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Abstract

Novel hybrid drugs have emerged as a promising new anticancer strategy. A
hybrid drug is a compound in which two active ‘parent’ drugs are linked to create
a single molecular entity with a multimodal action. The main objective of this study
was to evaluate the anticancer potential of several novel hybrid drugs which
contained a combination of artemisinin (ART) and either a porphyrin or
naphthalimide (NAP) derivative. ARTs, NAPs and porphyrins have already shown
promising anticancer activity both in vitro and in vivo. Real time cell analysis
(RTCA) and cell count analysis were the chosen methods to evaluate cell growth
and cell number following hybrid treatment. Another key objective of the current
study was to determine if oxygen concentration could affect anticancer drug
efficacy in vitro. This hypothesis was investigated in Chapter 2. Hypoxia, which
often develops in tumour tissue, has been reported to adversely affect
chemotherapy and radiotherapy during cancer treatment. Despite this evidence,
standard atmospheric oxygen levels are employed during in vitro analyses of
novel anticancer agents. The generated results clearly demonstrate that
artesunate anticancer efficacy against HelLa cells was increased when oxygen
levels were lowered to 4% (v/v) or 1% (v/v). This highlights the importance of

oxygen concentration when evaluating novel anticancer agents.

Photodynamic therapy (PDT) was applied to PC-3 cells in Chapter 3. PDT
involves the combination of a photosensitiser (drug), light and oxygen to induce
cell death. Hypoxia development in tissues during PDT has been shown to induce
resistance highlighting the importance of oxygen in PDT outcome. Oxygen
concentration was maintained at 4% (v/v) throughout analysis based on the
results from Chapter 2. Protoporphyrin IX (PpIX) and hybrid AP433 were
investigated in PC-3 cells. A novel light activation procedure was performed using
a Q-Sun solar simulator. Light activation of both PpIX and hybrid AP433 could be
observed. However, light irradiation procedure alone accounted for a loss in cell
numbers. Therefore, PDT treatment will need to be further optimised before this

family of hybrids can be effectively evaluated.
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ART-NAP hybrids were then investigated across four cell lines in 4% (v/v) oxygen
environment. SG76, SG77 and SG81 were particularly effective against HL60
and PC-3 tumour cell lines. PNT1A prostate non-tumour cells were more tolerant
to hybrid drugs than both parent compounds. Furthermore, SG77 was found to
be the most selective hybrid with 11 times more activity in PC-3 when compared
to PNT1A. The next objective was to investigate the potential mechanisms
responsible for SG77 drug action. Gene expression analysis was performed to
determine the potential for SG77 to induce oxidative stress, DNA damage and
apoptosis. In addition, ROS generation, glutathione levels and apoptosis
induction were quantified following SG77 treatment. Based on the data
generated, intrinsic apoptosis, DNA damage and glutathione antioxidant
response may be important in SG77 drug action. Furthermore, PC-3 were more
sensitive to SG77 than non-tumour PNT1A with increased cytotoxicity, ROS
generation, glutathione depletion and apoptosis. SG77 should be considered as
a promising candidate for animal trials with the potential for a potent and selective

cancer therapy which will improve patient outcome.
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Chapter 1. General Introduction

1.1 Overview

Chemotherapy, radiation, and surgery are the standard methods of cancer
treatment today. However, multidrug resistance is a reoccurring drawback with
chemotherapy in many patients. In addition, most chemotherapeutics have side
effects associated with high toxicity levels. Most chemotherapeutics administered
in the clinic today interfere with DNA replication and cause cell cycle arrest 1. As
cancer cells undergo rapid cell divisions they are generally more susceptible to
chemotherapy than non-tumour cells. Furthermore, cancer cells often have
impaired DNA repair mechanisms leading to more DNA damage and cell death
2, Unfortunately, these anticancer drugs are will also interfere with non-tumour
cells. Rapidly dividing non-tumour cells such as and hair follicles, stomach
epithelia and haemopoietic cells are particularly susceptible to chemotherapy
resulting in hair loss, ulcers and anaemia 3. Therefore, the search is ongoing for

novel anticancer compounds with potential for more selective chemotherapy.

Exploiting the differences between non-tumour cells and tumour cells has led to
strategies targeting cancer related mutations or the deficiency of tumour
suppressor pathways in cancers 4. Another strategy that is being employed is the
development of hybrid drugs. A hybrid, in the context of drug design, refers to a
compound in which two active ‘parent’ drugs are linked to create a single
compound with dual activity 5. The two parent drugs, from which the hybrid is
prepared, each have their own unique mode of action. By combining two
compounds in this way, several advantages are possible including simultaneous
delivery of the parent drugs, enhanced potency, improved cellular uptake,
reduced drug resistance and reduced non-tumour toxicity. Indeed, improved
efficacy and selectivity have been successfully demonstrated in hybrids when
compared to their parent drugs in vitro 7. The hybrid approach has been
employed successfully in the treatment of several diseases and disorders
including cancer 811, neurodegenerative disorders 2 and malaria 1314, Unlike
drug combination therapies for cancer treatment, the biological activity of hybrid
compounds results from a single molecule in which two or more active

compounds, with specific mechanisms of action and/or biological targets.



The overall aim of the current study is to evaluate the antitumour efficacy of
several novel hybrids containing artemisinin, porphyrin, or naphthalimide
derivatives. Artemisinin (ART), and it's derivatives are endoperoxide containing
compounds which has been used in malaria treatment for more than 30 years 1>
7. ART and its derivatives have been shown to have excellent anticancer
properties in vitro in many cancer types including leukaemia, prostate and breast
cancer 821 This activity has been further supported with in vivo studies involving
xenografted animal models 22724, Naphthalimides (NAPs) are a family of
compounds containing an aromatic naphthalene system fused to an imide group
and were first synthesised as antitumour agents in 1977 25. These potent
compounds are proposed to exert their antitumour effects by DNA intercalation
26, Some NAPs have reached clinical trials, severe toxicity in non-tumour tissues

has prevented them being further developed 27:28.

Porphyrins are naturally occurring compounds with unigque photo-activation
properties. These properties have been exploited to treat several medical
conditions including psoriasis, acnhe and cancer in a procedure coined
photodynamic therapy (PDT) 2°. PDT involves either systemic or topical
administration of a photosensitiser (PS), followed by irradiation of the diseased
area with light of a specific wavelength. The irradiation process elevates the PS
to an excited state where it can elicit its toxic action 39-32, Porphyrins are thought
to preferentially locate in tumour tissue due to the poorly formed, leaky
vasculature. This theory, coupled with the fact that light activation is only
performed on target tissue means that a “dual selectivity” is possible °.
Furthermore, the porphyrin compound may be even more beneficial in a hybrid
by directing the second anticancer agent to the tumour site where both parents
can take effect upon light activation .1t is anticipated that by combining ARTs
with porphyrins that there will have increased potency and efficacy. ARTs ROS
producing properties could potentially work in synergy with the unique light
activation properties of porphyrins which result in the generation of toxic singlet
oxygen. On the other hand, by combining ARTs with NAPs it is anticipated that
there will be a synergistic effect with DNA intercalation/damage of potent NAP

combined with tumour selective ROS production of ART. To our knowledge, this



is the first time such novel ART-NAP and ART-porphyrin hybrids have been

investigated in vitro.

Another novel aspect of the present research project involves maintenance of
oxygen environment to better reflect in vivo conditions of normoxia (4% (v/v)
oxygen) and hypoxia (1% (v/v) oxygen). Tissue hypoxia is defined as a decrease
in oxygen availability below critical levels which compromises the function of cells
tissues or organs 4. Hypoxia often develops in tumours due to poor blood supply
and inadequate oxygen diffusion. More than 50% of solid tumours exhibit areas
of hypoxia throughout the tumour mass, with areas of anoxia often occurring .
Hypoxia has also been shown to adversely affect chemotherapy and radiotherapy
36-38  Despite the large body of evidence suggesting that hypoxia is crucial to
chemotherapy outcome, almost all in vitro evaluations of novel compounds have
been performed in the standard oxygen rich environment (20-21% O32) 3%-41, This
is markedly different from the normoxic oxygen levels typical of normal cells in
vivo or indeed from the hypoxic or anoxic regions of a typical tumour mass 4243,
There is a need to factor oxygen concentration as standard procedure for in vitro

analyses of novel drug compounds.

1.2 Cancer

Cancer is characterised by the uncontrolled growth of cells and can often
metastasise from the origin to distant sites of the body 44. After diseases of the
circulatory system, cancer remains the second most common cause of death in
Ireland with an annual average of 8,827 deaths from 2011 to 2012 4.
Furthermore, 1 in 3 men and 1 in 4 women in Ireland will develop some form of
invasive cancer in their lifetime with lung, breast and prostate cancer the most
common cancer types reported “°. Due to an increasing aging population in
Ireland, it is predicted that the total number of new invasive cancer cases will
increase by 84% for females and 107% for males between 2010 and 2040 4.
Cancer in Europe is also on the rise with more than one and a quarter million
cancer deaths recorded in 2013 4’. Furthermore, cancer is a major cause of
mortality worldwide with approximately 8.2 million cancer deaths reported in

2012, affecting populations in all countries and all regions .



1.3 Characteristics of cancer

Cancer can be defined simply as the uncontrolled growth of cells. This
aggressive, unregulated growth and unsuppressed cell division is caused by
gene mutation and can occur at nearly any location in the body. The resulting
cancer is often metastatic in nature %°. Risk factors which are known to cause
cancer include tobacco smoke and ultraviolet (UV) radiation 5°-52, As non-tumour
cells progress to a neoplastic state, they adopt several distinct properties which
allow evasion of regulatory processes and favour uncontrolled growth and
metastases. Figure 1 illustrates the most common characteristics of cancer cells
including evading cell death, sustained growth, angiogenesis induction, evading
immune destruction and metastasis 4%4. These physiological changes in cells
represent a failure of the anticancer defence mechanisms which typically combat
the formation of tumours. Many cancer therapies have been aimed to target one

or more of these cancer characteristics (Figure 1).

Possibly the most fundamental property of cancer cells is their ability to maintain
cell growth 444, In contrast, non-tumour cells regulate the release of crucial growth
factors involved in the initiation of cell growth, thus maintaining an optimal
balance of cell numbers. Cancer cells sustain growth by directly producing growth
factors or stimulating cells surrounding them to produce growth factors.
Moreover, cancer cells are known to have more growth factor receptors on their
cell surface 53. Negative feedback loops in the body are key in regulating
homeostasis in the body. For example, the Ras pathway is a frequently
deregulated negative feedback pathway in human cancer %*. Ras protein is a
monomeric G protein which is activated by bonding with guanosine triphosphate
(GTP) to activate several kinase proteins in a cascade of events which trigger cell
growth. Importantly, this process is self-limiting and when Ras binds to GTP it is
quickly hydrolysed to form guanosine diphosphate (GDP) %55, When bound to
GDP, Ras is deactivated. Therefore, RAS activity depends on the amount of the
corresponding GTP in the cell. Ras mutations affect downstream growth
signalling pathways involved in numerous functions including cell cycle

progression, growth, apoptosis, senescence and migration 5456,



An unlimited replicative potential is another trait acquired by cancer cells (Figure
1). In non-tumour cells, growth and replication are limited by cell death in
response to stress and cell ageing. Telomeres have been demonstrated to have
a crucial role in cell ageing °’. Telomeres protect the ends of chromosomes
ensuring chromosome stability and have a role in cellular response to DNA
damage and stress. In non-immortalised cells, telomeres shorten progressively
until chromosomal integrity is lost resulting in cell death. Conversely, cancer cells
escape cell ageing by overexpressing telomerase an enzyme with the function of
adding hexanucleotide repeats to telomeres thus preserving chromosome
integrity. Tumour cells consume nutrients and oxygen like their non-tumour
counterparts. However, due to the rapid growth of tumour cells, the demand for
oxygen and nutrients becomes unsustainable. Tumour cells compensate for this
insufficient blood supply by activating new blood vessel formation (angiogenesis)

by activating growth factors such as vascular endothelial growth factor (VEGF)
58

Metastases, which is the spread of cancer from one organ or tissue to
surrounding tissues, is a characteristic of many cancers (Figure 1). An
assessment of metastasis is used to diagnose cancer stage in patients. Stage |
cancer is relatively small and contained at the site of origin. Stage Il cancer
usually has not spread to surrounding tissues but has grown larger in size than
in Stage I. Conversely, Stage 3 cancer involves the spreading of cancer cells
into surrounding tissues and lymph nodes. Stage IV is an advanced form of
cancer where the initial cancer has spread to another organ within the body. This
cancer is often referred to as metastatic cancer 560, E-Cadherin is a
transmembrane glycoprotein that establishes interactions with adjacent E-
cadherin molecules and forms adherent junctions between epithelial cells. E-
cadherin downregulation or deactivation in many cancers suggests its role in

suppressing metastasis 62.



1.3.1The onset and development of cancer

Cancer development is a multi-stage process. The concept of multi-stage cancer
was first proposed in 1948 62, Cancer is divided into three distinct phases:
initiation, promotion and progression. Underlying molecular events such as
altered gene expression and cellular signalling are crucial in the formation of
cancer and numerous genes and proteins have been implicated to have a role in
cancer development. Initiation of cancer occurs where non-tumour cells
experience DNA damage. This DNA damage is normally repaired by molecular
DNA repair processes. However, when a cell is in a growth state, there is
significantly less time to perform necessary DNA repairs. Consequently, these
cells retain genetic alterations during cell division 364 The second stage of
cancer, promotion, is the process whereby tumour promoters encourage cells to
divide. If these tumour promoters are present in tissues for a long time in high
concentration, tumour formation can ensue without any other stimuli. On the other
hand, if a tumour promoter is absent, then tumour regression can occur by means

of apoptosis #°.

During the promotion stage, a series of cellular adaptions are necessary in cancer
to survive the toxic effects of acidosis and hypoxia. Cancer cells are thought to
switch to anaerobic respiration resulting in increased glycolysis and increased
acid production. The third and final stage in cancer development is progression.
This stage is characterised by increased growth rate and the development of a
more aggressive malignant phenotype. At this stage, the tumour begins to
migrate to surrounding tissues and enter the blood stream where it can spread to
other organs within the body where there is the potential for the development of
secondary tumours. Cancer cells now have a significant growth advantage
having adapted to hypoxia and acidosis. Consequently, there is a large drop in
competing non-tumour phenotypes due to the harsh growth environment. This
decline of competing cell types is thought to be crucial in the evolution of a
metastatic cancer type ©°.



1.3.2 Cancer treatment

Surgery, radiation and chemotherapy are routinely used in combination to treat
malignant tumours to improve patient outcome 6579, Tumour removal during
surgery remains one of the most effective cancer treatments today 3. However,
surgery is limited due to the inaccessibility of some tumour types such as brain
tumours and those which have spread to vital organs. Tumour debulking can be
performed, in which some, but not all the tumour is removed to prevent damage
to vital organs. leukaemia is present in the blood stream and does not form a
tumour mass. Therefore, this cancer subtype cannot be removed surgically L.
Furthermore, it is often difficult to remove all the tumour cells which lead to the
cancer re-growing 3. Metastatic cancers, which account for most cancer deaths,
are not curable with surgery alone as they spread to different tissues and organs
72-74 Radiotherapy is also utilised in cancer treatment and involves exposing
cancer cells to ionising radiation which generates reactive oxygen species that
cause DNA damage and apoptosis ">~’8, However, low oxygen concentrations
typically present in areas within tumour mass are known to reduce the efficacy of
radiotherapy 7°. In addition, radiotherapy has been associated with the

development of secondary tumours in brain cancer patients 0.

Chemotherapy refers to the use of one or more anticancer drugs to kill cancer
cells 8%, Great progress has been made in the development of novel anticancer
drugs which often target specific mechanisms upregulated in cancer cells
including DNA replication, angiogenesis, metastasis, proliferative signalling and
resistance to cell death as illustrated in Figure 1 828 | For example genomic
instability has been targeted with poly(ADP-ribose) polymerase (PARP) inhibitors
to prevent cancer cells initiating single stranded DNA repair 8. Furthermore, most
chemotherapies used in the clinic target DNA replication to target the rapid
division of cancer cells 1. Drugs which result in ROS generation, such as ARTS,
are used to target the higher levels of oxidative stress and the compromised
antioxidant systems often present in cancer cells 886, The importance of ROS
generation and glutathione antioxidant response in cancer treatment are
described in more detail in sections 5.4 and 5.5. VEGF has also been targeted
using monoclonal antibodies to prevent cancer cells promoting angiogenesis and

maintaining blood supply to the growing tumour 8. Chemotherapy has proven

7



effective in treating several cancers but is limited by non-tumour cell toxicity.
Rapidly dividing non-tumour cells such as and hair follicles, stomach epithelia
and haemopoietic cells are susceptible to chemotherapy resulting in hair loss,
ulcers and anaemia 3. Therefore, there remains an urgent need to continue to
develop improved and more targeted cancer therapies which will mitigate the

cancer minimising toxic side effects in cancer patients.

