantitative RT-PCR.

Gene

Primer Sequence

Bax

Forward primer: 5'-GCCCTTTTGCTTCAGGGTTT-3'
Reverse primer: 5'-TCC AAT GTC CAG CCC ATG AT-3

Bcl-2

Forward primer: 5'-GACAGAAGATCATGCCGTCC-3'
Reverse primer: 5'-GGTACCAATGGCACTTCAAG-3'

GAPDH

Forward primer: 5'- ACCCACTCCTCCACCTTTG-3'
Reverse primer: 5'- CTCTTGTGCTCTTGCTGGG-3'

HPRT

Forward primer: 5'-TGACACTGGCAAAACAATGCA-3'
Reverse primer: 5'-GGTCCTTTTCACCAGCAAGCT-3'

then filtered through No.2 Whatman filter paper and the filtrate was
dried at 40°C under low pressure using a Blichi rotavapor R-205
(Blichi Labortechnik AG, Switzerland). The dried extract was
weighed and dissolved in 100% dimethyl sulphoxide (DMSO) to an
appropriate concentration and stored as a stock solution under dark
conditions at -20°C until required.

Cell culture and treatment

Jurkat T cells were obtained from the American type culture collec-
tion (ATCC, Baltimore, USA). The cultures were grown and
maintained in tissue culture flasks at 37°C in a humidified atmos-
phere at 95% air/5% CO. in RPMI-1640 supplemented with 10%
(v/v) heat inactivated foetal bovine serum (FBS) and 1% antibiotic
(Penicillin, Streptomycin and Neomycin, PSN) cocktail. For the
treatment of experimental cultures, the extract solution (stock) was
diluted with RPMI-1640 medium supplemented with 10% FBS to
give final concentrations ranging from 0 to 600 pug/ml. The prepared
concentrations were filter sterilised through a 0.22 um pre-sterilised
GP express plus steritop™ filter (Millipore Corporation, MA, USA)
before testing. Both solvent controls (DMSO) and experimental
cultures received equivalent amounts of DMSO at concentrations
less than 0.1%. Normal Monkey Vero cells were used as normal
control cells.

Cell proliferation and assessment of cell viability

To determine the effect of the crude methanolic extract of C.
benghalensis (CMECB) in respect of dosage and time on cell
growth, Jurkat T cells (1x10° cells/ml) were treated with different
concentrations (0, 100, 250, 400 and 600 pg/ml) of the extract and
incubated for 24, 48 and 72 h. To assess the effect of the extract on
cell proliferation after each treatment, cells were sampled and
counted at different times of incubation using a Coulter counter
model Z; (Coulter Electronics, (Pty), Ltd, UK). Cell viability was
assessed by staining cells with 0.4% trypan blue dye. Numbers of
dead and viable cells were counted using a haemocytometer under
a light microscope (Carl Zeiss, Germany); cell viability was
expressed as percentage per 100 cells counted.

Morphological examination of apoptosis

The morphology of experimental cultures was analysed by fluore-
scence microscopy after 24 h of treatment. CMECB-treated and

untreated cells were harvested by centrifugation (100 x g), washed
twice in ice-cold phosphate-buffered saline, PBS (pH 7.4), and re-
suspended in 300 pg/ml acridine orange/1 mg/ml ethidium bromide
dual stain in PBS (pH 7.4) for 10 min. Cellular and nuclear
morphological changes indicative of the occurrence of apoptosis
were then evaluated under fluorescence microscopy (Axioplan,
Zeiss, Germany). Acridine orange stains early stage apoptotic cells,
whereas late-stage apoptotic cells (that have lost their membrane
integrity) stain with ethidium bromide.

