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Abstract

Natural products play a pivotal role in the treatment of cancer; identifi-
cation of compounds such as taxanes and the vinca alkaloids were semi-
nal landmarks in natural product drug discovery. Jerantinine A (JA), a
novel Aspidosperma alkaloid isolated from plant species Tabernaemontana
corymbosa, was previously reported to possess cytotoxic activity against
vincristine-resistant nasopharyngeal carcinoma cells and is therefore an
ideal candidate for biological investigation. Furthermore, Tabernaemon-
tana corymbosa has been placed in the endangered list of threatened species
by the International Union for Conservation of Nature (IUCN) thus making
it a priority to elucidate the biological activity of this alkaloid. Herein, we
report detailed biological evaluation of JA on various human-derived carci-
noma cell lines. Our preliminary screens showed that significant inhibition
of cell growth and colony formation accompanied time- and dose-dependent
induction of apoptosis in human cancer cell lines after treatment with JA.
Dose-dependent accumulations of cleaved PARP and caspase 3 further con-
firmed apoptosis. Profound G2/M cell cycle arrest was observed 24 h after
treatment in all cell lines. Characteristics of mitotic arrest including inhi-
bition of tubulin polymerisation, microtubule disruption, and aneuploidy

were clearly observed. DNA fragmentation was also evident in cells treated



with JA. Indeed, significant increases in phosphorylated-yH2AX were in-
dicative of DNA damage caused by double strand breaks and were relatively
similar to levels caused by vincristine. Investigations into JA’s ability to
overcome vincristine resistance demonstrated that it is not a substrate of
Pgp. The role of reactive oxygen species (ROS) in acquired resistance and
cell death have also been widely studied. JA induced significant levels of
ROS in treated cells, possibly contributing to their apoptotic destiny. Pro-
teomic analyses also corroborated the phenotype of JA-treated cells with
increased expression of ROS-neutralising enzymes, aberrant expression of
proteins involved in the spindle assembly checkpoint critical to mitosis,
and decreased expression in all tubulin proteins detected by LC-MS/MS.
A genome-wide RNAI screen revealed several candidate genes involved in
mediating sensitivity to JA. The genes corresponding to c-Jun-N-terminal
kinases, JNK1/2, were selected for subsequent investigation based on their
involvement in multiple pathways that were identified using bioinformatic
tools. JNK1/2 were knocked down in MCF-7 and MDA-468 cells and then
treated with JA. MTT assays revealed some loss of sensitivity, suggesting

that these proteins were indeed involved in mediating cell sensitivity to JA.
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Chapter 1

Introduction

1.1 Cancer and Incidence

Cancer may be defined as one of many diseases characterised by the de-
velopment of abnormal cells that divide uncontrollably whilst having the
ability to metastasise and/or infiltrate and destroy normal body tissue [1].
According to Cancer Research UK, 14.1 million new cases of cancer oc-
curred in 2012 with a projected increase of 23.6 million new cases each
year by 2030 [2]. Lung, breast, and colorectal carcinomas accounted for
the majority of categorical cancers in 2012 as seen in Fig. 1.1. Approx-
imately 8.2 million deaths in 2012 were attributable to cancer making it

one of the major causes of death worldwide [2].
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Figure 1.1: The 10 most commonly diagnosed cancers in 2012.

Obtained from http://www.cancerresearchuk.org/cancer-
info/cancerstats/world /incidence /

1.2 The Nature of Cancer

The ability of the cell to proliferate is crucial to maintaining tissue through-
out an organism’s lifespan. Normal processes such as repair of wounds and
replacement of cells that have been subjected to the external or internal en-
vironment of the organism are examples of said maintenance [3]. However,
normal genes called proto-oncogenes that control such processes are not
immune to mutations that may arise from physical (e.g. ionising and ul-
traviolet radiation), chemical (e.g. asbestos and alcohol), biological factors
(e.g. viruses and bacteria), certain hormones, age and diet [4, 5].
Products of these activated oncogenes can be broadly classified into
six groups: chromatin remodellers, transcription factors, growth factors,
growth factor receptors, signal transducers and apoptosis regulators [6].
Activation of oncogenes via mutations or translocations can occur as ini-

tiating events or during tumour progression and maintenance depending
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Figure 1.2: Illustration of how an oncogene becomes activated when a
normal cell becomes a cancer cell after introduction of a possible risk factor.
Obtained from the NCI, AV Number: AV-8808-3615.

on the type of cancer [6, 7, 8, 9]. The NCI classifies cancer into six ma-
jor categories: carcinoma, sarcoma, myeloma, leukaemia, lymphoma, and
mixed types which may involve cancers in one or more different categories
[5]. These malignancies share common genetic alterations that lead to un-

controlled growth, consequently exhibiting certain hallmarks of cancer.

1.3 Hallmarks of Cancer

Investigating molecular mechanisms underlying cancer cells and how they
differ from normal cells is key for selective and targeted treatment. Douglas
Hanahan and Robert A. Weinberg initially conceptualised six distinctive
hallmarks characteristic of cancer cells [10]. They include: self-sufficiency
in growth signals, insensitivity to antigrowth signals, evading apoptosis,
limitless replicative potential, sustained angiogenesis, tissue invasion and
metastasis (fig. 1.3) [11, 10].

Four additional hallmarks were added in 2011 [11]. They include two
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Figure 1.3: Six hallmarks of cancer originally proposed by Hanahan and
Weinberg.
[11, 10]

enabling hallmarks: tumour-promoting inflammation and genome instabil-
ity and mutation. These hallmarks mediate other hallmarks. The other
two new hallmarks of cancer include abnormal metabolism and their abil-
ity to avoid immune destruction [11]. Although cancers do not require the
manifestation of all these hallmarks, no cancer can develop without any of

these hallmarks [11, 10].

1.3.1 Self-sufficiency in growth signals

The most fundamental trait of cancer cells is arguably their ability to sus-
tain chronic proliferation [11]. They have the ability to increase or produce
their own growth factor ligands, which may correspond to expression of cer-
tain specific surface receptors, resulting in autocrine proliferative stimula-
tion [11]. Alternatively, cancer cells can resort to paracrine signalling where
they send signals to normal cells within the tumour-associated stroma to
supply them with additional growth factors [12, 13|. Furthermore, they can

increase the number of growth factor receptors if there are limited amounts



of growth factors available, resulting in hypersensitivity, or structurally
modify receptors to facilitate ligand-independent firing [11]. These recep-
tors are capable of activating proteins in downstream signalling cascades
or may disrupt negative feedback loops to fuel cellular proliferation and
survival [14]. For instance, recent research has shown that most cancers
have a disruption in the mitogen-activated protein kinase (MAPK) path-
way [11, 14, 15|. Normally, this pathway is activated when growth factors
bind to receptors on the surface of the cell which send signals via the RAS-
BRAF-MEK-ERK (also known as MAPK) pathway until they reach the
nucleus where transcription factors attach to specific regions of the DNA
that code for cell proliferation and survival and is switched off via a nega-
tive feedback loop using RAS GTPase |11, 14]. However, the RAS protein
is mutated in tumour cells and is continually activated in some cancers.
RAS mutations manifest in various isoforms such as K-RAS, N-RAS and
H-RAS. Studies show that K-RAS is the most frequently mutated isoform
in many cancers with an extreme example of pancreatic cancer where 90%
of tumours harbour K-RAS mutations [16]. K-RAS has been shown to
play an important role in promoting colorectal adenocarcinoma in addi-
tion to promoting proliferation of endodermal stem cells. This is signifi-
cant because many cancers of the lung, pancreas, colon, and rectum are of
endodermal origin [16]. In approximately 66% of metastatic melanomas,
mutated BRAF protein remains locked into a constantly active state caus-
ing uncontrolled cell division and increased survival /resistance to apoptosis

[11, 14, 16]. Some cancer cells may adapt to high levels of oncogenic sig-



nalling by disabling senescence or apoptosis-inducing pathways that are

otherwise present in normal cells to prevent excessive proliferation [17].

1.3.2 Insensitivity to antigrowth signals

Cancer cells need to successfully override growth suppressors in order to
achieve their proliferative capacity. Specifically, they would need to bypass
normal restrictions placed by tumour suppressors in the cell cycle in order to
continue to proliferate. Two well-documented tumour suppressors include
retinoblastoma (Rb/pRB) and p53 proteins [11]. Both these proteins are
integral in determining if the cell can proceed to proliferate or alternatively
activate senescence or apoptotic pathways to deter cell division (see Fig.1.4)
[18, 19].