Adjuvant (or adjunct) therapy involves the use of a pharmacological or
immunological agent in combination with primary treatment to improve overall
tumour destruction. For example, anticancer agents are commonly administered
after surgery to ensure that any remaining tumour cells can be destroyed. This
approach has been employed in the treatment of several cancers including colon,
breast and lung cancer 8. Radiation and surgery have also been combined to
treat several cancers including breast and prostate cancer 89-°1, Neoadjuvant
chemotherapy refers to the administration of a therapeutic agent prior to the main
treatment to improve overall efficacy. This type of treatment is usually applied to
reduce the tumour size before surgery and can include hormones, immune
system modulators and chemotherapeutic agents °29, Neoadjuvant
chemotherapy has been applied successfully in combination with surgery and
trastuzumab in HER2-positive breast cancer patients %4.

1.3.3 Multidrug resistance

The development of multidrug resistance (MDR) remains a major obstacle to
successful cancer treatment. Anticancer drugs can fail to destroy cancer cells for
several reasons. As most drugs are administered systemically, metabolism and
absorption can impact drug efficacy. For example folate receptor mediated drug
uptake can contribute to resistance in breast cancer cells . Additionally, drug
metabolising enzymes have a central role in drug metabolism which can lead to
detoxification of an anticancer agent and thus can cause reduced drug efficacy
9, Cancer cells also make genetic alterations to adapt to the toxic effects of
chemotherapy (section 1.3). Upregulation of transport mechanisms in cancer
cells is commonly implicated in the development of MDR. For example, ATP
binding cassette transporters (ABC transporters) are a family of proteins which

function to transport solute across the cellular membrane. During chemotherapy,



these transport proteins are upregulated resulting in an increased efflux and
removal of the anticancer agent from within the cancer cell °/:%, Consequently,
drug efficacy is greatly reduced. Many anticancer agents are designed to Kill
proliferating cells, causing extensive DNA damage that eventually leads to cell

cycle arrest and apoptosis.

However, the efficacy of these anticancer agents can be significantly reduced by
the ability of cells to repair DNA 8. DNA repair involves an intricate network of
repair systems including the nucleotide excision repair (NER) °° pathway, the
base excision repair (BER) 1%° pathway, the homologous recombination (HR) 101
pathway, and the nonhomologous end joining (NHEJ) pathway %% (Discussed
further in Chapter 5). These pathways have been linked to multidrug resistance
from both platinum based and DNA alkylating anticancer agents 192-104 p53 is a
key transcription factor involved in cell cycle regulation, apoptosis and DNA
repair. Mutations in this gene are common in cancer cells and have also been
associated with multidrug resistance 1%. Apoptosis evasion can also contribute
to resistance. For example, BCL-2 antiapoptotic protein (discussed further in
section 5.3) activation was found to be upregulated in multidrug resistant lung

cancer cells 16,
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Figure 1 Characteristics of cancer cells and potential therapeutic targets

The diagram represents the most common characteristics of cancer cells including evading cell
death, sustained growth, angiogenesis induction, evading immune destruction and metastasis.
The diagram also highlights some promising therapies which have been designed to target these

mechanisms; many of these therapies have reached advanced clinical trials 4.
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1.4 Artemisinins- A family of endoperoxide containing antimalarial
compounds

1.4.1 Artemisinin in malaria treatment

Artemisinin (ART) is a sesquiterpene lactone (a class of chemical compound
which contains sesquiterpenoids and a lactone ring). ART was first isolated from
the Chinese herb ginghaosu (artemisia annua or annual wormwood) in 1972 15,
It was then discovered that artemisinin had excellent antimalarial properties with
potent activity in multidrug resistant P. falciparum malaria strain in vitro and in
vivo 197, Naturally occurring artemisinin has low solubility in oil and water
prompting several semi-synthetic derivatives to be produced 8, The latter

include dihydroartemisinin and artesunate which both contain an endoperoxide

moiety (Figure 2).

H : .

Figure 2 Chemical structure of (A) Dihydroartemisinin and (B) Artesunate

ARTSs have been previously well tolerated in hundreds of thousands of malaria
patients with little side-effects even at high doses 9. Typical malaria treatment
in humans require oral doses of 70 mg/kg/day 11°. It was demonstrated that the
endoperoxide group in ART is essential for antimalarial activity ''. Several
derivatives of ART which lacked the endoperoxide bridge peroxide were found to
have no antimalarial activity 1. The exact mode of action of artemisinin in malaria

remains under debate. However, most studies concur that ART and its
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structurally similar derivatives require bioactivation through cleavage of the
endoperoxide bond to produce toxic oxygen radicals. There is a large body of
evidence suggesting that this bioactivation occurs through the reductive scission

by the iron Il centre of haem 111112,

Malaria parasites infect erythrocytes and consume haemoglobin as a source of
nutrients producing toxic haem as a by-product 3. Nearly all this toxic haem is
converted into a non-toxic insoluble polymer called haemozoin. Most of this
haemozoin, often referred to as the malaria pigment, is stored in the food vacuole
of infected erythrocytes 4. Following haemoglobin degradation and haematin
detoxification, iron is available in the form of Iron Il (Haem) and iron Il (Haematin).
Haem and haematin are structurally very similar. They can be distinguished by
different oxidative states. Haem is in the +2 oxidation state whereas haematin is
in the +3 oxidation state and contains an additional hydroxyl ligand 15116, Other
forms of iron are also available but it has not been fully elucidated which source
of iron is utilised in ART activation within the parasite. This information is outside
the scope of the current study but a detailed review has previously been
performed 1. ART activation by iron is then capable of producing toxic free
radicals 7. The involvement of haem in the bioactivation of ART could explain
its selective toxicity since extensive haemoglobin catabolism and haem

polymerisation are processes that only occur within infected red blood cells 11,

There is debate surrounding the way in which bioactivation of the endoperoxide
occurs 1, Two models of ART activation that were hypothesised include the
reductive scission model and the open peroxide model. In the reductive scission
model, iron Il centre of haem binds to ART resulting in electron transfer and in
turn the reductive scission of the peroxide bond. This reductive scission produces
carbon centred radicals, which are thought to be responsible for antimalarial
activity 118, The open peroxide model, on the other hand, involves Iron Il behaving
as a Lewis acid resulting in an opening of the peroxide ring to produce an open
hydroperoxide 1%°. A Fenton reaction then occurs to produce hydroxyl radicals

which are toxic to the parasite 120, Both primary and secondary carbon centred
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radicals have been detected in vitro following ART activation and are thought to

result in protein alkylation and protein oxidation 111121,

ART has been shown to alkylate haem to form adducts. ART has been combined
with haem during in vitro Iron degradation studies which demonstrate the
formation of ART-haem adducts 122123, ART alkylation of haem was detected in
urine samples of malaria-infected mice following ART treatment 124,
Radiolabelled dihydroartemisinin (DHA), arteether and arteflene have been
shown to alkylate several proteins in the malaria parasite which adds more

evidence to support the proposed mechanism 125127,

1.4.2 Artemisinins in cancer treatment

ART was first found to have anticancer properties in 1993 when several ART
derivatives, including artesunate, were investigated in Ehrlich ascites tumour
cells (cell line is derived from a mammary gland tumour in a mouse model). All
compounds active in the tumour cell line with ICso (inhibitory concentration 50%)
values ranging from 12.2 to 29.8 uM %28, However, ICso values in the tumour cell
line were markedly higher when compared to the activity of ART in malaria
treatment (1.3 pM) suggesting that higher doses of ART are required for
anticancer activity 8. This promising study led to the evaluation of ART and its
derivatives in several cancer cell lines in vitro. Artesunate and DHA are the most
commonly investigated derivatives. Artesunate was tested against 55 different
tumour cell lines. The results were encouraging with an ICsp value of less than 20
MM in most cell lines tested. Leukaemia and colon cancer cells were the most
sensitive to artesunate with mean ICso values of 1.11 yM and 2.13 puM
respectively 8. (The average ICso of artesunate on NCI database across multiple
cancer types is 4.7 yM 129), Several other cancer cells were also sensitive
including melanoma, prostate, breast and ovarian cancer. The author concluded
that ART activity was comparable to other standard cytotoxic agents employed
clinically in the treatment of several cancer cell types including leukaemia, breast
and prostate cancer *8. Artesunate was also effective in a panel of neuroblastoma
cells with an ICsp of 5 uM or lower in nearly all cell lines tested. ROS generation

and apoptosis were detected following drug treatment 3°, DHA was shown to be

13



effective in MOLT-4 leukaemia cells with rapid cell death after 8 hours with 27.5%

of cells undergoing apoptosis.

ART compounds (primarily artesunate and DHA) have been examined in vivo
employing several animal models of cancer including leukaemia 3%, sarcoma %2
and cancers of the breast 2!, pancreas 32133 [iver 134135 and colon . For
example, ART was found to delay the development of 7,12-
dimethylbenz[a]anthracene (DMBA)-induced breast cancer in a rat model at a
dosage of approximately 8 mg/kg/day for 40 weeks 2. Another study reported
that artesunate (167 mg/Kg/day) effectively reduced tumour growth to
approximately 30% of the untreated control group in Kaposi’'s sarcoma mouse
model 22, In mice bearing BXxPC-3 xenograft tumours (pancreatic cancer), DHA
inhibited tumour growth in a dose-dependent manner; DHA (50 mg/kg/day)
resulted in a reduction in tumour size to 27% of the untreated tumour control by
day 18 3. On the evidence of these studies, ARTs can significantly retard
tumour growth in vivo at relatively high doses (50-200 mg/kg/day) with no
significant side effects reported at these dosages. This in vivo research suggests
that ART compounds have the potential to be utilised in the treatment of cancer
patients. However, further clinical trials are needed before ARTs can be further

developed.

ARTSs have been investigated in a small number of clinical studies to date in the
treatment of several cancer types including cervical 12, lung 3% and skin cancer
140 The first case studies involving the treatment of cancer patients with ART
related compounds was on a compassionate use basis, where standard
chemotherapy had proven ineffective. A patient with laryngeal squamous cell
carcinoma was treated with both oral (50mg) and interparental (60mg) doses of
artesunate daily. The tumour size was reduced by approximately 70% after 2
months of treatment with a reported improvement in patient symptoms 140, 2
patients with advanced metastatic uveal melanoma were also treated with
artesunate in combination with standard chemotherapy '#*. The combination
therapy was well tolerated with no additional side effects reported. Tumour growth

stabilised in one of the patients following treatment with artesunate and
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dacarbazine; this treatment also resulted in reduced metastasis. The patient was
still alive 47 months after first diagnosis of stage IV uveal melanoma; the median

survival for this advanced stage cancer is usually between 2-5 months 41,

These initial case studies led to development of more controlled clinical trials. A
clinical trial in advanced non-small cell lung cancer investigated a combination
treatment with artesunate 1°. Vinorelbine and cisplatin (standard chemotherapy)
were administered with or without intravenous ART injections (120 mg). There
were significant improvements in disease control rate of the trial group (88.2%)
when compared to the control group (72.7%). Again, artesunate was well
tolerated in all patients. A separate clinical study investigated oral artenimol, the
succinate ester of DHA, in the treatment of cervical cancer. Symptoms of the
disease subsided within three weeks of artenimol treatment (200 mg/day) in all
patients. An increased survival time was also observed 2. A double-blind,
placebo-controlled trial was performed in 23 colorectal carcinoma patients.
Patients were administered with oral artesunate (200 mg) or placebo. The results
showed that after 42 months only one ART-treated patient developed refractory

tumours when compared to six placebo-treated patients 42,

In conclusion, numerous studies have reported that ART and its derivatives are
active against cancer in vitro and in vivo. This evidence suggests that ARTs could
be utilised in chemotherapy, either as a monotherapy of adjuvant therapy. This
point is reinforced by preliminary clinical results.

1.4.3 Artemisinins anticancer mode of action

ART’s anticancer mode of action has been investigated in vitro. The
endoperoxide bridge of ART is crucial for anticancer activity drawing comparisons
to the malaria narrative *3. When the endoperoxide moiety was removed from
DHA, the result was a 50-130 fold decrease in cytotoxicity in HL60 and Jurkat
leukaemia cells when compared to endoperoxide-containing DHA 143, It is
generally accepted that iron-mediated endoperoxide cleavage results in ROS
production, DNA damage and cell death 44, This theory has been supported by
numerous studies 14°-147_ An early study reported the artesunate caused growth

inhibition, apoptosis and glutathione depletion in human KG-1a leukaemia cells
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in response to ROS generation . Intrinsic apoptosis, mediated by the
mitochondria, is thought to be activated in response to this ROS generation 4.
For example, DHA treatment was found to induce apoptosis in hepatocellular
carcinoma cells. Mitochondrial membrane depolarisation, cytochrome C release

and caspase enzyme activation were reported 47,

The source of iron required for ART activity remains under debate. Two modes
of action have been hypothesised (Figure 3) 148, (A) ART accumulates in the
endosome before being activated by unbound iron. This results in the generation
of ROS causing lysosomal damage, disruption of endosomal transport and
mitochondrial mediated apoptosis; and (B) an alternate mode of action involves
the activation of ART by haem within the mitochondrion resulting in the production
of carbon centered free radicals. These radicals then form adducts that may
interfere with the electron transport chain by interacting with haem-bound
proteins. This results in the generation of ROS, cytochrome C release from the

mitochondria and caspase mediated apoptosis 146:149,

1.4.4The role of Iron in artemisinin anticancer activity

Haem and Iron content are important to the anticancer activity of ART and its
derivatives 150-152_ Activation of the endoperoxide bridge of ART is thought to be
activated by cellular haem resulting in ROS production, DNA damage and
apoptosis 14°. Cancer cells are known to have increased haem synthesis and thus
increased intracellular iron to facilitate rapid growth and proliferation 153154,
Transferrin (Tf) is a protein found in human serum which aids in iron transport
within the cell 1. Tf receptor expression can be up to 100-fold higher in cancer
cells than non-tumour cells %6, Furthermore, hypoxia is thought to enhance

transferrin expression through the binding of HIF-1 transcription factor 157

ART derivatives have shown to be selectively toxic in cancer cells due to the
increased iron mediated bioactivation °8. The stimulation of haem synthesis in
tumour cells has been shown to increase the activity of ART 1. Furthermore
ART efficacy has shown to be improved with the addition of iron or Tf. An early
study in 1995 reported that co-treatment of DHA with Tf was found to increase

activity in molt-4 leukaemia cells 1°. Furthermore, this treatment proved to be
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selective to cancer cells with 100 times more activity on molt-4 leukaemia cells
than non-tumour lymphocytes %°. Cells co-treated with Tf were hypothesised to
increase the peroxide activation leading to increased anticancer activity °°.
Cancer cells often contain higher levels of Tf and Tf receptor expression to
sustain cell growth 160161 |t can be hypothesised that higher levels of these
proteins, which are involved in iron uptake and transport, may increase
susceptibility to ARTs. For example, breast cancer cells co-treated with DHA and

Tf were shown to be selectively toxic to breast cancer cells'®°.

Prostate cancer cells also have typically higher numbers of Tf receptor 2. An
ART-Tf conjugate successfully induced apoptosis in DU145 prostate cancer cells
156 Furthermore, ART-Tf conjugate activity was significantly reduced when Tf
receptors were blocked by short interfering RNA (siRNA) %6, Another study
reported the selective toxicity of a DHA-Tf conjugate against leukaemia cells as
compared to their non-tumour counterparts 3. To conclude, iron is central to
ART anticancer activity and may explain why selectivity has been observed in
cancer cells. There is excellent potential to exploit this Iron-mediated mechanism
for the clinical treatment of cancer with ART by modulating haem synthesis and

iron transport in target cells.

1.4.5 Artemisinins and multidrug resistance

The lack of resistance to artesunate is promising for the treatment of tumours
which are resistant to standard chemotherapy. An in vitro study investigated
artesunate on several multidrug-resistant cell lines differentially expressing the
multidrug resistance gene-1 (MDR-1), multidrug resistance protein-1 (MRP-1)
and breast cancer resistance protein (BCRP) genes. All cell lines tested displayed
no cross-resistance to artesunate 164, A separate study compared basal mMRNA
expression profiles in tumour cells in response to artesunate, arteether or
artemether 6. The results of hierarchical cluster analyses, which correlated ICso
values and the mRNA expression of over 400 genes, suggested that genes
associated with cellular proliferation may play an important role in ART antitumour

action 16, .