Real time quantitative RT-PCR analysis of apoptosis-regulatory
genes

Expression levels of Bax and Bcl-2 mRNA were analysed by the
real time quantitative reverse transcription-polymerase chain reac-
tion (gRT-PCR) technique. Experimental cells were treated with
various concentrations of CMECB and then harvested at 24, 48 and
72 h. The cells were washed twice with ice-cold PBS. Total RNA
was isolated using the high pure RNA isolation kit according to the
manufacturer’s instructions (Perkin-Elmer, Roche Diagnostics). The
integrity and purity of RNA was electrophoretically verified by
formaldehyde agarose gel stained with ethidium bromide and
optical density (OD) absorption ratio OD2sonm/OD2sonm, respectively.

One microgram (1 pg) of RNA was reverse transcribed into cDNA
in a reverse transcription reaction mixture containing 1x PCR buffer,
0.5 mM deoxy-nucleoside triphosphates (dNTPs), one unit of
RNase inhibitor, 2.5 pM of oligo d(T), and 2.5 units of MuLV
reverse transcriptase (Perkin-Elmer, Roche Molecular Systems, Inc,
New Jersey, USA). After 10 min of incubation at room temperature
to allow primer annealing, the reaction mixture was incubated at
42°C for 15 min, heated to 95°C for 5 min, and chilled at 4°C for 5
min in a GeneAmp thermal cycler (Applied Biosystems). Two
microliters (2 ul) of the resultant cDNA products was used for PCR
amplification.

Real time quantitative RT-PCR was performed on a Lightcycler
2.0 system (Roche Applied Systems) to analyse the expression
levels of Bax and Bcl-2 relative to the housekeeping genes, HPRT
and GAPDH. Primers sets for HPRT, GAPDH, Bax and Bcl-2, were
designed using the Real-Time Quantitative PCR probe design
software (Roche Applied Systems). The primers used for the
amplification of the respective genes are listed in Table 1. PCR
reactions for these primers were first optimised using conventional
PCR and product sizes were verified by electrophoresis on a 2%
agarose gel.

For quantitative Real-Time PCR, 20 ul amplification mixtures
(LightCycler Faststart DNA Master™ " SYBR Green Reaction Mix;
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Figure 1. The effects of CMECB on the proliferation (A) and viability
(B) of Jurkat T cells. Cells were cultured with or without different
concentrations of CMECB for 24, 48 and 72 h. Cell number and
percentage cell viability were determined using a Coulter counter
and trypan blue dye exclusion assay, respectively. Each data point
represents the mean + S.D value of three independent experiments
performed in triplicates. *Indicates the statistical difference between
control and CMECB treated cells. *p<0.05, **p<0.01.

Roche Applied Science) were prepared as per manufacturer’s
instructions, containing cDNA (equivalent to 100 ng reverse-
transcribed RNA) and 0.5 uM of each primer (Table 1). The cycling
conditions were: 10 min polymerase activation at 95°C and 40
cycles at 95°C for 15 s, 58°C for 15 s, and 72°C for 15 s.

Quantification of the molecular concentration of template cDNA
was performed with the standard curve method for relative
quantification. The Real-Time PCR efficiencies (E) were calculated
for each gene. The baseline and the threshold were automatically
set by the software. The crossing point of the amplification curve
with the threshold represents the cycle threshold (Ct). In addition,
the real-time reaction of the products was checked by melting point
analysis after each reaction.

The expression levels of Bax and Bcl-2 was determined relative
to HPRT and GAPDH using both the geNORM excel spreadsheet
(Vandesompele et al., 2002) and the Relative expression software
tool (REST-384) (Pfaffl et al., 2002).