Hypophosphorylation of pRB wia stops cells from progressing through to
the S phase of the cell cycle. pRB in association with the E2F transcription
factor prevents damaged DNA from replicating and progressing through cell
division, specifically from Gap 1 (G1) into the DNA synthesis (S) phase,
and is mutated in approximately 40% of all cancers [20]. Consequently,
cancer cells with mutated Rb are incapable of binding to E2F allowing for
uncontrolled progression past the restriction point into the S phase.

The pb3 protein is often referred to as the “guardian of the genome”
and is important in determining the fate of a DNA-damaged cell i.e. DNA
repair or apoptosis [21]. It is reported to be mutated in roughly 50% of
all cancers [20, 21]. Normally, p53 is negatively regulated by MDM2 and

hence concentrations of the protein remain low, but various stresses includ-



ing DNA damage and oncogene activation can actuate p53 by disrupting
its association with MDM2. If the p53 protein is mutated or inactivated
however, it cannot perform its usual functions which include initiation of
apoptosis, DNA repair, or cell cycle arrest in the presence of DNA damage,
leading to carcinogenesis [11, 18, 21, 22].
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Figure 1.4: Cell cycle and implications in cancer.
[19]

1.3.3 Evading apoptosis

Apoptosis normally serves as a natural barrier to cancer progression, but
research has shown that highly malignant cancers can overcome this bar-

rier |23, 24]. Almost all cancer cells have the ability to dysregulate intrinsic



and extrinsic pathways of apoptosis (see fig. 1.5 [11, 25, 26]. The intrinsic
pathway is prevalent under severe cellular stress that can influence cellu-
lar development, whereas the extrinsic pathway is activated in response
to multiple extracellular apoptotic signals such as Apo2L./TRAIL and Fas
ligand/Fas receptor [11, 25|. Each of these pathways culminate in the
activation of proteases (caspase 8 and caspase 9 respectively) leading to
a cascade of events that are responsible for executing the apoptotic phase
where the cell is then disassembled and consumed by phagocytic cells. Cur-
rent research alludes to the intrinsic pathway as being the barrier to cancer
pathogenesis [11]. Tumour cells can evade cell death through the upregula-
tion of anti-apoptotic proteins such as Bcl-2 and Mcl-1 and survival signals
such as Igf1/2 11, 23]. Loss of p53 tumour suppressor function renders the
protein unable to sense DNA damage and initiate apoptosis by activating

pro-apoptotic proteins like Noxa and Puma [12, 13, 27].
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Figure 1.5: Extrinsic and intrinsic pathways of apoptosis.
[26]

Despite advances in chemotherapy and molecular-targeted therapies,
insufficient levels of apoptosis as a result of drug resistance remain a barrier
to successful treatment of patients with metastatic cancer as 90% of them

succumb to their disease [28].



1.3.4 Limitless replicative potential

Well-established research has illustrated that cancer cells require the abil-
ity to proliferate in an unlimited capacity in order to form tumours. Nor-
mal cells on the other hand, face two barriers to continuous proliferation:
senescence, where cells remain viable but are unable to proliferate and cri-
sis, where they undergo cell death [11, 29|. There are instances where cells
circumvent the crisis phase and enter a state of immortalisation which is
termed as a trait that most established cell lines possess by way of their
ability to proliferate indefinitely without evidence of senescence or crisis
[11, 29]. A large body of evidence indicates that maintenance of telomeres
(multiple tandem hexanucleotide repeats) which protect the ends of chro-
mosomes enable limitless proliferation [11, 29, 30, 31|. Normally, with each
cell division there is a loss of telomeric DNA conferring limited lifespan in
cells. However in virtually all cancer cells, there is an upregulation in telom-
erase, a DNA polymerase enzyme that synthesises telomeres and hinders
the loss of DNA from the ends of chromosomes after cell division, thereby
bestowing these cells with unlimited proliferative capacity [32]. This pro-
cess is partly aided by the loss of tumour suppressor genes such as p53 (see

fig. 1.6) [11, 33].
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1.3.5 Sustained angiogenesis

Angiogenesis is defined as the process of forming new blood vessels from
pre-existing vessels. Like normal cells, tumours require nutrition in the
form of oxygen and essential nutrients used to fuel and sustain their growth
and export of waste products. Angiogenesis is usually initiated and tem-
porarily remains active in adults during physiological processes such as
wound healing and the female reproductive cycle [34]. However, during
tumourigenesis, an “angiogenic switch” is continually activated resulting in
the sprouting of new vessels from normally quiescent vasculature to support
neoplastic growth [35]. The “angiogenic switch” is governed by factors that

promote and oppose the process of angiogenesis such as vascular endothelial

growth factor A (VEGF-A) and thrombospondin -1 (TSP-1), respectively.
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VEGF is thought to be one of the most important factors in the angio-
genic process and it binds to specific receptors located on endothelial cells
lining nearby blood vessels. More specifically, it binds to the extracellular
portion of the VEGF receptor promoting receptor dimerisation resulting in
activation of the intracellular tyrosine kinase domain that triggers a signal-
ing cascade responsible for the formation of new blood vessels towards the
tumour. Blood vessels formed in the tumour environment are usually aber-
rant in structure resulting in leakiness, microhemorrhaging, endothelial cell
proliferation and apoptosis [36, 37]. Oncogenic signals (RAS and Myc pro-
teins) in addition to growth factors like fibroblast growth factor (FGF') have
been shown to up-regulate the expression of VEGF and other angiogenic

signals implicated in tumour angiogenesis (see fig. 1.7) |38, 39, 24].
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[40]

1.3.6 Tissue invasion and metastasis

Alterations in the shape of cancer cells and their ability to attach to other
cells are reflected in the invasive and metastatic characteristics of most
carcinomas [11]. One such alteration is the loss of E-cadherin in cancer
cells, which is an important cell adhesion molecule. Upregulation of E-

cadherin has been shown to be an important antagonist to invasion and

13



metastasis, while reduction of this molecule potentiates these characteris-
tics [11, 41, 42]. This widely-studied process is termed as the “epithelial-
mesenchymal transition” (EMT) where transformed epithelial cells take
on invasive and anti-apoptotic characteristics [11, 43]. Essentially, the
invasion-metastasis cascade begins with local invasion followed by intrava-
sation of cancer cells into blood and lymphatic vessels in the nearby vicinity,
after which cells travel through the lymphatic and cardiovascular systems
and escape through vessels via extravasation forming small cancerous nod-
ules that finally grow to form macroscopic tumours [11]. Recent studies
have identified matrix metalloproteinases (MMPs) as key players in mech-
anisms of tumour invasion and metastasis [44, 45]. MMPs have the ability
to degrade extracellular matrix (ECM) proteins and are thought to promote
tumour development wvia proteolytic breakdown of tissue barriers, invasion,
and the associated facilitation of circulating tumour cell extravasation [44]

(see fig. 1.8) [46].
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However, there is increasing evidence that MMPs do not play a crucial
role in the extravasation process, but rather appear to promote intrava-
sation (invasion of cancer cells into the circulation of blood vessels) [44].
The current view emphasises two types of communications that take place
following tissue invasion: cell-cell interactions with host tissue cells and
cell-matrix interactions with components of the ECM [44]|. The subsequent
release of growth factors and cytokines as a result of these interactions can
directly or indirectly stimulate tumour growth and generate signals that
promote tumour cell survival [44]. The ability of tumour cells to adapt
to different tissues stems from the remodelling of host tissue ECM involv-
ing the secretion of a variety of proteases (serine-, threonine-, cysteine-,

aspartic-, and metalloproteinases) [44].

1.4 Enabling Hallmarks of Cancer

1.4.1 Tumour-promoting inflammation

The association between cancer and inflammation was first conceptualised
by Rudolf Virchow in 1863 [47]. He hypothesised that the origin of cancer
was at sites of chronic inflammation caused by some classes of irritants
and tissue injuries leading to inflammation and subsequently inducing cell
proliferation. Although cell proliferation is not the sole cause of cancer,
an environment rich in growth factors, inflammatory cells, and activated
stroma can certainly potentiate and/or promote neoplastic risk [47]. The

link between cancer and inflammation is further demonstrated by the use
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of non-steroidal anti-inflammatory drugs (NSAIDs) in preventing tumour
formation in people with familial adenomatous polyposis (FAP) [48, 49].

In normal wound-healing, cell proliferation is enhanced concurrently
with tissue regeneration. After removal of the assaulting agent that caused
the injury, inflammation and cell proliferation subside. However, cells that
sustain DNA damage and/or mutagenic assault (e.g. cancer cells) continue
to proliferate in microenvironments rich in growth factors and inflammatory
cells that support growth. Essentially, tumours can be thought of as wounds
that fail to heal and are able to recruit inflammatory immune cells in an
effort to survive [50, 47|. These cells then provide the tumour with growth
factors and access to blood supply and nutrients thereby sustaining growth
[50].