17



Lysosomal
(a) Endosome Fe(I1I)-Art ysosoma ROS
damage

H

(c) ER stress

\

FPFe(II) /\ (d) DNA damage

| P — ! b sa=== 4| transport :
| .
i chain !

_________ #| Cytochrome ¢

release

1

‘ Caspase activation 3/9 ‘

Figure 3 Artemisinin mode of action

ART is thought to induce cancer cell death through the iron mediated breakdown of the
endoperoxide subunit (endoperoxide outlined with the broken red line). Two modes of action
have been hypothesised; A) ART locates to the endosome where it is activated by free iron from
the release of iron from transferrin. Endosome function is then disrupted and lysosomal damage
occurs due to ROS production. This ROS production leads to the induction of intrinsic caspase
mediated apoptosis; B) Alternatively, activation of ART by haem generates cytotoxic carbon-
centered radicals in the mitochondrion. These adducts then may interfere with ETC by
interacting with haem-bound proteins leading to generation of ROS and apoptosis °.

1.5 Naphthalimides
1.5.1 Naphthalimides in cancer treatment

Naphthalimides (NAPSs) are drugs containing an aromatic naphthalene system
and an imide group and are known to induce apoptosis in tumour cells. NAPs
were first synthesised as antitumour agents in 1977 by combining structural
components of several anticancer drugs into a single molecule; the f-
nitronaphthalene of aristochic acid, the glutarimide rings of cycloheximide and the
basic side chain of tilorone 2°. These potent drugs exert their antitumour effects
by DNA intercalation 26. NAPs also disrupt topoisomerase Il, enzymes which are

essential in regulating DNA topology and coiling of DNA during replication and
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transcription %%, Therefore, NAPs are toxic to fast growing cancer cells with
higher DNA replication and cell division as outlined in Figure 1. Two of the most
well-known antitumour NAPs are amonafide and mitonafide (Figure 4). These
drugs have shown good activity against HelLa cervical cancer cells with ICso

values of less than 10 uM 166,

Amonafide has reached phase Il clinical trials against a number of cancer types
including lung, prostate, cervix with advanced metastatic breast cancer being the
most promising 27:167-172 Amonafide has been reported to induce topoisomerase
lI-mediated DNA cleavage, which occurs independently of adenosine
triphosphate (ATP) availability. This is in contrast to doxorubicin, etoposide, and
mitoxantrone which require ATP 173-176_|n addition, amonafide is unaffected by
P-glycoprotein-mediated efflux which can lead to resistance in alternate clinical
topoisomerase |l inhibitors 1’7, Reported drawbacks of amonafide include
haematological, gastrointestinal and neurological toxicity ’8. Mitonafide also
reached clinical trials but was unsuccessful due to neurotoxicity issues 17°-181,
Bis-NAPs, consisting of two naphthalimides connected by a covalent linker, were
first synthesised in 1993 182, Bis-NAPs have been reported to have improved
activity as compared to mono-NAP equivalents 82, Bis-NAP elinafide was found
to exhibit high activity against a number of human xenograft models including
melanoma, lung and colon cancer 83, Elinafide also reached phase | clinical

trials 184185,

Thirty patients with advanced malignancies were treated with elinafide at doses
ranging from 2 to 24 mg/m?/d. Although no dose-limiting events were noted in
the first two courses of elinafide, cumulative muscular toxicity prevented the
repeated treatment with elinafide at doses above 18 mg/m?/d. The authors
concluded that while the preliminary antitumor activity of elinafide was promising,
the observed cumulative muscular toxicity warrants a rigorous long-term
toxicologic monitoring for future clinical evaluations 184 A separate study
investigated elinafide mode of action by examining the chemical interactions with
DNA. NMR studies were reported that elinafide intercalated into the DNA helix

with the linker located in the major groove of the DNA helix 186,
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Figure 4 Mitonafide chemical structure

1.6 Anticancer hybrid chemotherapy
1.6.1 Anticancer conjugate drugs

The covalent binding of one drug to another chemical or biological molecule is a
concept that has been employed for some time. The aim in this case is usually to
target a specific mechanism and improve drug specificity. For example, antibody
drug conjugates (ADCs) capable of site-selective drug delivery have proved
successful in treating of several diseases 87188, Calicheamicin is an extremely
potent anticancer antibiotic which targets DNA but is limited due to non-tumour
toxicity 18219 One of the first clinical anticancer applications ADCs was
calicheamicin-conjugated humanised anti-CD33 monoclonal antibody under
brand name Mylotarg® °1. This ADC was approved in 2000 for the treatment of
elderly acute myeloid leukaemia patients who have who have experienced a
relapse and are not suitable for standard chemotherapy. CD33 was chosen as a
target in this case at is often highly expressed in cancer cells 192193, Specific
proteins have also been utilised in conjugates targeting cancer cells 163, Tf is a
protein which has a role in binding iron and Tf receptors are reported to be more

abundant on the surface of cancer cells compared to non-tumour cells
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Consequently, Tf conjugation has been utilised to direct drugs towards cancer
cells. For example, ART derivatives conjugated to Tf have been investigated by

several research groups with increased potency and cancer cell selectivity

158,163,194

1.6.2 Anticancer hybrid drugs

Hybrid drugs are a novel class of chemotherapeutics in which two active drugs
are covalently linked to deliver an improved response compared to either “parent”
drug alone. The two parent drugs each have their own unique pharmacophore
unlike the conjugates described in section 1.6.1. A significant driver for the hybrid
approach is the ability to overcome development of resistance to treatment by
employing a multimodal drug action. Improved efficacy and safety have been
demonstrated in hybrid compounds when compared to their respective parent
compounds ‘. Hybrid drugs have been in the treatment of several diseases
including anticancer, antibacterial, transdermal and neurodegenerative disorders
. Natural products contribute to about half of the drugs currently being utilised in
a clinical setting and therefore it is not surprising that many hybrid compounds

under development contain natural compounds *2.

1.6.3 Hybrid drug design

Hybrid compounds can be designed by two main methods (1) merging of
compatible drug moieties of two drugs and (2) combination of two or more drugs
using a linker %, The two parent compounds can have either a common target
or two distinct targets. In the case of merging of two drugs in a hybrid, there is a
chemical bond formed without the use of a linker. Conversely, combination
hybrids are connected through a linking arm 15, Both cleavable or non-cleavable
bonds can be employed. When a non-cleavable bond is employed, the objective
is to retain the biological activity and target site affinity. On the other hand, the
cleavable bond is employed to release two parent drugs under specific enzymatic
or physiological conditions present at the target site 7%, For example, the
tumour microenvironment is typically acidic prompting the design of bonds which
will cleave upon entering acidic environments %6197 This allows anticancer drugs

to be slowly delivered to the biological target and also can be utilised to improve
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the selectivity of treatment to spare non-tumour cells 1%. In addition, hypoxia
inducible prodrugs have also been utilised in cancer therapy 43198

1.6.4 Advances in anticancer hybrid research

There has been significant progress made in anticancer hybrid drug research
over the past decade 1°°. Many of the hybrids are designed to reach a specific
target. This section will discuss the effective use of the hybrid approach in a
diverse range of anticancer drugs. Microtubule inhibitors 2°° and antioxidants °
are the most commonly employed compounds in novel anticancer hybrids to date
and will be discussed to give context to the hybrid approach. ARTs, NAPs and
porphyrins have also been employed in hybrid drugs for the treatment of cancer.

These hybrids will also be discussed.
Microtubule inhibitor hybrids

Microtubules have been one of the most prominent drug targets for cancer
therapy in recent times due to their important role in cell division 2°1. Microtubules
are proteins compromised of heterodimers of a and B-tubulin, which will bind
taxanes, vinca, alkaloids and colchicines in three separate tubulin binding sites
202 During cell growth, these proteins are polymerised. Several natural products
have proved effective in blocking microtubule binding sites and thus inhibiting
polymerisation 293204 Furthermore, a semi-synthetic derivative of hemiasterlin

entitled taltobulin has advanced to clinical trials 2°.

Microtubule-targeting agents have been investigated in several novel hybrid drug
combinations. By combining different microtubule-targeting agents, it is
anticipated that they will work in synergy to deliver increased potency in cancer
cells. Taltobulin was conjugated to dolastatin 10, or the dolastatin 15 derivative
cemadotin. It was found that several of the hybrids were potent in KB-3-1 (cervical
cancer) cells with up to 69% tubulin polymerisation inhibition 2°°. A separate study
investigated a hybrid containing discodermolide and dictyostatin (hybrid 38) was

effective against the taxol-resistant ovarian cancer cell line with an 1Cso of 8.2 nM
206
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Antioxidant hybrids

Antioxidant drugs can prevent the build-up of excessive ROS which are known to
cause damage to lipids, proteins and DNA within the cell. Lipids are the most
susceptible to oxidation; lipid peroxidation leads to the generation of lipid free
radicals which further attack lipid molecules leading to cell death 2°7. Protein
damage can also occur with increased levels of ROS and oxidative stress. ROS
can induce irreversible chemical reactions with protein backbone, and the side
chains of nearly all amino acids. In addition some lipid peroxidation by-products,
such as 4-hydroxy-nonenylaldehyde, can form protein adducts and impair their
function 208, DNA can also be damaged under severe oxidative stress by
alteration of DNA bases by highly reactive hydroxyl radicals (OH") 3. Thus,
antioxidants have been employed as chemoprotective agents 299210 Conversely,
antioxidants have been employed as antitumour agents with cancer cell toxicity
reported 21, A potential strategy to improve cancer therapy is the conjugation of
antioxidants with a known anticancer agent. For example, several dietary
antioxidants were conjugated with paclitaxel to create a series of novel hybrid
drugs . The resulting hybrids were evaluated for cytotoxic activity against several
human tumour cells as well as the corresponding non-tumour cells. Most drug
hybrids were effective against tumour cell lines tested including prostate, lung
and breast cancer ©. A hybrid consisting of a glycinate ester salt conjugated with
paclitaxel was particularly effective in reducing Panc-1 cell growth. In pancreatic
cancer treatment, the same hybrid was shown to selectively toxic with less activity

in EGE7 non-tumour cell line 6.

Both coumarin and chalcone are naturally occurring antioxidants with known
anticancer activities 2127215, Recently a series of coumarin-chalcone hybrids were
synthesised 1°. Among 21 hybrids tested, the three most effective hybrid drugs
produced ICso range from 3.59 to 8.12 uM against four human cancer cell lines,
KB (oral squamous cell carcinoma), C33A (cervical cancer), MCF-7 (breast
cancer), A549 (lung cancer) 2. One hybrid drug showed a 30-fold increase in
activity towards C33A (cervical carcinoma) cells over non-tumour fibroblast
NIH3T3 cells with an ICso value of 3.59 uM 10,
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Artemisinin hybrids

ART is a well-tolerated natural compound with both antimalarial and anticancer
properties as discussed in section 1.4. ART derivatives have already been
employed in hybrid compounds designed for malaria treatment 2. Hybrid
compounds are an attractive alternative to conventional malaria treatment with
the potential to minimise the potential for drug resistance. For example, fast
acting ART was combined in a hybrid with slow acting quinine were combined in
a hybrid molecule and proved more effective in plasmodium falciparum strain of
malaria 4. The rationale was that quinine would act to kill off any remaining
parasites which had evaded ART treatment. The hybrid was indeed more potent
than ART alone 4. More recently, arterolane was combined with piperaquine in
a hybrid which showed excellent cure rate in P. falciparum malaria during phase
Il clinical trials 217218 This promising evidence suggests that future treatment of
malaria may well involve hybrid drugs. The successful adaption of the hybrid
approach in ART based malaria treatment has led to the hypothesis that such

compounds may also be more effective in cancer treatment.

ART based hybrids have been previously developed and investigated for
anticancer efficacy by our collaborators in this work. For example, ART-acridine
hybrids showed a 2-4-fold increase in activity against HL60, MDA-MB-231 and
MCF-7 cells when compared to DHA 8. Artesunate has also been investigated
as a combination therapy with tumour necrosis factor related apoptosis inducing
ligand (TRAIL). This in vitro investigation involved pre-treatment of HeLa cervical
cancer cells with artesunate for 3 h before incubation with TRAIL ?4. Pre-treatment
of HeLa with artesunate was found to sensitise the cervical cancer cell line to
TRAIL with increased apoptosis detected. The authors also reported that
artesunate/TRIAL combination treatment inhibited the expression of X-linked
inhibitor of apoptosis protein XIAP protein, which is involved in anti-apoptotic
signalling by binding to active caspase-3 and caspase-7 and by preventing
caspase-9 activation 24?19, ART has also been combined with glycolipids in a
conjugate which showed improved anticancer activity in oral cancer cells.

Furthermore, this conjugate showed five times more anti-oral cancer activity than
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either cisplatin or paclitaxel 22°. More recently, ART-chalcone hybrids were
synthesised and investigated for anticancer activity in several cancer cell lines
including Breast, colorectal and cervical cancer. Several hybrids showed
improved activity and selectivity as compared to DHA 2?1, The hybrid and
conjugate examples discussed here highlight the potential to improve the
properties of ART for improved cancer treatment. Reported drawbacks of short

half-life and recrudescence in ARTs may well be improved upon hybridisation

222,223

Naphthalimide hybrids

NAPs, previously discussed in section 1.5, are potent anticancer agents. They
have also been incorporated into drug hybrids. For example, a study in 2002
investigated a group of Pyrrolobenzodiazepine (PBD)-NAP hybrids. The second
parent, in this case, PBD, is known to bind to guanine residues in the minor
groove of DNA and thus has been investigated as a potential anticancer agent
224 The results of this study showed hybrids had significant DNA binding activity
225 The same authors later developed coumarin linked NAPs which showed good
anticancer activity against colon, breast and lung cancer cell lines 22,
Polyamines are ubiquitous small molecules essential in many functions in human
health and are thought to be often dysregulated during cancer 227228, Polyamine-
NAP conjugates were synthesised with the aim of improving tumour cell
selectivity. They were then investigated in leukaemia and melanoma cells 22°.
Interestingly, tumour cell selectivity was improved with hybrid compounds as
demonstrated by higher activity in human hepatoma BEL-7402 as compared to
non-tumour QSG-7701 cells 229,

Porphyrin hybrids

Photodynamic therapy (PDT) is based on the administration of a photosensitiser
(PS), prior to external light activation. Upon light activation, toxic radicals such as
singlet oxygen cause cell damage and toxicity 23°. Porphyrins are a group of
heterocyclic organic compounds which are widely employed in PDT 23, PDT and

porphyrins are discussed in detail in Chapter 3. For over a decade, porphyrins

25



have been combined with other structures to improve anticancer efficacy.
Conjugation of porphyrins with metal complexes has been investigated. In 1997,
a series of porphyrin ligands were combined with platinum (1) complexes. The
combination of cytostatic platinum with the cytotoxic porphyrin resulted in
improved efficacy in MDA-MB-231 breast cancer cells 232, This synergistic effect
highlights the potential of porphyrin combinations as a promising anticancer
strategy. There are several more recent examples of platinum-porphyrin hybrids
with demonstrable anticancer effects 233-236, Another metal, ruthenium, has also
been utilised in porphyrin-based hybrids. Several ruthenium(ll)—porphyrin hybrids
were investigated in HeLa cells with hybrids 1-3 producing high singlet oxygen
quantum yields and cytotoxicity upon light activation. The author also reported a

correlation between cellular uptake and PDT efficacy 2%7.

Combining porphyrins with DNA crosslinking agents has also been investigated.
A series of porphyrin-DNA cross linker/intercalator hybrids were investigated in
human leukemic cell line TF-1. Porphyrin-chlorambucil combination was
particularly effective in reducing TF- 1 cell growth at low concentrations 23,
However, it must be noted that steric hindrance was an issue reducing overall
DNA binding activity compared to chlorambucil alone 238, A more recent study
reported the evaluation of porphyrin-DNA crosslinking hybrids against THP-1
leukaemia cells. The hybrids proved effective with ICs, values in the nM range
239,240 The same author further examined porphyrin—DNA crosslinking conjugates
in HeLa and HepG2 (liver cancer) cells. Again, excellent anticancer activity was
observed with the tested compounds producing an ICso range of 0.182-6.983 uM
in HeLa cells and 0.293-3.308 pM in HepG2 cells. Apoptosis was confirmed by

confocal microscopy and flow cytometry 240

1.7 Aims and objectives of this study

The overall aim of the current study was to evaluate the cytotoxicity of ART-
porphyrin hybrids and ART-NAP hybrids in both tumour and non-tumour cell lines.
Hybrids were then examined further to investigate their mode of action and the
potential for tumour cell selectivity. Oxygen availability is often crucial for effective

chemotherapy and radiotherapy with hypoxia induced resistance reported to
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adversely affect patient outcome. However, oxygen concentration remains
overlooked during early drug development in which atmospheric oxygen levels
have become the standard procedure. This study incorporated the maintenance

of oxygen environment during in vitro evaluation to better mimic in vivo conditions.
The more specific objectives of the project are as follows:

1. Determine the effect of oxygen availability on anticancer drug efficacy
in vitro: the anticancer efficacy of artesunate was investigated in HelLa
cells at 3 different oxygen conditions; atmospheric oxygen, normoxia and

hypoxia.