Western blotting

After treatment with various concentrations of CMECB, cells were
collected by centrifuging at 100 x g and washed twice with ice-cold

PBS (pH 7.4) and lysed in 1 ml lysis buffer (2 mM Tris-HCI, pH 8.0,
1% Nonident P-40, 13.7 mM NaCl, 10% glycerol, 1 mM sodium
orthovanadate (NaVQOs), 1 mM phenylmethyl-sulfonyl fluoride and
10 pg/ml Aprotinin) for 20 min on ice. Lysates were centrifuged at19
000 x g for 15 min at 4°C, and aliquots of the supernatants were
used to determine protein concentration using the BCA assay
(Pierce, Rockford, USA). Aliquots containing equal amounts of
proteins (20 - 30 pg) were boiled in 2 x sodium dodecyl sulfate
(SDS) sample loading buffer (125 mM Tris-HCI, 4% (w/v) SDS, 20%
(v/v) glycerol, 10% (v/v) 2-mercaptoethanol, pH 6.8) before being
resolved on a 12% sodium dodecyl sulfate-polyacrylamide gel
(SDS-PAGE). Proteins on the gels were then electro-blotted onto
Immobilon-P transfer membrane (Millipore Corporation, Bedford,
USA) using a blotting buffer (10% methanol, 10 mM CAPS, pH
11.0) at 200 mA for 2 h at 4°C. Following electro-blotting, the
membranes were blocked with 0.05% TBS-Tween (20 mM Tris-HCI,
200 mM NacCl, pH 7.4) containing 5% non-fat dry milk for 1 h at
room temperature. After blocking, the membranes were washed
three times for 10 min each with wash buffer (0.05% TBS-Tween
without milk), and then incubated with specific primary goat anti-
mouse Bcl-2 antibody (1: 1000), goat anti-mouse Bax antibody (1:
500), and goat anti-mouse p53 antibody (1: 1000) for overnight at
4°C. After washing three times with washing buffer for 10 min each,
membranes were further incubated for 1 h in the presence of a
peroxidase (HRP)-conjugated secondary antibody (1: 10 000)
diluted with blocking buffer. The membranes were washed again as
described above and immunoreactive proteins were then detected
using the Western blotting luminol reagent (Santa-Cruz Biotechno-
logy Inc., Santa-Cruz, CA, USA) following the manufacturer’s
protocol.

Statistical analysis

The results of each series of experiments (performed in triplicates)
are expressed as the mean values * standard deviation of the
mean (SD). Levels of the statistical significance were calculated
using the paired student t-fest when comparing two groups, or by
analysis of variance (ANOVA). P-values of < 0.05 were considered
significant.

RESULTS
CMECSB inhibits cancer cell growth

To evaluate the potential use of CMECB as a chemothe-
rapeutic agent, Jurkat T cells were incubated in the
absence or presence of different concentrations of the
extract for 24, 48 and 72 h. CMECB was demonstrated to
inhibit cellular proliferation of Jurkat T cells in a dose- and
time-dependent manner (Figure 1A). This anti-prolife-
rative property of CMECB suggested cell death in the
experimental cultures. This was confirmed by cell viability
assay using the trypan blue dye exclusion method. The
results demonstrated that CMECB not only inhibited
cellular proliferation of Jurkat T cells but also decreased
their viability in a dose- and time-dependent manner
(Figure 1B). Statistically significant (p-value <0.05) inhibi-
tion of cell proliferation and reduction in cell viability was
observed at high doses of the extract. Normal Monkey
Vero cells were used as normal control cells. Extract



Figure 2. Cellular and nuclear morphological changes of Jurkat T
cells following exposure to various concentrations of CMECB for 24
h. Experimental conditions were as follows: A = untreated cells in
the presence of DMSO, B = 100 ug/ml, C = 250 pg/ml, D = 400
ug/ml and E = 600 ug/ml. Note the morphological features that are
indicative of cells undergoing apoptosis (see arrows).

concentrations of up to 500 pg/ml were demonstrated to
be non-cytotoxic to normal Monkey Vero cells tested
(data not shown).