Another scientist by the name of Peyton Rous was the first to discover
that tumours can arise from exposure to viral or chemical carcinogens that
induce somatic changes [47]. These states are now termed "initiation"
which comprises irreversible DNA alterations that can persist in otherwise
normal tissue indefinitely until the occurrence of a second type of stimu-
lation called "promotion" [47|. Promotion can result from chronic inflam-
mation or factors released at wound sites. Promoters are also known to
directly or indirectly induce cell proliferation, recruit inflammatory cells,
increase production of reactive oxygen species leading to oxidative DNA
damage, and reduce DNA repair [47].

Recent studies have shown that reactive oxygen and nitrogen species

(ROS and RNS respectively), NF-xB, Wnt- catenin signalling, angio-
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genic components, interleukins, interferons, cytokines, and chemokines are
all integral to the connection between inflammation and tumour promo-

tion/progression [47, 51, 52, 53, 54, 55, 56].
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Figure 1.9: The connection between inflammation and cancer.
[56]

1.4.2 Genome instability and mutation

The presence of genome instability contributes to tumour progression.
There are various forms of genomic instability namely chromosomal insta-
bility (CIN) and microsatellite instability (MSI) [57]. CIN refers to the high

rate by which chromosome number and structure changes in cancer cells
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over time compared with normal cells. MSI refers to changes in the number
of repeats in microsatellite sequences compared to the number of repeats
present in DNA when it was inherited and is a consequence of increased fre-
quencies of base-pair mutations [57|. High-throughput sequencing studies
suggest that only a handful of genes are mutated, deleted, and/or ampli-
fied at high frequencies in sporadic cancers [57|. These include: p53, epi-
dermal growth factor receptor (EGFR), RAS, PTEN, and P16INK4A [57].
Genome instability manifests differently in hereditary and sporadic cancers
(see fig. 1.10) [57, 10, 11]. From a hereditary point of view, mutations in
DNA repair genes like BRCA1, BRCA2, etc. are quite common thus lead-
ing to genomic instability. However, sequencing studies in sporadic cancers
reveal that caretaker genes might not frequently be inactivated in the early
stages of cancer development, instead activation in growth signalling as a
result of mutations in oncogenes or anti-oncogenes appears to be acquired
first [57]. The resulting DNA replication stress associated with this acti-
vation can lead to genomic instability and selection for TP53 mutations
that ultimately allow cells to evade death and senescence, which is another
hallmark of cancer [57, 10, 11|. Hereditary and non-hereditary cancers
aside, genomic instability arising from the process of cell division remains
to be one of the major driving of forces of tumourigenesis [58]. Four main
mechanisms are involved in maintaining the integrity of the genome during
cell division: fidelity of DNA replication (S-phase), accurate segregation of
chromosomes (M-phase), precise repair of DNA damage (throughout the

cell cycle), and cell cycle checkpoints [58]. Sustained errors and/or muta-
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tions in components belonging to any of the aforementioned mechanisms

can result in cancer.
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1.5 Emerging Hallmarks of Cancer

1.5.1 Reprogramming energy metabolism

Cancer cells need to reprogramme cellular metabolism in order to meet
the demands of sustained growth and proliferation. The idea of altered
metabolism in cancer cells was first conceptualised by Otto Warburg in the
early twentieth century [59]. He observed that cancer cells in contrast to
normal cells were able to limit their glucose metabolism for energy genera-
tion largely to the glycolytic pathway without further mitochondrial oxida-
tive phosphorylation which was termed "aerobic glycolysis" [59, 60]. Essen-
tially, cancer cells are able to convert incoming glucose to lactate instead
of metabolising it in mitochondria via oxidative phosphorylation [61]. The
approach seems paradoxical considering that this process produces far less
(18-fold) ATP production per molecule of glucose [60]. One way that cancer
cells are able to overcome this is by upregulating glucose transporters like
GLUT1 to increase glucose transport into the cytoplasm [59, 60, 61]. In-
deed, several studies have shown that cancer cells have significantly higher
expression of GLUT proteins than corresponding normal epithelial cells at
both the mRNA and protein levels [62, 63]. Many pathways and transcrip-
tional effectors have been implicated in upregulating glucose and glutamine
transporters, namely: Hypoxia-inducible factor 1(HIF1), Myc, p53, Phos-
phoinositide 3-kinase (PI3K) pathway etc. |60, 64, 65|. Arguably one of the
most important aspects of cancer metabolism is the role of reactive oxy-

gen species (ROS) in modulating metabolic signalling pathways [66]. ROS
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increase cell proliferation and survival via post-translational modification

of kinases and phosphatases at low levels [60]. At moderate levels, ROS

induce expression of stress-responsive genes like HIF1a, which in turn can
trigger expression of proteins such as glucose transporters (GLUT1) and
VEGF that promote survival. However, when ROS levels are at their high-

est, damage to macromolecules such as DNA induces activation of protein

kinase Cd leading to senescence and/or apoptosis [67].
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1.5.2 Evading immune destruction

The role of the immune system in resisting or eradicating formation and
progression of tumours remains an unresolved and intensely researched is-
sue [10, 11]. The immune system holds the greatest potential for cancer
treatment with no toxicity to normal tissue in addition to long-term mem-
ory to prevent recurrent cancers [68]. There is increasing evidence sup-
porting the idea of immunosurveillance whereby tumours are recognised
by the immune system via tumour-specific antigens [11, 68]. For instance,
promising antitumoural immune responses were observed in patients with
colon and ovarian tumours that were infiltrated with cytotoxic T lympho-
cytes (CTLs) and natural killer (NK) cells [69]. Studies have also found
that immunocompromised mice are more susceptible to cancer than those
with competent immune systems [10, 11|. Figure 1.12 illustrates how the
immune system targets cancer cells |70].

Studies have shown that the tumour microenvironment can inhibit im-
mune responses by upregulating inhibitory and immunosuppressive molecules
such as programmed-cell death ligand 1 (PDL1) and TGF-3 [11, 71]. Tu-
mours can also recruit inflammatory cells such as regulatory T cells (Tregs)
and myeloid-derived suppressor cells (MDSCs) that are actively immuno-
suppressive |72, 73]. The concept of antitumour immunity is yet to be
strongly recognised as a hallmark of cancer, but is potentially a promising

target for new anticancer therapies.
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1.6 Treatment of Cancer

The main modes of cancer treatment include surgery, radiotherapy, and
chemotherapy. Other types of treatments such as hormone therapy and
bone marrow, stem cell transplants, and immune therapy are also em-
ployed. These treatments may be used in combination depending on stage,
grade, and location of the tumour. Radiation and surgery are mostly lim-
ited to solid tumours (local or local-regional disease). Chemotherapy on
the other hand is intended to treat systemic disease. Early diagnosis and
developments in such therapies have dramatically increased cancer survival
rates with an estimated two-thirds of cases that will eventually be cured;

however, striking differences among tumours still pose a challenge to treat-
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ment |74].

1.6.1 Surgery

Surgery is the oldest modality of cancer treatment and remains the most
effective treatment of localised primary tumours and associated regional
lymphatic disease. More patients are cured by surgery when it is used as
a single treatment in comparison with any other individual form of can-
cer therapy [75]. This may be attributed to the fact that surgery oper-
ates by zero-order kinetics, in which 100% of excised cells are killed as
opposed to radiotherapy and chemotherapy which operate by first-order
kinetics where only a fraction of cells are killed by each treatment [74, 75].
During the past two decades, major strides in both operative techniques
and combined modality therapy have significantly decreased morbidity and
mortality rates associated with surgical resection of solid neoplasms [74].
Surgery is now increasingly being used in specific clinical situations such
as treating colorectal-liver metastases |74]. Complete surgical resection of
metastases when selected with standard clinical criteria have yielded 30-
40% 5-year survival rates, however, this therapeutic option is limited to

confined metastases which only represent 10-15% of cases |76, 77].

1.6.2 Radiotherapy

Radiation therapy employs the use of high-energy radiation such as X-rays,
gamma rays, and charged particles to shrink tumours and kill cancer cells.

Like surgery, it is usually used for localised tumours confined to a specific
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region [78|. Approximately 45% of new cancer cases will receive radiother-
apy with this proportion increasing over the next few years [79]. Radiation
therapy kills cancer cells by either damaging DNA directly or creating free
radicals within cells that in turn damage DNA [78]. Radiation also affects
normal tissue, but the premise behind it is that it usually kills cells that
are actively dividing and does not work very quickly on cells that divide
more slowly. Furthermore, normal cells have the added advantage of having
uncompromised DNA repair mechanisms (e.g.p53), whereas components of
these mechanisms are dysfunctional in many tumours. p53 for instance, is
mutated in most cancers which inhibits both DNA repair and apoptosis.
Indeed, research has shown that there is very little apoptosis that occurs in
mutant pb3 cell lines after exposure to radiation suggesting that p53 may

be closely linked with radiosensitivity [80, 81, 82].