2. Perform a cytotoxic evaluation of novel anticancer hybrids across four
cell lines: this was achieved through real-time cell analysis and cell count
analysis of both hybrid compounds and their respective “parent drugs”.
This analysis was performed at an in vivo relevant oxygen concentration
of 4% (v/v).

3. Determine the tumour cell selectivity of hybrid drugs: by analysing the
data generated during cytotoxic evaluation. Novel hybrid selectivity was
evaluated by comparing activity in prostate tumour and non-tumour cell

lines.

4. Investigate the mechanisms involved in hybrid drug action: Apoptosis,
DNA damage/repair, ROS generation and glutathione antioxidant
response were investigated in the most promising hybrid drug candidates

to uncover the molecular mechanisms responsible for their drug action.
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Chapter 2. In vitro oxygen availability modulates the effect of
artesunate on HelLa cells

2.1 Introduction

Tissue hypoxia is defined as a decrease in oxygen availability below critical levels
which compromises the function of cells tissues or organs 3. This critical value
has been identified in a previous clinical study as pO2z of <10 mm Hg or <1.3%(v/v)
oxygen 241, Hypoxia often develops in tumours due to poor blood supply and
inadequate oxygen diffusion. More than 50% of solid tumours exhibit areas of
hypoxia throughout the tumour mass, with areas of anoxia (no oxygen availability)
also occurring 3. Tumour cell oxygenation was first shown to be a key factor in
the efficacy of radiation treatment of cancer over 50 years ago 2*2. Furthermore,
many chemotherapeutic drugs are dependent on the oxygenation of the tumour
mass for optimal efficacy. Tumour cells in normoxic conditions were shown to be
more sensitive to melphalan, a DNA alkylating chemotherapeutic, when
compared to cells under hypoxic conditions 243244, Hypoxia dramatically alters

cell cycle distribution with the majority of cells in G1/S phase arrest 24°,

Consequently, chemotherapeutics which target DNA may be susceptible to
hypoxia-induced resistance due to a substantial reduction in cell division and
DNA replication. DHA, an ART derivative discussed in Chapter 1, was shown to
be 30% more effective in an oxygen rich environment when compared to a low
oxygen environment in the treatment of P. falciparum strain of malaria.
Furthermore, hypoxia was thought to increase DHA activity at lower
concentrations in epithelial cells 2#6. Despite the evidence suggesting that
hypoxia is crucial in chemotherapy outcome, related in vitro assays in an oxygen-
rich environment remain the norm 39242244 Such levels are well beyond
normoxic/hypoxic levels typically experienced by non-tumour tissues/tumour
masses 423, This chapter investigates the potential for these lower oxygen
concentrations to potentiate the antitumor efficacy of artesunate in vitro. HeLa
cell growth was measured in real-time in response to artesunate treatment in
different oxygen environments; atmospheric oxygen (21%), normoxia (4%) and

hypoxia (1%). Cell count analysis was performed to validate real-time data.
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2.2 Hypoxia
2.2.1 Definition of hypoxia

Hypoxia occurs due to inadequate oxygen supply to cells and tissues of the body.
Due to highly regulated processes in the body, increased blood flow occurs to
meet oxygen demand and maintain homeostasis. However, when the oxygen
demand is greater than supply, hypoxia can occur in a given tissue type 2. Since
the development of a commercially available oxygen electrodes in the 1990’s,
which enabled investigators to make accurate measurements of oxygen levels in
human tumours, it is now understood that oxygen concentrations in human
tumours are heterogeneous with many areas experiencing hypoxic conditions
(>2%) 247248, More than 50% of solid tumours exhibit areas of hypoxia throughout
the tumour mass 2*°. In tumours, oxygen supply to cells can be reduced
considerably and in some cases, cease completely. This is due to abnormal blood
vessels, inadequate diffusion and anaemia 2°°. When both tumour and non-
tumour tissue oxygenation levels are compared, it is clear that the tumour tissue
will often have lower oxygen levels 251, Furthermore, hypoxia-induced changes in
gene expression may result in tumour progression by allowing tumour cells to
withstand nutrient deprivation and grow in an unregulated manner. Hence,

hypoxic tumours may be associated with a more aggressive phenotype 34.

Tumour tissue derived from cervical cancer, prostate cancer, breast cancer, head
and neck carcinoma, glioblastoma and soft tissue carcinoma displayed oxygen
levels varying from 0.3-2.4% (v/v) (2-18 mmHg ) “3. Indeed, it is likely that oxygen
levels fall even further during treatment with chemotherapeutic drugs and other
cytotoxic agents 252, While atmospheric oxygen concentrations range from 20-
21% oxygen (160 mmHg), in lung alveoli, the oxygen level is reduced to about
14.5% oxygen (110 mmHg). It drops even further in the blood and, by the time it
reaches peripheral tissues, the oxygen levels range from 3.4% to 6.8% with an

average of about 6.1%.

Table 1 summarises oxygen levels typically present in the atmosphere, and in
some human tissues and tumours. It is clear, from this table, that oxygen varies
depending on tissue type and location. The atmosphere typically contains 21%

(v/v) oxygen and is used as standard in most in vitro investigations. However,
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tissue oxygen levels in vivo are much lower. For example, lung alveoli were found
to contain 14.5 % oxygen 2°3. The mid-range of oxygen in peripheral non-tumour
tissues was reported to be 5.3%. On the other hand, solid tumours were found to
have a lower mid-range of 1.1% oxygen 3. The table also highlights that lower
oxygen levels are present in prostate tumour tissue when compared to non-
tumour tissue; 3.9% oxygen was detected in non-tumour prostate when

compared to 0.8% in prostate tumour xenografts and 0.3% in prostate tumours in
SitU 251|252.

mm Hg % (v/v) Oxygen Description

760 100.0 Atmospheric pressure

160 21.1 Approx. oxygen in inspired air

110 14.5 Approx. oxygen in lung alveoli

40 5.3 Mid-range of oxygen levels in peripheral tissues
8.6 1.1 Mid-range of oxygen levels in solid tumours

30 3.9 Level in non-tumour prostate

6 0.8 LNCaP prostate tumour xenografts

2 0.3 Level in human prostate tumours in situ

Table 1 Oxygen levels in the atmosphere, non-tumour and tumour tissues
The table above summarises the varying oxygen levels in the atmosphere, human tissues and

tumours. The data was obtained from several previous studies 43247.251-253 See 43 for a more
detailed comparison of human tumour oxygenation studies.
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2.2.2Role of hypoxia in malignant progression

Non-tumour cells can survive brief periods of hypoxia through cell cycle arrest
and energy conservation 25425, However, prolonged hypoxia is known to cause
cell death 2°%257 Furthermore, Hypoxia has been implicated in malignant
progression 248, Solid tumours are understood to have poor blood vessel network
with many defects #2 This leads to areas of hypoxia or anoxia within the tumour
mass. While hypoxia is toxic to both tumour and non-tumour cells, tumour cells
evade cell death by adapting to the adverse hypoxic environment. In this way,

there is a natural selection for hypoxia-resistant cells 2°8.

There are many molecular mechanisms which must be activated in tumour cells
to allow survival in hypoxia. These include changes in gene expression,
regulation of tumour suppressor genes and activation of oncogenes and genetic
instability 2%°. Hypoxia is also known to induce changes in the proteome to
overcome oxygen deprivation 20, This is achieved through hypoxia stimulated
angiogenesis, glycolysis and inhibition of apoptosis and up-regulation of growth
factors. VEGF is a key growth factor in the promotion of blood vessel formation
and is strongly up-regulated in hypoxia and in tumours 261262 |n addition,
erythropoietin (EPO) production is often up-regulated in hypoxia which stimulates
the production of haemoglobin and red blood cells thus increasing the oxygen
transport capacity of a growing tumour mass 263, All of these changes support

tumour cell survival 264,

2.2.3Regulation of hypoxia and the HIF-1 pathway

Hypoxia is a potent mediator of gene expression with 20% of the entire genome
thought to be affected 2%°. Hypoxia-inducible factor (HIF) is the most important
transcription factor associated with hypoxia-dependant changes in gene
expression 266, HIF is a heterodimer comprising of an oxygen-labile a subunit
(HIF-1a) and a constitutively expressed B -subunit (HIF-1B). There are 3 different
isoforms of HIFa present in the body: HIF-1a, HIF-2a and HIF-3a; all of these
isoforms contain an oxygen-dependent degradation domain (ODD). HIF-1a and
HIF-2a are the most structurally similar and are well characterised. HIF-3a exists
as multiple splice variants, some of which inhibit HIF1a and HIF2a activity 267

31



Under normoxia (Figure 5A), HIF-1a is hydroxylated by prolyl-hydroxylase
domains (PHDs). Hydroxylated HIF-1a is then recognised by the Von Hippel-
Lindau protein (pVHL) which triggers ubiquitylation by ubiquitin-ligase complex
thereby marking HIF-1a for degradation by the 26S proteasome 268269, PHD
enzymes require oxygen to catalyse their target substrates. Under hypoxia
(Figure 5B), these enzymes are prevented from hydroxylating HIF-1a. This allows
HIF-1a to escape hydroxylation, recognition and degradation. HIF-1a then
accumulates and is translocated to the nucleus where it can combine with HIF-
1B to form the HIF-1 complex. This complex, in turn, binds to small regions of
DNA, termed hypoxia responsive elements (HRE), which are present in the

promoter regions of oxygen-sensitive genes 259266,
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Figure 5: Expanded models for HIFa regulation in normoxia and hypoxia

(A) Under normoxia, HIFa is prolyl hydroxylated by PHDs, which allows for recognition by pVHL
and its associated ubiquitin—ligase complex. Ubiquitylated HIFa is then degraded by the 26S
proteasome. The prolyl-hydroxylase activity of PHDs is regulated by several intracellular factors,
including ROS, which are negatively regulated by SIRT3. HIFa gene expression is upregulated
by mTOR and STATS3, while SIRT6 negatively regulates HIFa protein levels. (B) Under hypoxia,
HIFa escapes prolyl hydroxylation by PHDs and combines with HIFP to avoid degradation. The
heterodimer then binds to HRE's in oxygen-sensitive genes such as VEGFA and EPO to activate
transcription and gene expression 279,
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Hypoxia inducible genes are involved in several key cellular processes including
angiogenesis, erythropoiesis, and glucose metabolism 256, HIF-1 has been shown
to initiate erythropoiesis by regulating the expression of multiple genes encoding
proteins responsible for the uptake and delivery of iron and haemoglobin
synthesis; these genes include transferrin ceruloplasmin 2’ hepcidin 27?2 and EPO
receptor 273. HIF-1 has a key role in regulating angiogenesis in response to
hypoxia by activating the expression of several genes which encode for
angiogenic growth factors including vascular endothelial growth factor (VEGF)
266,274 |nterestingly, HIF-1a treatment was found to overcome limb ischemia in an
older mice model by improving angiogenesis and the perfusion of growth factors

and cytokines 27°,

HIF-1 regulates glucose metabolism in response to hypoxia 2°8. Under hypoxia,
glucose metabolism switches from the oxygen-dependent tricarboxylic acid
(TCA) cycle to glycolysis which does not require oxygen 264, This metabolic switch
is a fundamental characteristic of cancer cells (Figure 1) and thus hypoxia and
HIF-1 have been implicated in tumorigenesis 276. Pyruvate kinase (PK) enzymes
are involved in the final rate-limiting step of glycolysis, which catalyses the
transfer of a phosphate group from phosphoenolpyruvate (PEP) to ADP,
producing pyruvate and ATP. Previous studies demonstrated that hypoxia
induces PK mRNA expression through the HIF Pathway. Aldolase A, liver type
phosphofructokinase, and phosphoglycerate kinase genes were all found to
contain HIF-1 binding sites mediated by hypoxia-induced transcription in transient
expression assays ?’’. PKM2 was found to interact with HIF-1a in the nucleus
and to function as a transcriptional coactivator in HeLa cervical cancer cells and
Hep3B liver cancer cells. PKM2 was increased HIF-1 binding to HRESs in target
genes and the recruitment of the p300 coactivator. Subsequently, HIF-1 target
genes were transactivated including glucose transporter 1 (SLC2A1) and
phosphoinositide-dependent kinase-1 (PDK1) 278,
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It has also been hypothesised that HIF-1 has a role in the immune response to
hypoxia. RAR-related orphan receptor gamma t (RORyt) is a short isoform of the
orphan nuclear receptor which is important in the development and function of
interleukin (IL)-17 producing inflammatory effector T cells known as TH17 cells. It
has been shown that HIF-1 regulates the balance between T regulatory (Treg) and
Tnl7 differentiation by enhancing Tul7 development through transcriptional

activation of RORyt.

Sirtuins (SIRTs) are a family of NAD-dependent deacetylases which have several
cellular localisations and functions. For example, SIRT1 and SIRT2 are found in
both the nucleus and cytoplasm. SIRT1 is the most well studied and is involved
in the regulation of metabolism, inflammation and tumorigenesis ?’°. Recent
reports have linked HIF to the SIRT proteins; SIRT1, SIRT3 and SIRT6 can
regulate the activity of HIF proteins 28%-283_ |t was demonstrated that SIRT1 binds
to and deacetylates HIF-1a which prevents p300 recruitment to the promoter
regions of HIF-1 target genes. Consequently HIF-1 transcriptional activity is
supressed 283, This would indicate that SIRT1 functions to negatively regulate HIF
mediated transcription. However, there has been debate with regards to SIRT1
interaction with HIF. Another report suggested that that SIRT1 does not target
HIF-1a, but deacetylates HIF-2, promoting HIF-2 transcriptional activity 22,
Interestingly, increased ROS production has been shown to correlate with
reduced levels of prolyl-hydroxylated HIF-1a 224285 This effect was later owed to
the inhibition of PHD catalytic activity resulting in HIF-1a stabilisation and
increased HIF mediated transcription 226.

In conclusion, HIF is a crucial transcription regulator affecting a vast array of
target genes. The HIF pathway (Figure 5) plays an important role in cellular
response to hypoxia with both positive and negative regulation mechanisms. It
also has been suggested that increased levels of ROS may cause increased HIF
mediated transcription. Therefore, this pathway may be important in the response
of cancer cells to ROS inducing anticancer agents in hypoxia.
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2.2.4The impact of hypoxia on cancer treatment

For many years hypoxia has been observed as a therapeutic problem during
cancer treatment due to the adverse impact on radiotherapy 3637, This adverse
effect results from an insufficient supply of oxygen for reactive oxygen species
production during radiotherapy. It is estimated that three times higher doses of
ionising radiation are required to have similar biological effects when hypoxia
develops 2. Furthermore, many chemotherapy drugs are less effective for
several reasons. Firstly, hypoxic cells are often distant from blood vessels which
mean that anticancer drugs can often not reach the target site. This perfusion
limitation also means that hypoxic tumour cells proliferate slower than normoxic
counterparts leaving them less sensitive to anticancer drugs that target faster
DNA replication in cancer cells 3. Many anticancer drugs are oxygen dependent
to facilitate production of toxic ROS. Finally, hypoxia initiates the selection of cells
that have lost sensitivity to p53-mediated apoptosis. Examples of anticancer
drugs that have shown resistance in hypoxia PDT agents and DNA intercalators

such as porphyrins, doxorubicin and cisplatin 287:35,

On the other hand, hypoxia has the potential to be exploited for superior cancer
treatments 43, The main strategies to date include prodrugs activated by hypoxia,
hypoxia-selective gene therapy, targeting HIF-1 and recombinant anaerobic
bacteria based therapy 43249250 |n hypoxia prodrug design, the hypoxia-selective
cytotoxicity requires one-electron reduction of a non-toxic prodrug to a free radical
that then becomes a substrate for back-oxidation by oxygen to the original
compound. Therefore, hypoxia-dependent cytotoxicity ensues for a more
targeted drug action. 4-[3-(2-nitro-1-imidazolyl)-propylamino]-7-chloroquinoline
hydrochloride (NLCQ-1) is a hypoxia-activated prodrug which has reached
clinical trials. The prodrug, containing chloroquinoline DNA-targeting agent linked
to 2-nitroimidazole, was found to be enhance the efficacy of in cyclophosphamide
(CPM) against SCCVII murine tumours and PC-3 human xenografts. NLCQ-1 in
combination with nontoxic CPM doses resulted in a delay of 4-12 days in tumour
regrowth as compared to CPM alone. Furthermore no systemic toxicity was
observed as a result of this combination treatment 228, It was also found that
NIPCQ enhances the antitumor effects of DNA alkylating agents, 5-fluorouracil,

and paclitaxel against the same murine tumour model and PC-3 human
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xenografts. Pre-treatment with NLCQ-1 was found to delay tumour growth by 11
days and 10.3 days in 5-fluorouracil and paclitaxel respectively 289290,

2.2.5Artemisinins and hypoxia

ART is the frontline therapy for malaria treatment globally and has also been
found to have excellent anticancer properties 1. ART has been discussed in
detail in chapter 1. During anti-angiogenesis cancer therapy of solid tumours,
areas of hypoxia can occur and cause resistance to chemotherapy %°1. However,
it has been hypothesised that this “Achilles heel” can be transformed into an
advantage during iron-mediated ART treatment 2%, Indeed, ART co-treatment
with iron has proved effective in treating these hypoxic tissues in the past 2°2.
Hypoxia results in upregulation of hypoxia inducible factor-1 (HIF-1) which can
then induce an increase in Tf receptor transcription. It has been hypothesised
that the resulting increase in iron uptake may well increase ART activation and

overcome hypoxia-induced resistance 2°L.