CMECB induces morphologic changes indicative of
apoptosis

Cellular and nuclear morphological changes of CMECB-
treated cells were assessed to determine whether the
observed anti-proliferative effects, and the concomitant
decrease in cell viability, were a consequence of an
apoptotic process. Extract-treated cells displayed mor-
phological changes typical of an apoptotic process
including cellular shrinkage, condensation and margina-
tion of the chromatin, and the formation of apoptotic
bodies (Figure 2B-2E). On the other hand, untreated cells
showed intact chromatin and the normal round-to-oval
cellular shapes (Figure 2A). These results suggest that
CMECB induces Jurkat T cell death through the process
of apoptosis.
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CMECB modulates Bax-to-Bcl-2 mRBRNA expression
ratio

The Bcl-2 family of proteins plays an important role in the
regulation of apoptosis. Thus, in order to understand the
molecular or biochemical mechanisms by which CMECB
induces apoptosis in Jurkat T cells, we analysed the
expression levels of Bax and Bcl-2 after CMECB treat-
ment using real time quantitative RT-PCR. The real time
quantitative RT-PCR data demonstrated that treatment of
Jurkat T cells with CMECB did not have any effect on the
expression levels of Bcl-2 mRNA after 24 h of treatment
(data not shown). However, there was decreased
expression of Bcl-2 mRNA levels in the presence of 100,
400 and 600 pg/ml of the extract after 48 and 72 h of
treatment (Figure 3 shows expression data for treatment
after 48 h). Bcl-2 mRNA expression was down-regulated
by factors of 2.5 (p-value = 0.022) and 6.8 (p-value =
0.034) in samples treated with 100 and 400 pg/ml
CMECB, respectively, for 48 h in comparison with the
untreated samples. On the other hand, Bax mRNA
expression levels showed 3.1 (p-value = 0.046) and 5.2
(p-value = 0.047) fold increases after treatment with 100
and 400 ug/ml CMECB, respectively, for 48 h in
comparison with the untreated samples.

CMECB induces apoptosis by regulating the
expression of Bax, Bcl-2 and p53 proteins

Western blot analysis of Bcl-2 and Bax proteins showed
that CMECB down-regulated Bcl-2 protein levels in a
dose-dependent manner (Figure 4A). Increased Bax
protein levels were observed in cultures treated with 100
and 250 pg/ml of the extract after 24 and 48 h of
treatment. We also observed increased Bax protein
levels in all treated cells after 72 h (Figure 4A). These
results suggest that the down-regulation of Bcl-2 expres-
sion and a concomitant increased expression of Bax
might, in part, contribute to the occurrence of the
apoptotic process in CMECB-treated Jurkat T cells. Den-
sitometric analysis was subsequently used to corroborate
the observed down-regulation of Bcl-2 and the up-
regulation of Bax (Figure 4B).

The possible role of p53 in the CMECB-induced apop-
tosis of Jurkat T cells was also investigated. Western blot
analysis demonstrated a dose- and time- dependent up-
regulation of p53, and phosphorylation at 48 and 72 h
(Figure 4A). The results suggested that CMECB-induced
apoptosis of Jurkat T cells could be mediated through a
p53-dependent pathway.

DISCUSSION

The aim of the present study was to evaluate the effect of
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Figure 3. Effects of CMECB on bax and bcl-2 mRNA expression levels in Jurkat T cells
after 48 h. Cells were treated with various concentrations of CMECB or vehicle control
(DMSO) and mRNA expression levels were determined by quantitative real time RT-PCR.

the crude methanolic extract of C. benghalensis
(CMECB) in Jurkat T cell proliferation, and to further
elucidate possible molecular and biochemical mechani-
sms that may occur as a result of challenging Jurkat T
cells with CMECB. This study has demonstrated that the
treatment of Jurkat T cells with CMECB resulted in a
dose- and time-dependent inhibition of cell proliferation
and a concurrent decrease in cell viability (Figure 1).
These results suggest that CMECB induced cell death of
Jurkat T cells. Consequently, morphological changes
known to be associated with apoptosis were investigated.
The advent of an apoptotic process is confirmed by the
presence of defined and systematic morphological
changes such as rapid reduction in the cellular volume
(cell shrinkage), chromatin condensation and fragmen-
tation, followed by the formation of apoptotic bodies (Lau
et al., 2004). Our results indeed demonstrated that Jurkat
T cells treated with different concentrations of the
CMECB displayed the aforementioned morphological
hallmarks of apoptosis (Figure 2).