1.6.3 Chemotherapy

Chemotherapy utilises chemical agents to kill or control the growth of can-
cer cells. These chemical agents are natural products, natural product-
derived or inspired (semi-synthetic), or purely synthetic. The first major
stride in chemotherapy emerged from an accidental spill of sulfur mustards
on troops from a bombed ship in the second world war and experience
from the first world war [83|. This led to the observation that the men ex-
posed to these gases had markedly depleted bone marrow and lymph nodes.
Subsequently, an initial study utilising nitrogen mustard on lymphoma pa-

tients was carried out in 1943 and results showed marked regression [83].
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Unfortunately, the regression observed in these studies was short-lived and
incomplete. However, the failure stimulated the development of a new
class of compounds known as antifolates which included aminopterin and
amethopterin, now known as methotrexate. These compounds were tested
in children with leukaemia in 1948 and showed unquestionable remissions
[84]. The use of nitrogen mustard and methotrexate in treating cancer
spurred an arduous search and development of novel anticancer agents that
virtually propelled the field of cancer drug discovery into the industry it
has become today. The following table is an adaptation from Goodman
and Gilman (2005) and illustrates the current classification system of an-
ticancer agents available today [85]. However, it is worthy of note that
this classification scheme is not rigid as many of these agents may fall into
more than one category. For instance, some compounds like mitomycins

are natural products and alkylating agents as well.
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Table 1.1: Classification of anticancer agents currently used in clinics.

Class Example Origin/Nature
Nitrogen mustard Chlorambucil
Ethyleneimines Thiotepa
Alkyl sulfonates Buslfan
Alkylating Agents Nitrosoureas Carmustine Synthetic
Triazenes & hydrazines E;‘f:;%z;;;’e
Platinum compounds Cisplatin
Antifolates Methotrexate
Antimetabolites Pyrimidine analogues Fluorouracil Synthetic
Purine analogues Fludarabine
Antibiotics Doxorubicin Streptomyces peucetius
Camptothecins Topotecan Camptotheca acuminate
Natural Products Epipodophyllotoxins Etoposide Podophyllum platatum
Taxanes Paclitaxel Taxus brevifolia
Vinca alkaloids Vincristine Catharanthus roseus
Adrenal suppressant Mitotane Synthetic
Corticosteroids Prednisone Natural
Hormones ER antagonists Tamoxifen Synthetic
Aromatase inhibitor Anastrozole Synthetic
Antiandrogens Flutamide Synthetic
Proteasome inhibitors Bortezomib Dipeptide boronic acid
Targeted Immunomodulators Thalidomide iﬁiﬁg small
agents iPnr}(l:nit]t;iitI:J Iliinase Imatinib Isnygigéitli: small
Antibodies Rituximab Monoclonal antibody

1.6.3.1 Alkylating agents

Alkylating agents are the earliest classes of drugs used to treat cancer. Ni-
trogen mustards are in fact alkylating agents whose mode of action is to
inflict cytotoxic DNA damage in addition to collateral mutagenic damage
[86]. These agents are strong electrophilic compounds that attach to the
alkyl group located at the N7 position of the guanine base in DNA [87]. The

end effect of these agents is to inhibit DNA replication. Most alkylating
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agents are bifunctional, containing two groups capable of interacting with
DNA [88]. Hence, they are able to form bridges between a single strand
or two separate strands of DNA, which interfere with enzymes involved
in DNA replication ultimately leading to growth inhibition or apoptosis
[88]. G2/M arrests are quite commonly observed with most of the damage
occurring in the S-phase of the cell cycle as cells are unable to remove dam-
aged fragments. Unfortunately, these agents do not discriminate between
normal and tumour cell DNA, but are still used to exploit the fact that
cancer cells divide rapidly and are more susceptible to DNA damage as

their repair mechanisms are already compromised.

1.6.3.2 Anti-metabolite agents

Anti-metabolites share a long history with alkylating agents as these com-
pounds were also among the first to be used in treating cancer. They are
analogues of essential metabolites required for DNA synthesis [89]. They
target DNA by either inhibiting its synthesis or production of its precur-
sors i.e. nucleotides [89]. Their effects are usually marked by a G1 or
S-phase arrest in the cell cycle [88]. As seen in Table.1.1, antimetabo-
lites are classified under three subcategories: folate (e.g. methotrexate),
pyrimidine (e.g. fluorouracil), and purine (e.g. pentostatin) analogues. Fo-
late analogues specifically target dihydrofolate reductase (DHFR) and/or
thymidylate synthase (pemetrexed). Both these enzymes are required for
metabolism of folic acid, a vitamin with an important role in nucleic acid

metabolism. Pyrimidine analogues like fluorouracil, on the other hand, po-
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tently inhibit thymidylate synthase and therefore inhibit thymidine synthe-
sis [89, 90|. Pentostatin, a purine analogue, inhibits adenosine deaminase,
an enzyme involved in the metabolism of adenosine [91]|. Resistance to an-
timetabolites has also been observed in the clinic [92]. Various mechanisms
of resistance to antimetabolites have been identified and include mutations
in metabolic enzymes, altered drug transport, nucleobase salvage pathways,

DNA-damage and cell cycle control pathways [92].

1.6.3.3 Hormones

Hormonal therapeutics plays an important role in the treatment of breast,
prostate, ovarian, and kidney cancer [85]. Cancers originating from hormone-
producing glands use hormones to grow, hence utilising hormone therapy
to block the effects of such hormones or even stop them from being pro-
duced is an effective way to treat these cancers. This kind of treatment
is prescribed for patients who have tumours that are hormone sensitive
or dependent. Hormonal cancer chemotherapy primarily employs the use
of anti-oestrogen therapeutics (e.g. tamoxifen), aromatase inhibitors (e.g.
anastrozole), anti-androgenic therapeutics (e.g. flutamide), and corticos-
teroids (e.g. prednisone) [85]. Tamoxifen and flutamide are antagonists
of the oestrogen and androgen receptors respectively. Anastrozole inhibits

aromatase causing oestrogen deprivation [85, 93|.

1.6.3.4 Targeted agents

Most cytotoxic chemotherapeutic drugs were developed and administered

to cancer patients at a time when limited knowledge of molecular mecha-
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nisms underlying cancer was available. With advancements in technology,
researchers have now begun to unearth distinct molecular mechanisms un-
derpinning this group of diseases. Douglas Hanahan and Robert Weinberg’s
assessment detailing the hallmarks of cancer is a testament to the progress
made over decades worth of research [10, 11|. These achievements in un-
derstanding the molecular basis of cancer have led to a revolution in cancer
chemotherapeutics where the development of rationally and molecularly
targeted drugs is considered more desirable than generic intravenous cyto-
toxic chemotherapy [94|. Targeted therapy exploits the differences between
cancer cells and normal cells with high potency and reduced toxicity (side
effects) compared to conventional chemotherapy. However, because tar-
geted therapies are aimed at specific molecules that interfere with cancer
cell proliferation, resistance can be observed if mutations occur in the tar-
get resulting in weak interactions that can reduce the efficacy of the agent.
This is why targeted therapy is commonly used in conjunction with more
traditional chemotherapy drugs.

The concept of 'the druggable genome’ is the foundational basis for
rational and targeted drug design and is currently an intense area of re-
search. The druggable genome comprises a subset of the 21,000 genes in
the human genome that express proteins able to bind drug-like molecules
(see fig.1.13) [95]. Most drugs that are available today mainly target can-
cer signalling pathways especially those triggered by tyrosine kinases and
G protein-coupled receptors [96].

In 2002, only about 120 proteins were reportedly targeted by drugs
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Figure 1.13: The "druggable" genome in target-directed drug discovery.
[95]

marketed at the time with a large number of druggable gene families still
underexploited [95]. With vast improvements in high-throughput screening
technologies in the future, chemical leads will be available for most poten-
tially druggable targets, the challenge then would be to discover and assess
the therapeutic utility of leads and targets [95]. However, current efforts
in targeted cancer chemotherapy have focused on protein kinase (PK) in-
hibitors and monoclonal antibodies as they have undoubtedly been front

runners in this field over the past two decades.

Targeting protein kinases

Asseen in fig.1.13, PKs occupy the largest portion of the druggable genome.
To date, they are the most actively pursued drug targets with 30 distinct
kinase targets being developed to the level of a phase 1 clinical trial [97].
PKs are enzymes that catalyse transfer of phosphate to their substrates [98].