ART derivatives have been evaluated in different oxygen environments. ART was
shown to be 30% more effective in an oxygen rich environment (21% oxygen, or
152 mm Hg) when compared to a low oxygen environment (1%, 7.6 mm Hg) in
the treatment of P. falciparum strain of malaria 6. In 2011 the activity of DHA
was evaluated in human dermal microvascular endothelial cells at different
oxygen concentrations 246, DHA had significantly increased activity in hypoxia at
low doses (0.01-0.8 uM). However, DHA was more effective in atmospheric
oxygen at high doses (50-200 uM) 245, The authors hypothesised that ROS
production at low doses (0.5 uM) by DHA could be controlled by antioxidants
present in the cells. However, at high doses (50 uM) the level of ROS produced
is sufficient to overcome antioxidant defences 246. While these endothelial cells
are not cancerous, they are reported to exhibit some common responses when
exposed to hypoxia, such as changes in cell growth and the induction of
angiogenesis 26, Consequently, the findings are useful to understand how ART

compounds may act in hypoxia.

More recently DHA activity was analysed in several colorectal cancer cells in both
atmospheric oxygen conditions (21 %(v/v)) and severe hypoxia (0.2 %(Vv/v))

utilising a hypoxic chamber 2°2, DHA was found to be active in hypoxia but no
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significant change in necrosis or apoptosis activity was observed as compared to
normoxia. Interestingly, cytochrome c release from the mitochondria and
caspase-activation were observed only under normoxic conditions, whereas,
under hypoxic conditions DHA induced caspase-independent apoptosis. This
may partly explain why DHA does not display resistance in hypoxia 2°3. In 2014,
artesunate was investigated against HepG2 (human) and BWTG3 (mouse) liver
cancer cells in atmospheric (21 % (v/v) oxygen) or hypoxic conditions (1 % (v/v)
oxygen). It was found that 50 uM artesunate significantly reduced cell viability
and increased caspase-3 activity. Interestingly, artesunate efficacy was
enhanced by hypoxia with a significant reduction in cell viability at concentrations
of 12.5 yM and higher ?°4. These studies involving artesunate and DHA add
further evidence to the hypothesis that oxygen availability may improve
artesunate anticancer efficacy in vitro. If this is the case, then artesunate may be

even more potent than originally perceived during in vitro analyses.

In this chapter, real-time cell analysis (RTCA) software was employed to
investigate HelLa cell sensitivity to artesunate in varying oxygen environments of
atmospheric oxygen, normoxia and hypoxia. To our knowledge this is the first
time that artesunate efficacy has been evaluated in HelLa cells in hypoxia. HelLa
cervical cancer cells were employed as a tumour cell line model and are known
to be sensitive to artesunate though notably when analysed in oxygen rich
conditions 2414, For this study, it was necessary to choose a drug with known
anticancer activity. Artesunate is a semi-synthetic derivative of ART with anti-
malarial and anti-cancer activity and was chosen for this analysis 8. The work in

this chapter has been peer reviewed and published in 2014 295,

As previously discussed in section 1.3.2, surgery, radiation and chemotherapy
are routinely used in combination to cancer patients 6-79. Chemotherapy usually
involves drug administration at regular intervals to destroy the tumour. However,
during in vitro analyses, the common approach is to administer the drug at one
time point prior to measuring cell growth or cell viability 2°6. For this work, an
alternative drug addition schedule was applied where two doses of artesunate
were added at 24 h and 48 h post seeding, rather than one, with the aim of

improving artesunate anticancer efficacy in vitro.
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2.3 Methodology
2.3.1Cell culture

HelLa cervical cancer cells (European Collection of Cell Cultures) were cultured
in Dulbecco’s Modified Essential Medium (DMEM F12) (Sigma-Aldrich, UK)
supplemented with 5% Foetal Bovine Serum (Sigma-Aldrich, UK) and 1%
Penicillin /Streptomycin (Sigma-Aldrich, UK) and 1% L-Glutamine (Sigma-
Aldrich, UK). Cells were maintained at 37°C, 95% humidity, 5% (v/v) COx.

2.3.20xygen maintenance

In addition to the cell culture conditions, cells were maintained at oxygen
concentrations of either 1% (v/v) (7.6 mm Hg), 4% (v/v) (30mm Hg) or 21% (v/v)
(160 mm Hg) for a minimum of 24 h before any experiment was commenced and
until analysis was completed. This was achieved using specialised Thermo 3110
CO:zincubator (Thermo Fisher Scientific, UK). Nitrogen feed was used to maintain

the incubator at the desired oxygen concentration 2%,

2.3.3 Preparation and addition of artesunate

Artesunate was kindly provided by Dr Sarah Rawe, School of Chemical and
Pharmaceutical Sciences, Dublin Institute of Technology. Artesunate was
dissolved in dimethyl sulfoxide (DMSO) to make master stock solutions. DSMO
was chosen as a the most commonly used solvent for in vitro cytotoxicity assays.
Furthermore, artesunate is known to be soluble in DMSO at 100 mM
concentration 2°”.These stock solutions were then further diluted in fresh
complete medium to make working stock solutions, such that when added to
cells, the desired final concentrations of artesunate were achieved with a final

DMSO concentration of 0.1% (v/v) maintained in all cells.

2.3.4 Real-Time Cell Analysis

Real-Time Cell Analysis (RTCA) was employed to evaluate HelLa growth
following artesunate treatment in varying oxygen environments (Figure 6). RTCA
was chosen ahead of other cytotoxicity assays because it does not require dye
metabolism which may be partially affected by varying oxygen availability (due to
the function of oxygen as an electron acceptor during oxidative phosphorylation)

298 |n addition, RTCA allows for the measurement of cell growth in real time which
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is advantageous in determining specific drug response profiles in treated cells 2%°.
Cells are seeded onto the specially designed E-plates which contain
microelectrodes covering approximately 80% of the total surface area. Each E-
plate well has approximately the growth surface area as in a 96 well plate (0.3165
cm?/well). The electrodes measure the electrical impedance across each well. In
the absence of cells, there are only background levels of electrical impedance at
the electrode/solution interface. As cells attach and grow onto the well surface
electrical impedance increases accordingly (Figure 6). The RTCA system
quantifies cell status based on the measured cell-electrode impedance and
converts this data to a parameter termed cell index (CI). Cl is derived, according

to the following equation:

— Rc:eli(.fz')
o R

Ro(fi) and Receli(fi) are the frequency-dependent electrode resistances (function of
impedance) without cells or with cells present, respectively, and N is the number
of the frequency points at which the impedance is measured. Therefore, Cl is a
quantitative measure of the overall status of the cells incorporating changes in
adhesion, growth, size, and morphology. In addition, the RTCA system allows CI
to be normalised at the point of drug addition (i.e. 24 h after seeding). At a given
time point, normalised Cl is calculated by dividing the CI at the time point by the
cell index at a reference time point. Thus, the normalised cell index is 1 at the
reference time point. This allows for a more precise comparison of the cellular
response to different treatments from the time of drug addition onwards. For

further detail regarding the RTCA measurement principle, refer to Solly et al 39,

E-plates (ACEA Biosciences, USA) were seeded with 5x102 HeLa cells per well
24 h before artesunate exposure. E-plates were placed within the cradle of an
XCELLigence DP RTCA instrument that remained inside the incubator for the
duration of the experiment. After 24 h incubation at 37 °C, half the culture medium
was removed and replaced with an equal volume of fresh medium (control),
DMSO (vehicle control) or artesunate working stock to achieve the desired final

concentrations of 0, 10 or 50 puM. The final DMSO concentration was maintained
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at 0.1% (v/v) in both vehicle control and treated samples. Artesunate was also
investigated in a two-dose regime. In this case, cells were treated at 24 h and 48
h. Cell growth was measured every 15 min for the duration of the experiment,
beginning 24 h before the first drug addition and continuing for further 48 h. Cell
growth is expressed as ClI. Cl was normalised up until the point of drug addition
allowing changes in cell growth to be analysed only after this point.

44444044444
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electrode electrode baseline
without cell
=) cell
4 Mo
3 Z=Zcen
electrode electrodes with one impedance
cell attached
*)(* cells
4 R
4-1 4 Z=Zcen2
electrode electrode with two impedance
cells attached doubled
b =4 4
g ) Z=2Z
e Q//y cell 3
electrode with two impedance
strongly-attached cells further increased

Figure 6 Real-time cell analysis (RTCA) principle

The principle of RTCA: As cells adhere to electrodes on the surface of the E-plate well, electrical
impedance is increased. The more cells that attach and grow onto the microelectrodes, the
larger the impedance signal. Conversely impeadance signal will be reduced as cells die and
detach in response to different treatments. Impedance is measured every 15 minutes throughout
analysis to measure cell growth In real time 301,
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2.3.5Cell count analysis

To validate RTCA data obtained, cell count analysis was performed using the Z2
particle analyser (Beckman Coulter® USA). This instrument was used to count
cells based on size. HelLa cells were seeded on a 6 well plate (Sarstedt) at 1x10°
cells per well (equal density to real-time cell analysis). After 24 h incubation at 37
°C, half the culture medium was removed and replaced with an equal volume of
fresh medium (control), DMSO (vehicle control) or artesunate to achieve the
desired final concentrations of 0, 10 or 50 uM. The final DMSO concentration was
maintained at 0.1% (v/v) in both vehicle control and treated samples. Artesunate
was also investigated in a two-dose regime. In this case, cells were treated
similarly at 24 h and 48 h after seeding. Cells were harvested and counted O (time
0), 24 or 48 h later using a Z2 Particle Analyser (Beckman Coulter, USA). Cell

counts are expressed as a percentage of the time 0 control.

2.3.6 Statistical analysis

Data is representative of three independent experiments performed in triplicate +
standard deviation (SD). Data graphing and statistical analysis were performed
using GraphPad Prism 5.0. Significant differences in a single parameter (i.e.,
treated versus untreated) between samples were determined by one-way
ANOVA and Tukey's multiple comparison test. This test assumes a Gaussian
distribution and compares every mean with every other mean. Significant
differences in two parameters (i.e., cell lines) were determined by two-way
ANOVA and Bonferroni post hoc test. Again, a Gaussian distribution is assumed,
but in this test, a family of comparisons is compared rather than each individual
treatment. In this work, the test is employed to detect a difference in response
between two cell lines exposed to the same set of treatments. In both tests p <
0.05 was chosen as the criterion for significance. (*=p < 0.05, **=p < 0.01, ***=
p< 0.001).
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2.4 Results
2.4.1 Effect of oxygen concentration on artesunate efficacy in HeLa cells

In vitro RTCA was performed at three different oxygen concentrations, 21%
(atmospheric oxygen), 4% (normoxia) and 1% (hypoxia). Cells were either
exposed to control (fresh growth media), vehicle, 10 uM artesunate or 50 pM
artesunate (Figure 7). In atmospheric oxygen conditions, 10 uM artesunate
reduced cell growth more than 30% after 48 h and 50 uM artesunate reduced
HelLa cell growth by over 80% after 48 h.

When oxygen availability was reduced to that of normoxic conditions, an increase
in artesunate efficacy was observed. 10 pM artesunate reduced cell growth by
35.1% after 24 h and 73.2% after 48 h. In normoxia, 50 uM artesunate rapidly
reduced cell growth from approximately12 h onwards with nearly a 95% reduction
in cell growth at 48 h. When artesunate is analysed in hypoxic conditions, a
similar increase in HelLa cell sensitivity to the drug was observed. 10 uM
artesunate reduced cell growth by 52% and 70% after 24 and 48 h respectively.
Furthermore, 50 uM artesunate treatment reduced cell growth from 10 h onwards,

resulting in an 88% reduction in cell growth after 48 h.

Cell count analysis was also performed in oxygen concentrations of either 21%
(atmospheric oxygen), 4% (normoxia) or 1% (hypoxia) to validate RTCA data.
HelLa cells were either exposed to control (fresh growth media), vehicle, 10 uM
artesunate or 50 uM artesunate 24 h after seeding. Cells were harvested and
counted using a Beckman Coulter Z2 particle analyser at 0, 24 or 48 h post
exposure (Figure 8). All data expressed as a percentage of cell numbers at time
0 (time of drug addition). In atmospheric oxygen, 10 uM artesunate significantly
reduced cell number after 48 h (p<0.01). Furthermore 50 uM artesunate reduced
cell number even further at 24 h and 48h (p<0.01, p<0.001). In normoxia, an
increase in artesunate efficacy was observed when compared to atmospheric
oxygen levels. This is evident after 48 h treatment with 10 pM artesunate with a
significant reduction in cell number observed (p<0.001). 50 uM artesunate also
causes a significant decrease in cell growth (p<0.001). A similar HeLa cell
response was observed in hypoxia with a significant reduction in cell growth

detected after 48 h treatment with artesunate (p<0.001).
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Figure 7 Real-time cell analysis of HeLa cells in response to artesunate

Real-time cell analysis of HelLa cells in (A) 21% oxygen, (B) 4% oxygen or (C) 1% oxygen
conditions. HelLa cells seeded at 5x103 cells/well, treated with drugs after 24 h growth and
measured using RTCA instrument until experiment end at 72 h. Cell growth is plotted as cell
index (CI) on the y-axis. On the right of each real time graph is a corresponding table sumarising
the mean CI values recorded for each treatment at 24 h and 48 h (time points indicated by
broken blue lines); Cl values are expressed as % control. Each real-time experiment was
performed three times in triplicate.
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Figure 8 HeLa cell count analysis

Hela cells maintained in either (A) 21% oxygen, (B) 4% oxygen or (C) 1% oxygen conditions.
Hela cells seeded in 6-well plates at a density of 1x10° cells/well. 24 h later cells were exposed
to either fresh growth media (control), 0 uM (vehicle), 10 uM or 50 uM artesunate. Cells were
harvested and counted at 24 or 48 h post drug addition. Data is expressed as a percentage of
cell numbers at time zero (drug addition). All data is representative of 3 experiments performed
in triplicate (+SD). Differences between treated/exposed and sham-exposed/control cell
populations were analysed using one-way ANOVA, with Tukey post hoc test using p<0.05 as
the criterion for significance (*p<0.05, **p<0.01, ***p<0.001).
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2.4.2The effect of two separate administrations of artesunate in HelLa
growth

HelLa cell growth was accessed in real-time for 48h after the first drug addition
with 10 or 50 yM artesunate (Figure 9A). A second drug addition took place 24 h
later in selected wells. The vehicle had no effect on cell growth following similar
growth profile to the untreated control. Artesunate was effective against HelLa
cells with 50 yM artesunate treatment resulting in an 87.9% reduction in cell
growth after 48 h treatment. However, there was no significant improvement of
artesunate efficacy in one verses two treatments of artesunate with similar growth
profiles observed at equivalent concentrations. Cell number was also accessed
48 h after first drug addition (Figure 9B). A similar trend was observed with
artesunate treatment resulting in a decrease in cell number at 10 and 50 M.
However, there was no significant difference in cell numbers observed between

one treatment verses two treatments of artesunate.
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Figure 9 The effect of two separate artesunate treatments in vitro

(A) HelLa cells were seeded at 5x103/well and maintained at 4% (v/v) oxygen. 24h later HeLa exposed to either fresh growth media (control), 0.1% DMSO
(Vehicle), 10 uM artesunate or 50 uM artesunate. After a further 24 h, a second dose was added to selected wells by removal of all spent media followed by
addition of the same treatments again. Cell growth was monitored using RTCA until experiment end at 72 h. Cell growth is plotted as cell index (CI) on y-axis.
Below the real time graph is a corresponding table sumarising the mean CI values recorded for each treatment at 48 h (time point indicated by broken blue
line); Cl values are expressed as % control. (B) HelLa cells were seeded at 8x10* cells/well onto 6 well plates and maintained at 4% (v/v) oxygen. 24 h later,
HeLa were treated with either fresh growth media (control), 0.1% DMSO (Vehicle), 10 uM artesunate or 50 uM artesunate. After a further 24 h, a second dose
was added to selected wells by removal of all spent media followed by addition of same treatments again. Cells were harvested and counted 48 h after the
first drug addition. Data is expressed as a percentage of cell numbers at time 0 (time of first drug addition). Both data sets above are representative of a single
experiment performed in triplicate.
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2.5 Discussion

Hypoxic regions are typically present within solid tumour masses due to
inadequate blood supply. Hypoxia is associated with a more aggressive tumour
phenotype which often displays resistance to chemotherapy and radiotherapy
35,241,302 Moreover, chemotherapeutic drugs are often dependent on oxygenation
of the tumour mass for optimal efficacy 243244 | However, despite the evidence
that tissue oxygenation is important in response to chemotherapy, almost all in
vitro cytotoxic assays to date have been performed in a standard oxygen-rich
environment of 21% (v/v) or 160 mm Hg.