The Bcl-2 family of genes consists of the pro-apoptotic
and anti-apoptotic members such as bax and bcl-2,
respectively (Miyoshi et al., 2003). Bcl-2 as a key
regulator of apoptosis, promotes cell survival either by
inhibiting factors for the activation of caspases (Ling et
al., 2002) or by regulation of apoptosis through functional
antagonism through the formation of heterodimers with
other Bcl-2 family members. Bax, a pro-apoptotic mem-
ber, on the other hand, binds to the anti-apoptotic Bcl-2

protein and thus acts by antagonising the function of Bcl-
2 to abrogate apoptosis. Induction of Bax is also reported
to promote cytochrome c release from the mitochondria,
which eventually leads to apoptosis (Thomas et al.,
2000). In this study, an apparent increase in the
expression of Bax and a concomitant decrease in Bcl-2
MRNA expression levels, as determined by real time
quantitative RT-PCR, were observed in the CMECB-
treated Jurkat T cells (Figure 3). In agreement with the
real time quantitative RT-PCR analysis, an increase in
Bax protein expression was observed in CMECB-treated
Jurkat T cells (Figure 4A). More importantly, the expres-
sion levels of Bcl-2 protein were concurrently down-
regulated after CMECB treatment (Figure 4A); hence the
ratio of pro-apoptotic proteins to the anti-apoptotic
proteins was altered in favour of apoptosis (Figure 4B).
Thus, the results suggest that an up- regulation of Bax
and the corresponding down-regulation of Bcl-2 proteins
observed in this study may be one of the critical
mechanisms through which CMECB induces apoptosis in
Jurkat T cells.

Furthermore, our results showed that treatment of
Jurkat T cells resulted in an increased expression and
phosphorylation levels of p53 (Figure 4A). p53 protein is
one of the key regulators of apoptosis and plays a crucial
role in cell division cycle arrest to allow for the repair of
damaged cellular DNA. In addition, post-translational
modifications, such as phosphorylation, play an important
role in the stabilisation, up-regulation and functional acti-
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analysis (B).

vity of p53 protein (Sutcliffe and Brehm, 2004). Although
the mechanism of p53-mediated apoptosis, after cellular
stress, remains incompletely characterised, substantial
evidence suggests that p53 may induce apoptosis, at
least in part, by regulating the transcription of a number
of target genes involved in the regulation of apoptosis
(Bax, Bcl-2, Fas/APO1, KILLER/DR5, Tsp1, etc) and cell
division cycle (p21"A""°"! GADD45, MDM2, 14-3-3o,
etc) (Lee et al.,, 2003). Therefore, the data seem to
suggest that CMECB up-regulates the expression of p53,
with a simultaneous down-regulation of Bcl-2 protein and
an up-regulation of Bax, thus altering their ratio in favour
of an apoptotic cell death of Jurkat T cells.

Conclusion

The study suggests that both the Bcl-2 family of proteins
(Bax and Bcl-2) and the p53 tumour suppressor protein
play a pivotal role in CMECB-induced apoptotic cell death
of Jurkat T cells. These findings might help explain and
accentuate the purported anticancer properties of
CMECB and may further provide scientific evidence that
validates the ethnopharmacological use of C. benghalen-
sis. Further investigations regarding the purification and
identification of the active compounds, the effect of
CMECB on the regulation of cell division cycle genes, as
well as the elucidation of both the up- and down-stream
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apoptotic regulators and effectors that may facilitate the

events leading to CMECB-induced apoptosis are
warranted.
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