Even though PKs account for only 2% of the genome, they are responsible
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for phosphorylating at least 30% of all cellular proteins [98]. Phosphoryla-
tion plays crucial roles in controlling a wide range of cellular processes that
include cell division, metabolism, survival, and apoptosis [99]. Deregulation
of PKs contributes to the development of many diseases such as cancer. For
instance, constitutive activation of PKs has been found in many cancers
such as chronic myelogenous leukaemia (CML), gastrointestinal stromal tu-
mours (GIST), and various other sarcomas and carcinomas [98, 99|. The
increasing body of evidence illustrating the importance of phosphorylation
in cellular function in cancer has made this family of proteins desirable
targets for drug design. Some of the major approaches in modulating ki-
nase activity include: inhibiting phosphorylation activity by blocking ATP
binding, disrupting protein-protein interactions, and downregulating kinase
gene expression via interference RNA (RNAi) [96]. The following briefly
outlines some of the major kinase inhibitors used in the clinic today.

One of the most successful tyrosine kinase inhibitor molecules devel-
oped to date is Imatinib. It is used to treat CML and GIST. It works by
inhibiting elevated kinase activities of oncogenic proteins ber-abl and c-kit
that are inherently overexpressed in these cancers [100]. The ber-abl fusion
protein is a result of reciprocal translocation between chromosome 9 and
22, which was seen in 95% of CML patients [101]; i.e. part of the ber gene
from chromosome 22 is fused with part of the abl gene on chromosome
9. The product of this fusion is a mutant tyrosine kinase protein bcr-abl.
Normal functioning tyrosine kinases require activation by other cellular

messaging proteins before initiating cell division, however, the fused becr-
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abl protein is constitutively active and consequently stimulates a number
of cell cycle proteins and enzymes resulting in rapid and sustained cell
proliferation [102]. Imatinib specifically binds to the ATP binding site of
ber-abl thus competitively inhibiting enzyme activity of the protein and
hindering proliferative signals [102]. Unfortunately, drug resistance was
observed in patients treated with Imatinib over time and this was due
to a number of reasons that include: drug efflux, mutations in the ATP
binding pocket, and drug metabolism etc. [103]. In response to observed
resistance, newer agents such as Nilotinib and Desatinib were developed to
treat Imatinib-resistant tumours [104]. A main mechanism of resistance to
the old generation of tyrosine kinase inhibitors (TKIs) that emerged was
the expression of drug efflux pumps. Fig. 1.14 illustrates a new generation
of small-molecule TKIs that modify and overcome problems caused by drug
efflux transporters resulting in an increased intracellular accumulation of

anticancer drugs.

2/3/4

\

BCR-Abl

Figure 1.14: Efflux transporter modifications by small-molecule tyrosine
kinase molecules and their targets

[105]
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Receptor tyrosine kinase inhibitors targeting epidermal growth factor
receptors (EGFR) have also seen major successes in the clinic.

EGFR is a cell-surface receptor that plays a vital role in cell prolifer-
ation, survival, and differentiation [106]. Mutations in EGFR can result
in overexpression and ligand-independent activation as is the case in some
cancers, specifically non-small cell lung cancer (NSCLC) which is preva-
lent in 85-90% of all lung cancers. It is estimated that more than 60%
of all NSCLCs show EGFR overexpression [107]. Increased EGFR sig-
nalling promotes tumour growth through activation of pathways crucial to
invasion, angiogenesis, metastasis, and inhibition of cell death. Drugs like
Gefitinib and Erlotinib are competitive inhibitors of the intracellular tyro-
sine kinase domain of EGFR preventing ATP from binding and inhibiting
receptor auto-phosphorylation [108]. This leads to blocking of downstream
pathways that promote tumour progression.

Multi-targeted receptor tyrosine kinases as chemotherapeutic agents
have also been explored in the treatment of cancer. One such example is
Sunitinib, which is approved for treating renal cell carcinoma and imatinib-
resistant GIST. In wvitro, sunitinib has been shown to inhibit angiogenesis
and growth of cell lines driven by VEGF, stem-cell factors (SCF), and
platelet-derived growth factors (PDGF') [109].

Monoclonal antibodies such as Erbitux and Herceptin target the extra-
cellular domain of the EGFR receptor preventing the normal ligand from
binding. This in turn blocks activation of downstream pathways that pro-

mote tumour growth and survival [108]. Erbitux is used in the treatment
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of squamous cell carcinoma and head/neck cancers [110]. Herceptin was
developed as a HER2 (member of the EGFR family) blocker in the treat-
ment of a subset of aggressive breast cancers that comprise 30% of cases
[111]. Overexpression of this receptor has been linked to cell proliferation,
cell cycle perturbation, and suppression of apoptosis due to increased ac-
tivation of mitogen-activated protein kinase (MAPK) and PI3K pathways

[108].

Targeting cyclin-dependent kinases

Cyclin-dependent kinases are important molecular targets that represent
a major area of research involving development of potentially active CDK
inhibitors. CDKs play vital roles in cell growth and division as well as
protein transcription [112]. However, CDK/Cyclins are dysregulated in
several cancers resulting in uncontrolled cell proliferation. Hyperactivation
of CDKs has also been reported to confer selective growth advantage to
cancer cells [112]. There have been 20 CDKs and 29 cyclins identified
to date making this family of proteins highly sought after as potential
chemotherapeutic targets [113].

In February, 2015, the US food and drug administration (FDA) ap-
proved the first groundbreaking cyclin-dependent kinase (CDK) inhibitor,
palbociclib, for the treatment of ER+/HER2- breast cancer. It selectively
targets CDK 4,6 and causes G1 arrest in ER+ breast cancer cell lines
[114]. Clinical trials demonstrated that the drug improved progression free
survival in patients to 20 months when used in combination with letrozole

(aromatase inhibitor for treatment of hormonally-dependent breast cancer)

35



compared to only 10 months with letrozole treatment alone [115].

Despite this breakthrough, CDK inhibitors have faced disappointing
results in clinical trials. This can be attributed to three reasons in particu-
lar: firstly, there is a lack of understanding as to which CDKs are actually
being inhibited in vivo contributing to multiple therapeutic effects [114].
Secondly, there has been a lack of stratified patient cohorts concerning
CDK inhibitors with low specificity. Palbociclib is a perfect example of
how stratifying patient cohorts can improve on currently used chemother-
apeutics. Lastly, there is a lack of a therapeutic window as many of these
CDKs inherently target several other proteins that are critical to survival
and proliferation of normal cells, making it hard to differentiate between
healthy and cancerous tissue [114|. However, the approval of palbociclib is
encouraging as it provides key insights into designing next-generation CDK
inhibitors and how they can be used in the clinic.

The future of targeted therapeutics lies in the success and efficiency
of stratified medicine. This field of treatment primarily identifies patient
cohorts that are likely to respond to a particular treatment due in part to
the genetic makeup of their disease. It is precisely for this reason that there
is a need to incorporate predictive and pharmacodynamic biomarkers in
drug development as they can be used as powerful tools to guide treatment

strategies [116].

Other molecular targets of interest
Research continues to reveal several other molecular targets that are over-

expressed in various cancers and are currently under investigation: heat

36



shock protein 90 (HSP90), matrix metalloproteinases, cyclooxygenase 2
(COX2), the proteasome, histone deactylases, aurora kinases, polo-like ki-
nases and telomerase among others. Agents targeting these molecules are
being designed and are at various stages of clinical development with some

approved as drugs for certain forms of cancers [117].

1.6.3.5 Natural Product Drug Discovery

Compounds that possess biological activities and derived from natural re-
sources such as plants, animals, and microorganisms, are defined as natural
products [118|. The use of natural products in cancer has been prevalent
for the past 30 years and continues to serve as the basis for many of the lead
structures that are used as templates for synthesising novel compounds with
enhanced biological properties [119]. However, large pharmaceutical com-
panies have de-emphasised natural products in drug discovery programmes
due to a lack of reproducibility of extracts, inaccessibility of collection sites,
laborious procedures to isolate and purify bioactive chemical compounds
that often lead to very low yields, and rediscovery of compounds [120]. The
emergence of targeted therapies further steered pharmaceutical companies
away from natural product drug discovery. The development of natural
products is often erratic as it heavily relies on the skill of pharmacologists
to elucidate the mechanism of action and clinicians to identify optimal indi-
cation in the clinic [121]. This is in contrast to targeted therapeutics, which
are designed for a specific target and/or type of cancer. One advantage that

natural products may have over synthetic compounds is the fact that they
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are natural metabolites: successful molecules that are clinically active have
been suggested to possess properties akin to "metabolite likeness", mean-
ing that natural products are not only biologically active, but are likely
to be substrates for transporter systems involved in delivering compounds
to their intracellular site of action [122]. Furthermore, natural products
have had millenia of evolutionary time to optimise structure-activity and
are often potent and able to resist metabolic deactivation.