In this chapter, real-time cell analysis (RTCA) was employed to investigate the
effect of oxygen in potentiating Hela cell response to artesunate; this assay
responds to changes in cell growth, cell number, cellular adhesion, cell size and
morphology thus giving an indication of overall cell status. RTCA data is
generated every 15 minutes in real-time rather than at selected time-points on a
bar graph 301393, The resulting data is automatically converted to cell index (Cl)
by the software as described in section 2.3.4. As cells detach and die (due to a
cytotoxic agent) the surface area covered by cells is reduced and CI values
decrease. Hela cell growth was analysed in real-time at oxygen concentrations
of 21% (atmospheric), 4% (normoxia) or 1% (hypoxia). In this study, it was
demonstrated that artesunate potency against HelLa cervical cancer cells is
enhanced as oxygen concentration is varied from atmospheric levels to in vivo
relevant normoxia and hypoxia. In atmospheric oxygen conditions (Figure 7A),
artesunate was shown to be effective against HeLa with 50 puM artesunate

reducing HeLa cell growth by over 80% after 48 h.

However, when oxygen availability was reduced to in-vivo body relevant oxygen
concentrations of 4% (normoxia) (Figure 7B) and 1% (hypoxia) (Figure 7C) a
significant increase in artesunate efficacy was observed; this was evident in
normoxia with 10 uM and 50 uM artesunate reducing cell growth by 73.2% and
88% after 48 h respectively. When artesunate is analysed in hypoxic conditions,
a similar increase in HelLa cell sensitivity to the drug was observed compared to
that of atmospheric oxygen. Cell count analysis was also performed to quantify

cell numbers at 0, 24 or 48 h post drug addition (Figure 8). Again, an increase in
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artesunate efficacy against HelLa cells can be observed when oxygen availability
is lowered to either normoxia or hypoxia in agreement with the real-time data.
This is evidenced by a significant reduction in cell numbers following 48 h
treatment with either 10 uM or 50 uM artesunate in normoxia and hypoxia
(p=0.001). This is significant as many aggressive malignant tumours exhibit areas
of hypoxic tissue. Therefore artesunate, and indeed many other
chemotherapeutic agents, assessed at atmospheric oxygen may be more potent
against cancer cells in vivo than originally thought. This highlights the need to
consider the employment of lower oxygen levels such as normoxia or hypoxia

during novel drug analyses in vitro.

Repeated exposures to the same drug are standard in chemotherapy with the
patient administered the drug on a daily basis over a predetermined time course
304-308 - Conversely, during novel in vitro drug analyses treatment is often limited
to a single drug addition 399319, |t was hypothesised that two treatments of
artesunate may be more effective in reducing HelLa cell growth and cell number
when compared to a single treatment. To investigate this hypothesis, HelLa cell
growth and cell number were quantified in response to one verses two treatments
of artesunate (Figure 9). As expected, artesunate reduced HelLa cell growth and
cell number in agreement with the previous experiments in normoxia (section
2.4.1). However, the second artesunate treatment did not appear to offer an
advantage, with a similar growth profile recorded in HelLa treated once and those

treated for a second time.

2.6 Conclusions

Oxygen levels were shown to potentiate the anticancer efficacy of artesunate in
vitro with an increased reduction in HeLa cell growth and cell number in normoxia
and hypoxia when compared to atmospheric oxygen levels. Consequently, there
is a need to incorporate oxygen concentration as a key variable for future novel
drug analyses in vitro. HelLa cells showed a similar response to artesunate
regardless of whether one or two treatments of artesunate were employed
suggesting that there is no advantage in administering more than one treatment

in vitro.
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Chapter 3. Analysis of porphyrin-based light activated hybrids

3.1 Introduction

Photodynamic therapy (PDT) is a clinically approved minimally invasive therapy.
PDT involves 3 key components, a photosensitiser (PS), light, and oxygen. While
none of these elements are independently toxic, when combined they produce
highly toxic oxygen free radicals. The procedure involves either systemic or
topical administration of a PS, followed by irradiation of the diseased area with
light of a specific wavelength (which corresponds to the absorbance band of the
PS) 30-32,

3.1.1 The history of PDT

The use of light to treat diseases dates back over 4000 years when the Egyptians
treated vitiligo with a combination of sunlight and orally ingested plants containing
light-activated psoralens 3%, Modern day PDT began in 1900 when Oscar Raab
discovered that a combination of acridine and light were lethal to a species of
paramecia 312, Parenteral administration of a photosensitiser (PS) in humans was
first performed in 1900 by a French neurologist, who used orally administered
eosin to treat epilepsy. However, he discovered that this treatment caused
dermatitis to develop in sun-exposed skin 2°. The first anticancer application of
PDT in humans occurred in 1903 when topically applied eosin was combined with

white light to treat skin tumours 323,

Porphyrin-based PDT began in 1913 when Mayer-Betz injected himself with
haematoporphyrin (Hp) isolated from blood. He reported no toxic effects until he
exposed himself to sunlight which resulted in severe swelling and pain 34, In
addition, prolonged photosensitivity was reported for two months after exposure.
In the early 1950’s, Schwartz showed that phototoxicity was caused by an
oligomeric mixture of the material formed during the isolation of Hp from blood
and not Hp as previously hypothesised 3'4. Haematoporphyrin derivative (HpD)
was first synthesised in 1960 by treating Hp with acetic acid and sulphuric acid to
remove some of the non-active components. It was observed that HpD led to

fluorescence of neoplastic lesions visualised during surgery 315,
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Interestingly, developments in PDT research were slow to advance and it was not
until many years later in 1975 when Dr Thomas Dougherty and co-workers at the
Roswell Park Cancer Institute in Buffalo reported the first successful treatment of
tumours in mice following administration of HpD and activation with red light. Mice
and rats carrying mammary tumours were given 2.5-15 mg/kg HpD 316, Tumours
were then exposed to red light from a xenon arc lamp for three times in 5 days.
Almost half of the transplanted mouse mammary tumours were cured. Similar
results were observed with rat tumours induced via immunosuppression with a
dose of 15 mg/kg HpD. Lower doses of HpD or light failed to induce tumour
regression, and neither drug nor light alone had any effect 36, Dougherty
followed this animal study with the first controlled clinical trials involving PDT
when he investigated HpD against 113 malignant tumours. He observed a

complete or partial destruction of 111 tumours 317,

HpD was later purified to become Photofrin® which became the first clinically
approved PS for PDT in 1993 when regulatory approval was secured in Canada
for the treatment of bladder cancer 31831° Dougherty’s success brought the
concept of PDT to a wider audience and subsequently HpD based PDT was
clinically investigated to treat several cancer types including lung 3%°, breast
821,322 gastrointestinal 323, brain 324, colorectal 3?° and pancreatic cancer 3%,
However, the use of Photofrin® in clinical cancer treatment has reported
drawbacks of lack of specificity, dark toxicity and sub-optimal wavelength for
tissue penetration. However, the success of Photofrin® has prompted the
synthesis of several hundred second generation PSs with the aim of producing a
PS with more desirable properties and thus a more effective treatment 327, The
most successful second generation PS’s to date include 5-aminolevulinic acid
(ALA), benzoporphyrin derivative (BPD) and m-tetrahydroxyphenylchlorin
(mTHPC). All have proven effective clinically and are commercially available
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3.1.2PDT photochemistry

Absorption of energy by a PS occurs between the electronic energy levels of
molecular orbitals 331, A Jablonski energy diagram can be used to illustrate this
process (Figure 10). PSs absorb light energy and therefore increase the energy
of ground state electrons to the excited state 332. PSs in the ground state contain
electrons in a singlet state (no net spin, S=1). Following light activation one of
these electrons is boosted to a higher energy level but remains in the singlet
state. This singlet state is unstable, however, and quickly emits this energy
through fluorescence or heat before returning to ground state. However, if one of
the spin-paired electrons undergoes spin inversion via intersystem crossing

(ISC), the result is a spin aligned pair of electrons 332 (Figure 10).

Photosensitiser in excited state
Intersystem crossing Type | reactions
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Figure 10: Jablonski diagram showing photochemical reactions which occur
during PDT

Light activation during PDT converts a PS from a ground singlet state to an excited state. The
molecule in this excited state (S1) can undergo intersystem crossing to form oxygen radicals
from either type | or type Il reactions. Type Il reactions lead to the production of singlet oxygen
which is thought to the major cytotoxic agent generated during PDT. Figure adapted from 33,
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The PS is now in its triplet state (net spin of 3, S=3). This triplet state PS can
undergo one of two possible reactions: Type | and Type Il 334, A type | reaction
occurs when the PS reacts directly with a substrate molecule resulting in the
removal of a hydrogen atom or electron transfer causing the production of free
radicals and thus oxidative damage 335336, In Type Il reaction a PS transfers its
energy to the stable triplet state of molecular oxygen. The oxygen gains energy
from excited PS causing one of the oxygen’s unpaired electrons to undergo a
spin inversion reducing net electronic spin to zero 33. Thus, oxygen is now in its
extremely reactive singlet excited state, referred to as singlet molecular oxygen
(202) 3%, The type Il mechanism and the cytotoxicity of singlet oxygen is thought
to be the primary mechanism responsible for the cytotoxic effects of PDT 315,
However as low oxygen concentration and hypoxia is typical of the tumour
microenvironment, this can result in a greater reliance on type | reaction during
PDT 334,

Two-photon excitation (TPE) is a non-linear optical process in which a molecule
is promoted to an excited state by simultaneous absorption of two photons. This
concept has been successfully applied in confocal fluorescence microscopy for
some time now 337:338, TPE achieves the same effect as one-photon excitation at
half the wavelength, promoting a molecule into its singlet excited state 33°:340, This
means that optimal excitation of PSs can be achieved by deeply penetrating light
(infrared region) of the electromagnetic spectrum thus maximising the PDT effect
when employed for clinical purposes. Two-photon PDT has been explored since
1990 and has several potential advantages over conventional one-photon PDT
including deeper penetration of tissues, reduced side effects and higher doses

are achievable 341,

3.1.3Light source

Many light sources have been adapted for use in PDT. They can be categorised
into three main groups; broadband lamps, light omitting diodes (LEDs) and lasers
342 The first light sources used in PDT were conventional lamps where the output
was varied by use of filters which facilitated activation at specific wavelength
range. These light sources were readily available and cheap but were limited by

photosensitivity, the generation of high temperatures and the difficulty in
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regulating light dose 343. LEDs were also developed for use in PDT. LEDs are
small solid-state semiconductors with emission in a narrow bandwidth of 20-50
nm without infrared emission and give a broad spectrum of illumination. They
were an attractive alternative to lamps as they are compact, lightweight, user-
friendly and require lower energy levels to produce the desired wavelengths of
light 344345, Fluorescent lamps have also been employed successfully in PDT to
treat skin cancer and keratosis where large surface areas require activation. In
this case, the PS is topically administered and the limitation of light penetration is

not a concern 346:347,

The development of lasers which emit light in focused beams at precise
wavelengths signalled an important breakthrough in PDT. This light source is by
far the most common methodology employed for light activation during PDT with
the advantages of increased power output, better control of dosimetry and are
compatible with fibre optic technology for more 342343, Several types of lasers
have been developed for PDT. These include argon dye laser 348, potassium-
titanyl-phosphate (KTP) dye laser **° and diode lasers 3°°. The argon dye laser
has been widely used because it is possible to alter the wavelength of these
systems to absorption wavelength of the PS by adjusting the filters inside the
laser, thus allowing the flexibility of using it for activation of different PSs 348, For
example, the argon dye laser can easily produce wavelengths of 630 nm for HpD,
635 nm for the activation of ALA/PpIX and 652 nm for mTHPC. The next major
advance in laser technology for PDT came with the invention of KTP:YAG/dye
laser combination system 351, This is a modular unit that uses a potassium titanyl
phosphate (KTP) laser (pulsed wave as opposed to continuous wave) 352, This
system had advantages over other systems employed in PDT including
portability, fine dose adjustment, and fibre optic compatibility 3°3. The laser
system used can be chosen depending on PS used and the depth of tumour

within the tissue.

Another important potentiator of PDT response is the drug-light interval. The
drug-light interval is usually between 1 and 7 days in vivo but this parameter
varies between tumour type and tumour size 3543%, Shorter drug-light intervals
may also be desirable in some cases as the PS remains in blood vessels resulting

in enhanced vascular damage depriving tumour tissue of nutrients 3%. The
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influence of drug-light interval was investigated in nude mice bearing human
malignant mesothelioma xenografts. Administration of 0.3 mg/kg mTHPC was
performed at a light dose of 10 J/cm? at 650 nm for varying time intervals. The
results demonstrated activity of mTHPC varied significantly with the time interval
between drug administration and activation and was greatest at an interval of 3
days 34, This highlights the dose-light interval as an important variable to

investigate when evaluating a new PDT therapy.

3.2 PDT in cancer treatment

PDT has been investigated in the treatment of several cancer types in vitro and
in vivo including skin 3°7, breast 3°8, prostate 359360  pladder 361362 and colorectal
363 cancers. Following these successful preclinical studies, numerous clinical
trials were performed involving several different photosensitisers leading to the
approval of PDT, using porfimer sodium (Photofrin®) for the treatment of bladder
cancer in 1993 327, Other approvals of PDT for clinical use followed including
ALA (Levulan®) 364 mTHPC (Foscan®) %28, PDT has become useful as a non-
invasive alternate therapy in the treatment of pre-cancerous lesions and localised
cancers 313, The PDT procedure begins when a photosensitiser (PS) is introduced
into target tissue either by topical or parenteral administration. The PS is then
allowed to accumulate in the diseased tissue over time. This PS should cause
little or no toxicity prior to light activation (dark toxicity). A controlled light dose

activates the drug resulting in the production of highly toxic singlet oxygen 315,

3.2.1 Photosensitiser development for cancer treatment

PSs are compounds which absorb light of a specific wavelength, and in
combination with molecular oxygen, have the ability to generate highly cytotoxic
singlet oxygen 33, PSs are generally aromatic structures that are efficient at
undergoing intersystem crossing and forming long-lived triplet excited states. The
ideal PS have an absorption peak of 600-800nm to allow penetration through
tissue in vivo. Additional desirable attributes include high purity, high singlet
oxygen yield, photochemical reactivity, preferential retention by tumour cells,
rapid excretion from the body and low dark toxicity 3. There have been numerous
efforts to synthesise new improved PSs for superior cancer therapy. They can be

divided into three distinct generations.
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HPDs including Photofrin® were the first PSs clinically employed. Photofrin® was
used in the treatment of several cancers including esophageal 2%°, bladder 318,
cervical 3%, pancreas 3¢7, brain®6® | lung 36°, breast 3’9 and non-melanoma skin
cancer 31, Even though this Photofrin® satisfies some criterion for an ideal PS,
it has several drawbacks such as having a long wavelength (does not penetrate
further than 0.5cm), weak absorption band, and prolonged photosensitivity 372,
The success of Photofrin® did, however, lead to the intense development of new
and improved PSs. HpD and its purified derivatives Photofrin®, Photoset® and