While certain tumours with specific oncongenic addictions have bene-
fited from targeted therapeutics, it is clear that a vast majority of tumours
are not dependent on single "targetable" oncogenic activations. For in-
stance, EGFR mutations account for less than 10-15% of lung adenocarci-
nomas and using EGFR-targeted therapy would primarily be beneficial to
this cohort of patients [121, 123|. In these tumours, chemotherapy remains
to be a cornerstone of treatment and this is where natural products come
to the fore. From the 1940s up until 2008, approximately 175 anticancer
drugs were developed and are commercially available in the United States,
Europe, and Japan; 65% of these were inspired from natural products,
i.e. pure natural products (14% of total), semisynthetic natural products,
mimics, or synthetic molecules with pharmacophores from natural prod-
ucts [124]|. These numbers are a testimony to the role of natural products
in cancer chemotherapy. With the approval of rapamycin in 2007, 12 new
natural products have been brought to the market and are illustrated in

table 1.2 [121].
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Table 1.2: Novel anticancer medicines based on natural products

Name (trade name), structure Year of approval, company Therapeutic indication, mode of action

Temsirolimus (Tarisel®): A=A 2007, Wyeth Treatment af renal cell carcinoma (RCC), inhibition of mTOR
Everalimus (Afinitor®), R=F?

) O
H:
N S T

2008, Novartis Treatment of advanced kidney cancer, inhibition of mTOR
y
R' = CIONCICH,OH)CH,
R* = (CH,),0H
babegilone (bempra®) 2007, BristolMyers Squibh  Treatment of aggressive metastatic or locally advanced breast cancer no
longer responding to currently available chemiot i alization of
microtubules
O OH ©
Vintluning Ua'ulurml 2008, Pierra Fabre Treatment of bladder cancer, inhibition of tubulin palymerization
F
2008, Calgene Treatment of cutaneous Tcall lymphoma (CTCL), inhibition of the

isoforms 1 and 2 of histone deacetylases

2008, Zaltia and Johnson Treatment of advanced soft tissue sarcoma and ovanian cancer, induction
and Johnson of DNA damage

(Continued)
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Name (trade name), structure

Year of approval, company Therapeutic indication, mode of action

Cabaritaxel (Jevtana®)

2010, Sanofi-Aventis Treatment of hormone-refractory metastatic prostate cancer,
microtubule stabilization

Eribulin mesylate (Halaven®) 2011, Eisai Co. Treatment of metastatic breast cancer, inhibition of microtubule
& ‘dynamics

HN e

o P
MesD,

H

Homoharringtonine, Omacetaxine 012, Teva Chronic myslogenous leukemia {CML), inhibition of protein synthesis
mepasucanata |Synrihne]
Carfilzomib (Kyprolis®) 2012, Omyx Treatment of multiple myelorna, inhibition of proteasome

. Hoi QK

N N
i “r’”g Q

Ingenal mebutate (Picato®) 2012, LEQ Pharma Actinic keratosis, activation of PKCE

[121]
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Furthermore, from the 250,000-300,000 plants around the world, only
10% have been systematically investigated for the presence of bioactive
phytochemicals [125]. These numbers are a gross underestimation of the
diversity of natural products present therein, as crude extracts from a single
plant may yield more than 700 compounds [126]. Traditionally, bioassays
were used to screen concentrated extract samples containing complicated
mixtures in a process known as bioassay-guided fractionation. This is a
common procedure for studying crude extracts where fractions are screened
for biological activity and if found to be active, are then further isolated
and purified [127]. Advances in high-throughput screening (HTS) technol-
ogy have greatly improved pre-fractionation strategies that are capable of
simplifying extracts by removing artefacts such as polyphenolic tannins,
thus making them more suitable for use in bioassays [122|. The use of
high-throughput antiproliferative screening has become an invaluable tool
in modern day drug discovery. The US NCI is widely considered to be a
pioneer in initiating drug screening programmes that have helped in iden-
tifying potential candidates for clinical evaluation. The development of the
NCI 60 human tumour cell line anticancer drug screen in the late 1980s was
a first step towards narrowing the myriad of compounds being developed
at the time. The programme was initially intended to supplant the use of
transplantable animal tumours in anticancer drug screening [128]. Detailed
mechanistic studies are then carried out in sensitive cancer lines and are
used as potential models for future in vivo efficacy and toxicity studies.

The following sections provide a brief overview of classical examples
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of natural products that play an important role in cancer chemotherapy

today:

Antibiotics

Actinomycin was the first natural product approved for cancer treatment in
1964. It was isolated from a culture broth of a species of Streptomyces where
a series of actinomycins were discovered. Actinomycins generally work by
binding to DNA and inhibiting transcription by RNA polymerase. More
specifically, they intercalate between adjacent pairs of guanine-cytosine
base pairs of DNA, while their polypeptide chains extend along the mi-
nor groove of the DNA helix [85]. Actinomycin D is currently used to treat
solid tumours in children and choriocarcinoma [129].

Perhaps the most important class of antibiotics used in the clinic are
anthracyclines. They are derived from a bacterium called Streptococcus
peucetius var. caesius. This class of antibiotics comprises of daunoru-
bicin, doxorubicin, epirubicin, and idarubicin. Idarubicin and epirubicin
are analogues of the naturally produced anthracyclines [85]. Daunorubicin
and idarubicin have primarily been used to treat acute leukaemias, while
doxorubicin and epirubicin have been approved for treatment of solid tu-
mours. These agents however, do have the potential to generate fee radicals
that cause cardiotoxicity when used in high doses. Much like the actino-
mycins, anthracyclines intercalate with DNA directly affecting transcrip-
tion and replication. Anthracyclines are able to form a tripartite complex
with topoisomerase II and DNA, which hinders relaxing of super-coiled

DNA and re-ligation of broken DNA strands ultimately leading to apopto-
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sis [85]. As mentioned earlier, these agents are able to generate free radicals
in solution and do so in both normal and malignant tissues [130]. These
radicals attack DNA by oxidising DNA bases leading to strand breaks and
apoptosis. Overexpression of DNA strand break repair mechanisms, drug
efflux transporters like Pgp), and glutathione peroxidase prevent oxidative

damage to the cell [85].

Camptothecins

Camptothecin was a well-known natural compound that had remarkable
anticancer properties, but had to be dropped in preliminary clinical trials
due to severe bladder toxicity [119]. Chemical manipulation of the com-
pound lead to the synthesis of two new analogues named topotecan and
irinotecan, which are both approved for colorectal, ovarian, and small cell
lung cancer. Their mechanism of action involves the inhibition of topoi-
somerase I, an enzyme intimately involved in DNA unwinding, transcrip-
tion, and replication [119]. Camptothecins bind to and stablise the DNA-
topoisomerase I cleavable complex affecting religation which results in an
accumulation of DNA single strand breaks [85]. These breaks alone are
not lethal to the cell, however, collision of a DNA replication fork with
the cleaved position can lead to DNA double strand breaks and apoptosis
[85]. At a cellular level, camptothecins target the S-phase of the cell cy-
cle as ongoing DNA synthesis is necessary for cytotoxicity. Experimental
models in mammalian cell cultures elude to three mechanisms of camp-
tothecin resistance: (i) reduced cellular accumulation of drugs caused by

drug efflux transporters belonging to the ATP-binding cassette (ABCB1)
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family which include Pgp and multidrug resistance proteins (MRPs) [131]
(ii) alteration of the structure and expression of topoisomerase I. Interest-
ingly, this is the first example of self-resistance to endogenous toxic com-
pounds exploited by plants [131] (iii) modifications in cellular response to
camptothecin-DNA-ternary complex that include activation of downstream

DNA damage checkpoint, repair, and apoptotic cell death pathways [131].