Photoheme® are all classified as first generation PSs 3727374,

Second generation PSs were then developed with better properties and lower
toxic side effects. Second generation PSs demonstrate higher absorption levels
(650-800nm) facilitating deeper tissue penetration 328375 Their tissue
accumulation is much shorter and therefore, the treatment can be carried out on
the same day as the administration of the drug. Moreover, second-generation
PSs are chemically pure and show lower toxicity and a lower photosensitivity than
first generation PSs 376, In addition, they have up to 100 times more activity
reported than Photofrin® in animal models owing to their increased capability to
generate toxic oxygen free radicals 8. ALA, BPD, lutetium texaphyrin, temoporfin
(mTHPC), talaporfin sodium (LS11) and Foscan® are examples of second
generation PSs. ALA is a naturally occurring PS that is converted to PpIX in the
haem biosynthetic pathway (discussed further in section 3.2.4). ALA has been
employed in the clinical treatment of precancerous lesions 378, and non-

melanoma skin cancers 379,

An improvement of the tumour selectivity of PSs remains a major challenge in
PDT. Third generation PSs have been developed by conjugation of a PS to
monoclonal antibodies or other protein carriers for a more targeted delivery 38~
382 Tumour surface markers including glucose transporters 383, growth factor
receptors 384, transferrin receptors 35 and folic acid receptors 3% have been
conjugated to PSs in the hope that they will direct the PS to tumour site. In
addition, nanostructure delivery methods are being developed to increase PS

concentrations at the tumour site 387.388
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3.2.2PDT mode of action

PDT has three distinct mechanisms of action: (1) direct tumour cell toxicity; (2)
damage to tumour cell vasculature and (3) robust inflammatory response that can
induce systemic immunity 331, At a cellular level, exposure to PDT generally
results in one of two cell death pathways; necrosis or apoptosis 3. In the necrotic
pathway, PDT damages cellular and subcellular membranes which can trigger
the release of organelle contents 3%, In the apoptosis pathway, cell death is
achieved by cell signalling in response to PDT mediated stress 3°13%2, PDT-
induced apoptosis usually occurs through extrinsic or intrinsic pathways.
Extrinsic apoptosis is initiated by death receptors of the TNFR superfamily. These
receptors activate caspase-8, which in turn activates downstream caspases 3%.
The activation of extrinsic apoptosis has been shown to occur following a number

of PDT experiments in vitro 39439,

The mitochondrial mediated intrinsic apoptosis pathway has also shown to be
activated in response to PDT 3%, This pathway is characterised by depolarisation
of the outer mitochondrial membrane. This membrane then becomes permeable
leading to the release of cytochrome-c into the cytosol. Cytochrome-c then
interacts with apoptotic protease activating factor 1 (Apaf-1) and deoxyadenosine
triphosphate (dATP) forming the apoptosome. Once formed, the apoptosome
triggers the activation of caspase-9 which then activates caspase-3. Caspase-3
subsequently activates the remainder of the caspase cascade resulting in PARP
cleavage and finally apoptosis 3. Most PSs are lipophilic and localise in the
intracellular membrane systems such as the mitochondria; therefore, it is not
surprising that PDT-mediated apoptosis is most often reported to occur through
the intrinsic pathway 3°7.

The Bcl-2 family of pro-apoptotic and anti-apoptotic proteins (discussed in section
5.3.2) have been shown to play a role in PDT response. Bax was found to
translocate to mitochondria during apoptosis in HelLa cells after PDT with zinc (11)
phthalocyanine 3%, Another study showed the Bax expression was key to mono-
L-aspartyl chlorin €6 (Npe6) mediated PDT in Lewis lung carcinoma cells. A time
dependant increase in Bax expression was observed in response to PDT 3%,

Phthalocyanine mediated PDT was found to damage antiapoptotic protein Bcl-2.
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MCF-7c3 cells (human breast cancer cells expressing stably transfected
procaspase-3) were transfected to overexpress wild-type Bcl-2 or Bcl-2 mutants.
It was found that wild-type Bcl-2 protected cells from apoptosis caused by
phthalocyanine -PDT. In contrast, Bcl-2 which lacks the C-terminal
transmembrane domain (cannot be photodamaged) did not provide this

protection 490

DNA damage (oxidative damage and strand breaks) has also been reported in
response to PDT in vitro 493402 For example, metallophthalocyanine based PDT
was investigated in A549 lung cancer cells, MCF-7 breast cancer cells and SNO
esophageal cancer cells. DNA damage was quantified using a comet assay. The
results indicated that PDT caused significant levels of DNA damage in all three
cell lines tested 4%2. PDT using a porphyrin-derivative has also been reported to
cause direct DNA damage“®® and the production of 8-oxo-Guanine, a by-product
of DNA oxidative damage 4%*. A separate study also utilised the comet assay to
evaluate DNA damage and repair in murine glioblastoma C6 cells after PDT with
MTHPC. There were significant increases in DNA damage after light activation of
mTHPC. However the cells appeared to recover from this DNA damage after 4 h
and no DNA damage was evident after 24-h post-treatment 4%5. The data
generated to date indicates that DNA damage occurs after PDT but is not
necessarily lethal to cells. The effect of PDT on DNA damage will also depend on

the DNA repair mechanisms within the cell 46,

PDT is also known to cause damage to the tumour vasculature and induce a pro-
inflammatory response 4°’. Long-term tumour response to PDT was diminished
or absent in immunocompromised mice suggesting that the immune response is
important to PDT outcome. This immune response provoked by PDT is thought
to be due to inflammation at the tumour site. While complete tumour destruction
is not achieved, this response is thought to be beneficial for long-term tumour
control 4%, Pre-clinical and clinical studies have demonstrated that PDT induces
a response from both the innate and the adaptive immune system 409411,
However the PDT-induced immune response depends on the area treated, and
the photosensitizer type 381, The immune stimulatory properties of PDT offer a
promising approach to developing antitumour immunity involving memory T cells

that can potentially prevent the recurrence of cancer 4%,
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3.2.3 Future perspectives for PDT

PDT remains a promising antitumor strategy but its full potential has yet to be
discovered, and its range of applications has not been fully exhausted. PDT is an
attractive alternative to surgery, chemotherapy, or radiotherapy and does not
compromise future cancer treatment options. Despite great progress and a large
body of research focused on developing new PSs with more desirable properties
for clinical efficacy, some limitations still prevail. Poor solubility in water, low
chemical purity high dark toxicity*'?, photosensitivity**3, resistance*’®, and non-

homologous distribution of PS 31° have been reported.

PDT, by nature, is a localised therapy as only the target tissue is irradiated with
light. This localised nature often limits complete destruction of metastatic lesions
which is the leading cause of death in cancer patients 4. Reduction in oxygen
levels may also reduce the efficacy of PDT since singlet oxygen arises from
ground state oxygen 34, Light irradiation is known to cause a reduction in oxygen
concentrations in tissues 242415416 Consequently, PDT procedure can lead to
low oxygen concentration and areas of hypoxia in the target site causing reduced
singlet oxygen yield 4. In addition, PDT efficacy may be reduced with lower
concentrations of glucose which is known to occur in cancer cells and is referred

to as the Warburg effect 418419,

To overcome the shortcomings of current PDT, there must be a focus on bringing
PS to the target site, improving tumour selectivity and closer monitoring PDT in
real-time. Conjugation of a PS to an imaging agent may allow for accurate
determination of PS localisation and better control of dosimetry 429421, Improved
delivery systems are being investigated and offer huge potential for future PDT.
The incorporation of PSs into various nanocarriers, including lipid vesicle carriers
and polymeric carriers, is a popular strategy 4?2724, Conjugation of PS with
monoclonal antibodies or other protein carriers is a promising approach to
achieve increased tumour selectivity 389382 Tumour surface markers including
glucose transporters 383, growth factor receptors 384, transferrin receptors 38 and
folic acid receptors 386 have been conjugated to PSs with the aim of improving
PDT outcome. The immune system is thought to be modulated by PDT 42, This
property could be exploited to activate a systemic immune response against the
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tumour which may overcome metastatic cancer cells for a more complete PDT

response 426428,

3.2.4Porphyrin-based PDT

Protoporphyrin IX (PpIX) is a naturally occurring organic compound belonging to
the porphyrin family and a constituent of haemoglobin PplIX is produced in the
body as an intermediate in the haem biosynthetic pathway 37°. PpIX has also
become widely researched in PDT due to its light activation properties and is
utilised in many of the porphyrin-based hybrids for this study. PpIX is typically
excited with red light at an absorption band around 635 nm (Figure 11) 412429,
PplX based PDT has been employed in vitro against several cancers such as
skin 439, prostate 43! oesophageal %32, cervical 433, leukaemia 434, bladder %61, and
breast cancer 4. The direct administration of PpIX to cancer patients during PDT
has been limited by aggregation and low solubility in physiological medium 43,
Therefore, PplX accumulation is commonly achieved by pre-treatment with ALA,

a precursor of PpIX in the haem biosynthetic pathway.

ALA is water soluble and can be used in both oral and parenteral administration
364,379 The ability to administer a PS in a tablet form means there is less risk of
phototoxicity. ALAs use as a pro-drug has proven very effective in sensitising
cells to PDT 879429, After pre-incubation with ALA, the PS then enters haem
biosynthetic pathway and is metabolised to PpIX to maintain haem homeostasis.
In this way, there is a preferential build-up of PplIX (cancer cells have increased
haem synthesis) before light activation is performed. Studies of ALA-induced
PDT in animal models have resulted in a decrease in metastases and tumour
recurrence reinforcing its suitability for clinical use 43743 ALA has been
investigated in phase Il clinical trials and demonstrated its efficacy in Bowen's

disease %, actinic keratosis #4° and superficial basal cell carcinoma (BCC) 441,

This chapter investigates the antitumour efficacy of ART-porphyrin hybrid AP433
in PC-3 prostate cancer cells. This hybrid was formed by linking the porphyrin
derivative tetraphenylporphyrin (TPP) to DHA via an ester linker (Figure 12).
DHA is an artemisinin derivative with both antimalarial and anticancer activity as
discussed in Chapter 2. The rationale behind this drug design was to capitalise

on the dual selectivity of PplX which can preferentially accumulates in tumour
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masses in a clinical context, and is selectively activated by light. By combining
an ART derivative, DHA, it is anticipated that there will be a synergistic effect
which will overcome the common drawbacks associated with the respective
parent compounds. PDT has limited clinical use due to photosensitivity and the
failure to fully irradiate metastatic cancer #42. Furthermore, some tumours are not
accessible for light activation 44, DHA, while being well tolerated in patients, is
limited by short half-life 43, There is the potential that the porphyrin hybrid will
direct DHA to the target site and, upon activation by light, both parents will exert
their anticancer effects. Furthermore, PDT is an oxygen dependant therapy and
is known to be less effective in hypoxic tissues 4%. The observed increase in
artesunate efficacy at lower oxygen concentrations (Chapter 2) is promising and
could potentially reduce or overcome the development of resistance to PDT in
hypoxia 4%, Based on the findings in Chapter 2 an oxygen concentration of 4%
(v/v) was maintained during analysis of novel hybrid AP433 to better mimic in

vivo conditions.

PC-3 were the chosen cancer cell line as they are known to be sensitive to both
porphyrin mediated PDT 44 and ART derivatives 445446, In addition, prostate
tumours are accessible for light activation during PDT in patients 44’. A novel light
activation method was employed using Q-Sun solar simulator. PplX is similar in
structure to TPP, which is used in the synthesis of hybrid AP433. Therefore, PpIX
was chosen as a suitable parent drug. PplX has an absorption maxima of 635
nm but can also be activated in the UV range (Figure 11) 36, The Q-Sun
instrument has a wavelength range from 200-800nm set to irradiance of up to
0.68 W/cm? and thus can be employed for the light activation procedure (Figure
13) 448449 The RTCA instrument, used in chapter 2, was found to be unsuitable
for Q-SUN light activation experiments due to the conductance of heat by gold
plated electrodes within RTCA E-plates resulting in cell detachment. Therefore,
RTCA was only employed to detect changes in cell growth in response to PS

without light activation.
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Figure 11 Protoporphyrin IX (PpIX) absorption spectrum

PplIX is typically excited at 635nm (highlighted by red circle) due to better penetration of red light

through tissue at clinical stage. Graph adapted from 4%, Inset illustrates chemical structure of
PpIX (Pub Chem).
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Figure 12: AP433 hybrid structure and parent compound

The structure of AP433 hybrid and parent compound tetraphenylporphyrin (TPP). TPP is linked
to DHA to form the hybrid.
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3.3 Methodology
3.3.1Cell Culture

PC-3 prostate tumour cells (ECACC) were cultured in RPMI 1640 (Sigma-Aldrich,
UK) supplemented with 5% Foetal Bovine Serum (FBS) (Sigma-Aldrich, UK) and
1% Penicillin — Streptomycin (Sigma-Aldrich, UK) and 1% L-Glutamine (Sigma-
Aldrich, UK). All cells were cultured at 37°C, 95% humidity, 5% (v/v) COx.

3.3.20xygen maintenance

In addition to the cell culture conditions, cells were maintained at an in vivo
relevant oxygen concentration of 4% (v/v) (30 mmHg) for a minimum of 24 h
before any experiment was commenced and until analysis was completed using
a Thermo 3110 CO: incubator (Thermo Fisher Scientific, UK). An oxygen
concentration of 4% (v/v) was chosen for analysis of novel hybrids based on the
previous chapter in which artesunate was more effective against HeLa cells at in

vivo relevant oxygen concentrations of 4%(v/v) and 1% (v/v) 2% .

3.3.3 Preparation and addition of drug compounds

AP433 hybrid (synthesised by Dr Sarah Rawe and colleagues Dublin Institute of
Technology) and Protoporphyrin 1X (Sigma-Aldrich, UK) were dissolved in the
vehicle, DMSO to create the master stock. 20 pl aliquots of 10 mM or 50 mM
concentrations were prepared for each compound and stored at -80 "C. Working
stocks of 20 uM or 100 uM were prepared by diluting master stocks in RPMI to a
final volume of 10 ml. During drug addition in each 16 well E-plate well, 100 pl of
spent media was removed and replaced with an equal volume of working stock
in a final volume of 200 ul. The dilution of stock solution results in a final
compound concentration of 1 uM or 10 uM respectively. Final concentrations of
DMSO were adjusted to 0.1% (v/v) for all drug concentrations and the vehicle
control. Additional concentrations of drug compounds were achieved by a further
dilution of working stocks and an adjustment of the vehicle concentration
accordingly. A similar drug addition protocol was applied during the cell count
analysis where cells were grown in 6 well plates (1.5 ml working stocks added to

make final 3ml volume).
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3.3.4 Real-Time Cell Analysis

RTCA was performed using the XxCELLigence system as described in section
2.3.4. Briefly, E-plates were seeded with 4x10°® PC-3 cells per well (3
wells/treatment) 24 h before drug/compound exposure. Cell growth was
measured every 15 minutes for a further 48 h post drug addition and is displayed

by the built-in software as Cell Index (CI).

3.3.5Cell count analysis

Cell count analysis was performed similarly to section 2.3.1. Briefly, PC-3 cells
were seeded onto a 6 well plate (Sarstedt) at a density of 1x10° cells per well.
After 24 h incubation at 37 °C, half the culture medium was removed and replaced
with an equal volume of fresh medium (control), DMSO (vehicle control) or drug
working stock to achieve the desired final concentrations of 0, 10 or 50 uM. The
final DMSO concentration was maintained at 0.1% (v/v) in both vehicle control
and treated samples. Artesunate was also investigated in a two-dose regime. In
this case, cells were treated similarly at 24 h and 48 h after seeding. Cells were
harvested and counted 0 (time 0), 24 or 48 h later using a Z2 Particle Analyser
(Beckman Coulter, USA). Cell counts are expressed as a percentage of time 0

control. Cell counts are expressed as a percentage of untreated control.

3.3.6 Photodynamic therapy

Protoporphyrin IX (PpIX) was employed as a PS in preliminary PDT experiments.
PplX is similar in structure to TPP used in the synthesis of hybrid AP433 (Figure
12). A Q-Sun solar simulator (Q-LAB, FL, USA) was employed to light activate
the PS/hybrid. The Q-Sun instrument operates at 0.68 W/m2 at 340-800 nm
range (continuous green line in Figure 13) and mimics the typical solar spectrum
at a latitude of 25" north (i.e. Florida USA) at solar noon mid-summer (dotted blue
line) 448. This instrument was deemed suitable for light activation as PplIX and
other porphyrin derivatives are known to be activated at a wavelength of 635nm
PpIX (Figure 11, Figure 13) %61, This irradiance output was set to 0.68 W/m? and

cells were irradiated for 1 or 2 minutes.
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PC-3 prostate cancer cells were seeded in 6 well plates (Sarstedt) at densities of
1x10° cells/well. 24 h later cells were exposed to vehicle (0.1% (v/v) DMSO in
complete growth media), 1 or 10 uM PpIX/AP433. This is similar concentration
range to that previously reported in vitro 329375451 After a further 24 h incubation
period, media was removed from cells and replaced with 2ml PBS before
irradiation for O (Sham-exposed), 1 or 2 minutes: Cells to be “sham exposed” were
covered in tin foil and placed in the Q-Sun solar simulator for 2 min (no light
activation). Cells were harvested 48 h post irradiation and counted using a Z2
particle analyser (Beckman Coulter, USA). “Dark” toxicity of PpIX/AP433 (no light
irradiation) was also analysed in real-time utilising RTCA. PC-3 cells were seeded
at 4x103 cells/well in a specifically designed E-plate in a final volume of 200 pl
(refer to 3.3.4). 24 h later 100 pl of the medium was removed and replaced with
100 ul of compound dissolved in media. Cells were exposed to PpIX/AP433 at
final concentrations 10 or 50 uM. Cell growth was analysed for a further 48 h.