Epipodophyllotoxins

The American Indians were among the first to treat skin cancers with ex-
tracts originating from the roots of mayapple, Podyphyllum peltatum [119].
Currently, podophyllin derivatives such as etoposide and teniposide are
used to treat various cancers such as paediatric leukaemia, small cell car-
cinomas of the lung, testicular tumours, Hodgkin’s disease, and large cell
lymphomas [132, 85]. Both these compounds have been shown to exert
cytotoxicity by causing DNA strand breaks as a result of being perma-
nently bound to DNA topoisomerase II in the G2 phase of the cell cycle
[133]. Interestingly, podophyllotoxin itself binds to microtubules and in-
hibits tubulin polymerisation unlike its two analogues [134]. However, like
the anthracyclines, etoposide and tenoposide form a ternary complex with
topoisomerase II and DNA preventing religation of a strand break which
normally follows topoisomerase binding to DNA [85]. Drug efflux wvia up-
regualtion of Pgp, mutations in topoisomerase II, and/or p53 mutations

have all been reported in resistant cells [85].
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Antimitotics: Taxanes and the Vinca Alkaloids

Paclitaxel (Taxol) is arguably one of the most successful microtubule dis-
rupting agents to date. It is widely considered to be the highest grossing
anticancer agent ever produced and is currently approved to treat ovarian,
breast, NSCLC, and head and neck cancers [85]. It was first isolated in the
mid 1960s as part of an initiative carried out by a U.S. national institute
screening programme. The compound was isolated from the bark of Taxus
brevifolia (northwest Pacific Yew Tree). It was later discovered that taxol
was actually produced by a fungal endophyte that was isolated from the
Pacific Yew Tree [135]. After its purification and isolation from biologi-
cally active crude extracts, paclitaxel was confirmed to have potent antitu-
mour activity against a mouse melanoma B16 model [136]. A more potent
semisynthetic form of paclitaxel called docetaxel was approved by the FDA
in the mid 1990s [137]. Paclitaxel and docetaxel bind to S-tubulin subunits
and stabilise microtubules (MTs) thus preventing disassembly [136, 135].
Its mechanism of action contrasts with that of another microtubule target-
ing family of compounds called the vinca alkaloids.

The vinca alkaloids were isolated from the plant Catharanthus roseus
in 1958, but extracts were generally used as a hypoglycaemic agent in
many parts of Asia prior to its isolation. Vincristine and vinblastine have
since been used to treat many cancers successfully, specifically childhood
leukaemia, testicular teratoma, and Hodgkin’s disease among many other
cancers [119, 138]. Unlike taxol, the vinca alkloids act by binding to tubulin

dimers (a-f tubulin) thus inhibiting the assembly of microtubules (MTs)
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[139]. However, cancers have developed an effective way of dealing with
antimitotics by overexpressing drug eflux pumps such as Pgp which is
encoded by the MDR1 gene [140]. Other compounds such as colchicine
and eribulin also inhibit tubulin polymerisation and bind to different sites
on MTs [141].

Tubulin-binding agents (TBAs) have certainly withstood the test of
time and continue to be used actively in modern day combinatorial chemother-
apy. Given the rapid progression of cancer cells through mitosis, the degree
to which they are rendered sensitive to TBAs remains an intensive area of
research. One such area that needs to be addressed is the "proliferation rate
paradox" in antimitotic chemotherapy [142|. The fact that these cytotoxic
drugs are able to kill any dividing cell while promoting tumour regression
even in slow growing tumours is indeed "paradoxical" in nature [142, 143].
However, drawing upon the successes of TBAs in comparison to relatively
unsuccessful mitosis-specific agents, there is evidence that TBAs not only
interfere with mitosis, but disrupt essential interphase cellular mechanisms
cascading to subsequent phases as well [143|. An additional characteristic
of most TBAs is that they are able to inhibit cancer cell proliferation with-
out causing extensive stabilisation or depolymerisation of the MT network
whilst suppressing MT dynamic instability and simultaneously maintaining
tubulin polymer mass [144]. Increasing evidence suggests that these agents
may exert their effect by inhibiting spindle dynamics resulting in slowing
down of metaphase-anaphase transitions, aberrant chromosomal segrega-

tion, followed by subsequent induction of mitochondrial-mediated apopto-
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sis [144]. Like other classes of anticancer agents, TBAs are not immune
to resistance that stem from alterations of the tubulin/MT binding system
which include tubulin isotype expression, posttranslational modifications of
tubulin, acquisition of tubulin mutations, and changes in expression levels
of MT-related proteins [144]. Alterations in actin and tubulin cytoskele-
tons have also been implicated in resistance to TBAs using proteomics that
show overlap in protein expression between these two entities [144]. Re-
cent studies have identified y-actin as playing a major role in resistance
to TBAs. Distinct mutations in y-actin were found in TBA-resistant cell
lines [145]. Exogenous expression of mutant and/or silencing of 7-actin
expression induced significant resistance to TBAs [145].

The quest for better targeted therapeutics are a mainstay for the future
of cancer chemotherapy, however nature has undeniably played and will

continue to play a pivotal role in humanity’s fight against cancer.
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1.7 Aims and Objectives

The principle aim of this investigation is to investigate antitumour activity
and elucidate the mechanism(s) of action of a naturally isolated indole alka-
loid called jerantinine A (JA). JA belongs to a family of compounds isolated
from the leaf ethanolic extract of the Malayan Tabernaemontana Corym-
bosa. Very little was known about the compound upon commencement
of this study. Previous literature demonstrated JA’s potent antitumour
activity against a nasopharyngeal carcinoma cell line (KB) and vincristine-
resistant (V-R) KB cells [146]. However, activity against a broader spec-
trum of human carcinoma cell lines derived from distinct organ sites had
not been investigated. Therefore, assays to determine growth inhibitory
and cytotoxic activity of JA in two colorectal (HCT-116 and HT-29), two
breast (MCF-7 and MDA468), and one lung (A549) cancer cell lines were
conducted. In addition, the mechanism(s) of action underlying JA’s activ-
ity against KB cells remained unknown. In order to identify mechanisms
of action and putative molecular targets of JA within the cell, a number
of functional assays measuring aspects cell viability, sensitivity, and cell
cycle disruption were undertaken. An additional goal of the study was to
successfully generate vincristine- and JA-resistant HCT-116 cell lines to
examine cross-resistance. Determination of mechanisms of resistance can
often help elucidation of mechanisms of action. In addition, drug eflux
pumps contribute to the resistance of many chemotherapeutic agents. It

is therefore necessary to assess how JA bypasses vincristine-resistance as
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previously reported by Lim et al. (2008) [146]. Investigating processes
underlying cell death in response to the agent is also a crucial part of the
study, thus efforts to discover the mechanism(s) of action of this excit-
ing new compound included interrogation of signal transduction pathways
and protein perturbation in cells following exposure to JA and adopting
proteomic and genomic techniques such as Multidimensional Protein Iden-
tification Technology (MudPIT) and genome-wide RNAi screens followed

by Western blots and shRNA knockdown studies for data validation.
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Chapter 2

Antiproliferative Screening of
Jerantinine A

2.1 Introduction

It is widely reported that plants of the genus Tabernaemontana comprises
at least 110 species that have a widespread distribution in pantropical re-
gions that are rich in alkaloids [146]. The IUCN has placed Tabernaemon-
tana corymbosa in the red list of endangered species and is therefore a
priority for compound characterisation. Lim et al. (2008) isolated seven
new alkaloids from a leaf ethanolic extract of the Malayan Tabernaemon-
tana corymbosa Roxb. ex Wall. (see fig. 2.1) [146]. JA was among the
seven and it constituted the major alkaloid of the leaf extract. Figure 2.2
below illustrates the chemical structures of these alkaloids in addition to
acetate derivatives. The acetate derivatives possess greater stability than
the parent compounds. Furthermore, converting the 10-OH group to 10-
OCOCH3, reduces the overall polarity of the alkaloids enhancing lipophilic-
ity and diffusion across the cell membrane which is hydrophobic in nature.

This could mean a higher concentration of the alkaloids can be achieved
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within treated cells to act on the target(s), leading to slightly increased
potency as demonstrated in a preliminary cytotoxicity screen conducted
by Lim et al. (2008) [146]. Esterification is indeed very common among
prodrugs used as it is estimated that approximately 49% of all marketed

drugs are activated by enzymatic hydrolysis [147].

Figure 2.1: Jerantinine A is isolated from the leaf of Tabernaemontana

corymbosa which belongs to the Apocynaceae family.
[146]
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Figure 2.2: Jerantinine family of compounds isolated from the Malayan
Tabernaemontana corymbosa.

Jerantinine A (1), Jerantinine B (2), Jerantinine C (3), Jerantinine D (4),
Jerantinine E (5), Jerantinine F (6), Jerantinine G (7), Jerantinine A

acetate (8), Jerantinine B acetate (9), 10-O-methyljerantinine A (10),
10- O-methyljerantinine B (11) [146].

Based on previous literature, JA was shown to have antiproliferative ac-
tivity against only one cell line, hence it was important to screen the com-
pound against several other cell lines at various concentrations [146]. We
used the MTT (3-(4,5-dimethylthiazol-2-y1)-2 5-diphenyltetrazolium bro-
mide) assay to examine antitumour activity (refer to 6.2.3). MTT is a
yellow water soluble tetrazolium-based dye that can be metabolised by mi-
tochondrial dehydrogenases of viable cells to form insoluble purple crystal
formazan, the concentration of which is directly proportional to the num-
ber of viable cells. The concentration of the test agent that inhibits the

growth of cells by 50% (Gl5) is then derived from dose-response curves and
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subsequently used to guide treatments in further experiments conducted
throughout the study. In addition to measuring growth inhibition, cell sen-
sitivity using the clonogenic assay was adopted to determine whether single
cells are able to survive challenge and form colonies after a brief exposure
to the test agent.

Markers of apoptosis using flow cytometry and Western blots were also
investigated in order to confirm the nature of apoptosis in cells. This phase
of the study serves to provide a thorough understanding of the antiprolif-

erative profile of JA.
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2.2 Results and Discussion

2.2.1 Jerantinine A, jerantinine B, and acetate deriva-
tives potently inhibit growth of cancer cells

The growth inhibitory properties of jerantinine A, B, and their acetate
derivatives against HCT-116, HT-29, MCF-7, MDA-468, and A549 were
initially investigated using the MTT assay as discussed previously. The
MTT assay was preferred over other cytotoxicity assays such as the sul-
forhodamine B assay and trypan blue staining primarily because of its ca-
pabilities to generate consistently reproducible data quickly and efficiently,
which allows for testing of compounds on several cell lines simultaneously.

All cell lines displayed sensitivity to JA; Glsy values of < 4 uM were
consistently obtained (table.2.1, see fig. 2.3). JA most potently inhibited
the growth of breast (MCF-7 and MDA-468) and HCT-116 colon cancer
cells with Gl5o values of <1 uM. A549 lung and HT-29 colon cancer cells
were less sensitive to JA with Gljy values of 3.74 and 2.52 M respectively.
JA was also screened against MRC-5 (normal lung fibroblasts) which ex-
hibited sensitivity with a GlI5y value of 1.72 M. Gl5y values of <1 uM were
observed for jerantinine B (JB) in all cell lines. JB differs from JA by re-
placement of the double bond in the piperidine ring in JA with an epoxide
function in JB (see fig. 2.2). The acetate derivatives of jerantinines A and
B (JAA and JBA respectively) were slightly more potent in most of the

cell lines tested compared to parent compounds, which is consistent with
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the idea that the acetate derivatives may be more permeable across the
cell membrane. JBA revealed Gl5, values <1 uM in all carcinoma cell lines
examined. JAA and JBA showed the greatest potency enhancement (>4-
fold) when tested against A549. DMSO vehicle had no effect on cancer cell
growth (see fig.A.1). Other cell lines were screened throughout the course
of the study and also found to be sensitive against JA and JAA (see table
2.2).

Table 2.1: Anti-proliferative activity of jerantinine analogues against hu-
man tumour cell lines and a normal fibroblastic cell line

Human cell line 72 h MTT G5 (M)
Origin Designation JA iﬁfﬁgﬁg&;ﬁ i{jga JAA JB JBA
ovemoma. MDA 009 S S0 oo
MOFT T 0 Lom fows 400
emomn HCTUS 10 0s B0 B Tooe
oremoms A0 Yo 0 L0 foos oo
e ot MRCT L7

GI59 values were determined by MTT assays following 72 h exposure of
cells to test agents (n=4) and expressed as a mean and standard deviation
of 3 independent trials. Refer to 6.2.3 for experimental methodology.

@ JA concentrations used as Glsq values in subsequent experiments.
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Table 2.2: Antiproliferative activity of JA and JAA against other tumour
cell lines and a normal microvascular endothelial cell line

Human cell line 72 h MTT Gl5¢ (uM)

Origin Designation JA JAA
Glioblastoma U3m3 v 0.530 £ 0.08 0.693 £ 0.20
astrocytoma U373 M 0.385 + 0.04 0.611 £+ 0.23
Pancreas

MIA PaCa-2* 0.251 & 0.01 0.242 + 0.02
adenocarcinoma
Microvascular

HMEC-1 0.317 £ 0.06 -

endothelial cells

*See appendix A (fig.A.2) for more details
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Figure 2.3: Representative MTT graphs from a single trial displaying the
growth inhibitory properties of JA.

Growth inhibitory effects of JA from one independent trial in A549 (a),
HCT-116 (b), HT-29 (c¢), MCF-7 (d), MDA-468 (e), MRC-5 (f) cells.
Cells were seeded in 96-well plates at a density of 3 x 103 cells/well. After
allowing to adhere (24 h), cells were treated with JA (n=4) and incubated
for 72 h. MTT assays were repeated >3 times. Refer to 6.2.3 for
experimental methodology.
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JA and JAA both displayed similar potencies in U373 V compared to
the counterpart cell line U373 M. U373 V is a vector control cell line that has
low expression of O(6)-Methylguanine-DNA-methyltransferase (MGMT)
in contrast to U373 M. MGMT is a unique protein that repairs O(6)-
alkylguanine lesions in DNA [148]. Alkylating agents like temozolomide
have been known to work best in cells expressing low levels of MGMT,
which is correlated with success in the clinic, as opposed to high levels
which are associated with resistance to such agents [148]. As observed in
table 2.2, U373 V and U373 M are similarly sensitive to JA and JAA, which
means that MGMT status is unlikely to affect the activity of either of these

compounds.

2.2.1.1 Investigating cross-resistance between jerantinine A and

vincristine

As mentioned previously, JA has been shown to have growth inhibitory
activity against a vincristine-resistant KB cell line [146]. In order to con-
firm and study mechanisms that overcome vincristine-resistance, two cell
lines were developed from HCT-116 wild-type CRC cells: HCT-116 cells
cultured and maintained in 2 uM of JA (JA-HCT-116) and vincristine-
resistant HCT-116 (V-R HCT-116) cells (see fig. 2.4; refer to 6.2.4 for
experimental methodology). V-R HCT-116 cells were made resistant to 2
uM of vincristine, nearly 400 times the Glsq (5 nM) of vincristine against
HCT-116 (see fig. 2.5). HCT-116 cells were unable to develop fold resis-

tance to 2 uM of JA (see fig. 2.6).
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Figure 2.4: Morphological differences between HCT-116 (a), V-R HCT-116
(b), and JA-HCT-116 (c) cells at 40X objective magnification.

Both V-R and JA-HCT-116 cells were maintained in 2 uM of vincristine
and JA respectively. V-R HCT-116 cells were smaller and more rounded
in appearance compared to JA-HCT-116 cells which contained large
vacuoles and were much bigger in size.

Table 2.3: Antiproliferative activity of JA and vincristine against JA-HCT-
116 and V-R HCT-116 cells

Human Cell Line 72 h MTT cytotoxicity Glsg (uM)

Origin Designation JA Vincristine

Vincristine-resistant

colorectal carcinoma V-R HCT-116 0.438 &+ 0.10 1.64 = 0.45
Jerantinine A-HCT-116

colorectal carcinoma JA-HCT-116  0.580 =+ 0.008 0.004 =+ 0.001
Colorectal carcinoma, HCT-116 0.762 £ 0.13  0.005 + 0.001

Gl59 values were determined by MTT assays following 72 h exposure
of cells (5000/well) to test agents (n=4) and expressed as a mean and
standard deviation of 3 independent trials. Refer to 6.2.3 for experimental
methodology.

As seen in table 2.3, vincristine retains activity in JA-HCT-116 cells,
however, JA achieves more activity against V-R HCT-116 when compared
to naive HCT-116 cells (approximately 800 nM; see table 2.3). Studies
probing possible mechanisms of overcoming vincristine resistance will be

discussed in chapter 3.
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Figure 2.5: Growth inhibitory effects of vincristine and JA from one inde-
pendent trial in V-R HCT-116.

Cells were seeded in 96-well plates at a density of 3 x 103 cells/well. Cells
were treated with JA (n=4) and incubated for 72 h after allowing to
adhere for 24h. MTT assays repeated >3 times. HCT-116 was made
resistant to 2 pM of vincristine, nearly 400x the GIjy value (5 nM)
against naive HCT-116 cells. Last known Gl value for vincristine on
this cell line was 1.96 M.

1.0+
=+ Vincristine

-= Jerantinine-A

OD at 550 nm

0.2+

0.0

] ] ] T
Control 0.005 0.01 0.05 0.1 0.5 1 5 10

Concentration (M)

Figure 2.6: Growth inhibitory effects of vincristine and JA from one inde-
pendent trial in JA-HCT-116.

Cells were seeded in 96-well plates at a density of 3 x 10? cells/well. Cells
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