Cell growth was expressed as “cell index” (Cl) by the RTCA software.
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Figure 13 Q-Sun solar simulator and irradiance spectra

The figure illustrates the spectral irradiance for the Q-Sun solar simulator instrument utilised for
light activation during PDT based experiments. The Q-Sun instrument operates at 0.68 W/m2 at
340-800 nm range (continuous green line) and the typical solar spectrum at a latitude of 25"
north (i.e. Florida USA) at solar noon mid-summer (dotted blue line). Data provided by (Q-Lab,
USA) and confirmed by in house calibration. The irradiance output is read and calibrated at 340
nm 448_
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3.4 Results

3.4.1 Real-time analysis of PC-3 following exposure to protoporphyrin IX
without light activation

PC-3 cells were exposed to 0, 10 or 50 uM PplX 24 h after seeding and growth
was measured in real-time for a further 48 h using xCELLigence software (Figure
14). 10 uM PpIX was not toxic to PC-3 in the dark with a similar growth profile to
the untreated control. However, it is evident that at 50 puM, PpIX reduces cell
growth shortly after treatment. After 48 h treatment 50 uM PplX reduced cell
growth by over 60% when compared to the vehicle control.

3.4.2 Effect of protoporphyrin IX based photodynamic therapy on PC-3 cell
number
PC-3 cell count analysis was performed following PDT exposure with PpIX at

concentrations of 0, 1 or 10 puM respectively (

Figure 15). For successful PDT, the PS should have minimal effect on cell growth
prior to light activation. This concentration range was chosen based on real time
cell analysis of PplX in section 3.4.1 which showed that 50 uM PpIX reduced PC-
3 growth without light activation (dark toxicity). Irradiation was performed using
Q-Sun solar simulator for 0 (sham-exposed), 1 or 2 minutes. Dark toxicity is
evident at 10 uM inducing a significant decrease in cell number after 48 h when
compared to untreated control (P<0.01). Light activation of PplX can be observed
with a significant reduction in PC-3 cell number 48 h post irradiation at 1 (P<0.05)
and 2 minutes (P<0.01) when compared to sham-exposed control. However, the
light activation procedure causes toxicity as evidenced by reduced cell numbers

in the vehicle controls at light exposure times of 1 and 2 minutes.
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Figure 14 Real-time analysis of dark toxicity in PC-3 following PplIX treatment

PC-3 cells were seeded at 4x10°2 cells/well. After a further 24 h incubation cells were exposed
to either vehicle (0.1% DMSO), 10 or 50 uM PplX. Cell growth was measured every 15 minutes
for a further 48 h using XxCELLigence RTCA system. Cell growth is expressed as cell index (Cl)
by the built-in software. The corresponding table below the RTCA graph summarises the mean
Cl values recorded for each treatment at 24 h and 48 h (time points indicated by broken blue
lines); Cl values are expressed as a % vehicle control. Each real-time experiment was performed
three times in triplicate.
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Figure 15 PC-3 cell number following PpIX PDT

PC-3 cells were seeded at 1x10° cells/well. 24 h later cells were exposed to either vehicle , 1 or
10 uM protoporphyrin IX (PplIX). After a further 24 h cells were irradiated with light using Q-Sun
solar simulator for 0 (sham-exposed), 1 or 2 min. Cells were counted 48 h post treatment with
Z2 particle analyser. All data is normalised as a percentage of untreated control. Statistical
significance was measured using one-way ANOVA followed by Tukey post hoc test with P<0.05
chosen as criterion for significance
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3.4.3Real-time analysis of PC-3 following exposure to AP433 hybrid
without light activation

PC-3 cells were exposed to 0, 1 or 10 uM AP433 hybrid 24 h after seeding and
cell growth was monitored in real-time for a further 48 h using xCELLigence
system (Figure 16, Figure 17). This concentration range was chosen based on
real time cell analysis of the parent compound PplIX in section 3.4.1 which
showed that 50 pM PpIX reduced PC-3 growth without light activation (dark
toxicity). To minimise dark toxicity due to the porphyrin component of the hybrid
a concentration range of 10 uM and lower was used. 1 uM AP433 did not reduce
cell growth with a similar growth profile to the vehicle control. 10 uM AP433
reduces cell growth by 25% after 48 h.

3.4.4 0of AP433 hybrid based photodynamic therapy on PC-3 cell number

PC-3 cell count analysis was performed following PDT therapy with AP433 hybrid
(TTP-DHA) at concentrations of 0, 1 or 10 uM respectively (Figure 17). Light
Irradiation was performed using Q-Sun solar simulator for 0 (sham-exposed), 1
or 2 minutes. AP433 treatment without light activation did not result any
significant loss in cell numbers at either 1 or 10 uM. Light activation of AP433 can
be observed at a higher concentration with a significant reduction in PC-3 cell
number 48 h after light exposure for 1 minute (P<0.01) and 2 minutes (P<0.001).
However, the light exposure alone also caused a significant reduction in PC-3
cell number after 2 minutes light exposure reducing the cell number below 30%

of the untreated control.

67



— \/ghicle : [24hr post drug addition ||

[ o ] M AP433
— 10 UM AP433

N}
[

Drug added ;

Normalised Cell Index

36 48 60 72
Time (h)

Cell Index (% Vehicle)
24 h 48 h ot

Vehicle 100.0 100.0
1 uM AP433 100.0 102.5
10 uM AP433 92.3 75.0

Figure 16 Real-time analysis of dark toxicity in PC-3 following AP433 hybrid
treatment

PC-3 cells were seeded at 4x10°2 cells/well. After a further 24 h incubation cells were exposed
to either vehicle (0.1% DMSO), 1 or 10 uM AP433. Cell growth was measured every 15 minutes
for a further 48 h using XxCELLigence RTCA system. Cell growth is expressed as cell index (CI)
by the built-in software. The corresponding table below the RTCA graph summarises the mean
Cl values recorded for each treatment at 24 h and 48 h (time points indicated by broken blue
lines); Cl values are expressed as a % vehicle control. Each real-time experiment was performed
three times in triplicate.
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Figure 17 PC-3 cell number following AP433 PDT

PC-3 cells were seeded at 1X10°cells/well. 24 h later cells were exposed to 0, 1 or 10 uM AP433
hybrid. After a further 24 h cells were irradiated with light using Q-Sun solar simulator for, 0
(sham-exposed), 1 or 2 minutes. Cells were counted 48 h post treatment with a Z2 particle
analyser. All data is expressed as a percentage of untreated control. Statistical significance was
measured using one-way ANOVA followed by Tukey post hoc test with P<0.05 chosen as the
criterion for significance.
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3.5 Discussion

Porphyrin-based PDT has had demonstrable success in cancer treatment in a
clinical setting 347377452 PDT has become an attractive non-invasive alternative
to conventional therapy in the treatment of pre-cancerous lesions and localised
cancers. However, the full potential of PDT has not yet been revealed. Many
studies are focused on the development of superior PSs which will be more
potent and selective against cancer #°3. One potential strategy is to conjugate a
PS to another anticancer agent in a hybrid compound. The hybrid approach has

the potential to further improve the anticancer efficacy of PDT 238,

The current work investigates a novel DHA-TPP hybrid, AP433, in PC-3 cancer
cells. TPP is a synthetic heterocyclic compound that resembles naturally
occurring porphyrins such as PplX 44, DHA is an artemisinin derivative with both
antimalarial and anticancer activity as discussed in Chapter 2. It is anticipated
that hybrid AP433 will combine DHA’s iron mediated ROS production with the
singlet oxygen production from the light activated TPP resulting in increased
levels of oxidative stress and cancer cell death. PDT can lead to the development
of hypoxia in the target tissue which in turn can reduce PDT efficacy. The
artemisinin derivative artesunate (which metabolises to form DHA in vivo) was
discovered to be more effective at lower oxygen levels in Chapter 2 2%, By
incorporating an ART derivative into a hybrid with a PS agent, there is the
potential to overcome hypoxia induced resistance following PDT.

Before examining hybrid AP433 efficacy, it was important to optimise light
activation of PplX and determine the potential for dark toxicity. PplIX did reduce
PC-3 cell growth without light exposure at concentrations above 10 uM (Figure
14). PC-3 cells were then exposed to PDT using porphyrin parent drug PplX
(Figure 15). PplX reduced cell growth significantly 48 h after exposure to light for
1 minute (P<0.05) and 2 minutes (P<0.01). However, the light activation alone
also contributed to a loss in cell numbers with a 50% reduction detected in vehicle
controls after light exposure for 2 minutes. Furthermore, 10 uM PpIX was found
to reduce cell number significantly (P<0.01) suggesting dark toxicity. This data
suggests that the Q-Sun light doses required for activation of PpIX are toxic to
PC-3.
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AP433 was then investigated at the same concentration range and light activation
procedure. AP433 induced dark toxicity with a notable reduction in cell growth
observed during RTCA (Figure 16). In this case, dark toxicity is expected as DHA
activity is not dependent on light activation. However, the effects of the hybrid on
cell growth are dramatically increased when light activation occurs. AP433
induced a significant reduction in cell number 48 h after light exposure (P<0.001)
(Figure 17). However, it must be noted that light exposure alone reduced cell
growth with a loss of cell numbers below 30% of untreated control after 2 minutes
light exposure. This light mediated toxicity also has the potential to cause gene
mutations and secondary tumours 4°°. Therefore, the PDT procedure will need to
be further optimised to enable light activation without causing unwanted cell
toxicity. Once this is achieved, porphyrin-based hybrids can be evaluated

effectively.

Perhaps employing a laser diode system for light activation would be more
effective for evaluating PDT. This would allow for the use of higher light doses
and also could be used to analyse cell growth in real time in response to PDT 4%,
Cellular uptake of PpIX may also have affected PDT efficacy in PC-3. PpIX is a
hydrophobic molecule and the reduced solubility in agueous solutions make
delivery of sufficient doses of the drug to malignant tissue or cells challenging 4.
The efficient intracellular localisation of a PS is largely dependent on
hydrophobicity 45”. There is the potential to make these hybrids more soluble by

means of the addition of hydrophilic groups #%%.

3.6 Conclusions

A novel DHA-TPP hybrid, AP433, was investigated against PC-3 prostate cancer
cells. Hybrid AP433 was found to reduce PC-3 cell number following PDT
(P<0.001). However, the novel light activation procedure (using Q-Sun solar
simulator) did account for a loss in cell numbers particularly at a light exposure
time of 2 minutes. There is a need to optimise the PDT procedure to eliminate
this unwanted toxicity before the porphyrin based hybrids can be effectively
evaluated.
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Chapter 4. Biological evaluation of artemisinin-naphthalimide
hybrids

4.1 Introduction

Chemotherapy, radiation, and surgery are the standard methods of cancer
treatment today. However, chemotherapy is limited by the development of
multidrug resistance and non-tumour toxicity. Therefore, the search is ongoing
for novel compounds with the potential for more effective chemotherapy. One
strategy currently being investigated is the development of hybrid drugs. The term
hybrid in the context of drug design refers to a single compound in which two
active ‘parent’ drugs are linked to afford a single molecular entity with dual activity
5. The two parent compounds from which the hybrid is prepared each have their
own unique pharmacophore. By combining two compounds in this way several
potential advantages are possible including simultaneous delivery of the parent
drugs, enhanced uptake, a multimodal mechanism of action that could prevent or

stall the development of drug resistance, and an improved side effects profile 67,

This chapter investigates the antitumour efficacy of novel ART-NAP or
tetraoxane-NAP hybrids (Figure 18, Figure 19). Hybrids MK129, SG76, SG77
and SG81 contain an ART derivative, DHA, inked to a NAP while hybrid MK134
contains a NAP group linked to a tetraoxane. Based on the findings in chapter 2,
these novel hybrids were analysed in 4% (v/v) oxygen conditions to better mimic
in vivo environment. ARTs (discussed in detail in section 1.4) are endoperoxide
containing compounds with anticancer and antimalarial activity. ARTs lack of
cross-resistance observed during malaria treatment is promising for their future
development as anticancer agents #°°. This lack of cross resistance has also been
observed in cancer treatment; for example, artesunate was shown to be effective
against multidrug-resistant small cell lung cancer (SCLC) cell line, H6QVP, when
preloading of cells with transferrin was performed 4%°. A separate study
demonstrated that artesunate was just as potent against multidrug resistant cell
lines that overexpress MDR1/P glycoprotein, MRP1 and BCRP (all associated
with resistance to conventional chemotherapy) 1%. Furthermore the activity of
ARTs may be improved in hypoxia 2%, conditions under which many

chemotherapies are rendered much less effective 461463 |
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Figure 18 Artemisinin-naphthalimide and tetraoxane-naphthalimide hybrids

Figure above shows ART-NAP hybrid MK129 and tetraoxane-NAP hybrid MK134. Both hybrids
are linked via stable amido linker.
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Figure 19 Artemisinin-naphthalimide hybrids
Artemisinin derivative, DHA, was covalently linked to the naphthalimide moiety via an ether linker

in which linker length was incrementally increased by inclusion of additional methylene groups
(Hybrids SG76, SG77, SG81)
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NAPs (discussed in detail in section 1.5) are potent anticancer agents containing
an aromatic naphthalene system fused to an imide group which are thought to
act on cancer cells by intercalation of DNA or by inhibiting topoisomerase || 165464,
NAPs have reached advanced clinical trials against several cancer types but
have been limited by severe toxicity in non-tumour tissue 17817, |t must be stated
that the NAP component within the hybrid does not have the same structure of
mitonafide. Furthermore, our collaborators have shown that similar ART-NAP
hybrids 119, and 129 do not localise specifically in the nucleus of cells suggesting
that DNA may not necessarily be a direct target despite the DNA intercalation

properties of NAPs 465,

Hybrid MK134 contains a NAP group linked to a tetraoxane. Tetraoxanes are
fully synthetic ART derivatives which were first synthesised in the 1990s as an
attractive more cost-effective alternative to naturally sourced ART in the
treatment of malaria 4%6. These compounds were found to have antimalarial
activity in vitro but none of the compounds had better antimalarial activity than
ART 467 These compounds have not been well studied against cancer to date.
However, a recent study did report the synthesis of tetraoxane dimers with
excellent activity in HT29-AK colon cancer and HL60 leukaemia cells. Compound
29 was particularly effective against the cancer cell lines with generated ICso
values of 3.8 uM in HT29-AK cells and 12.2 uM in HL60 cells.

It is anticipated that by linking ART and NAP derivatives in a hybrid, there will be
a synergistic effect, with the hybrid exerting a multimodal drug action in cancer
cells (Figure 20). There is the potential that ART induced ROS generation
coupled with NAPs DNA intercalation properties will result in increased DNA
damage, oxidative stress and cell death. It is also possible that glutathione

antioxidant response will be up regulated in response to hybrid treatment.
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Figure 20: Graphical abstract

ART and NAP are covalently linked to form hybrid compound. This hybrid then enters cell upon administration. It is anticipated that a multimodal action
will take place resulting in ROS production, DNA damage and cell death
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4.2 Methodology
4.2.1Cell Culture.

PC-3, PNT1A and HL60 (ECACC) were maintained in RPMI 1640 (Sigma-
Aldrich, UK) supplemented with 5% FBS (Sigma-Aldrich, UK), 1% Penicillin-
Streptomycin (Sigma-Aldrich, UK) and 1% L-glutamine (Sigma-Aldrich, UK).
MCF-7 breast cancer cells (ECACC) were cultured in DMEM (Sigma-Aldrich, UK)
supplemented with 5% (v/v) FBS, 1% (v/v) Penicillin/Streptomycin and 1%(v/v) L-
glutamine. All cells were maintained at 37°C, 95% humidity, 5% (v/v) CO:2 for a
minimum of 24 h before any experiment was commenced and maintained until

the end of analysis.

4.2.2 0xygen maintenance

In addition to the cell culture conditions, cells were maintained at in vivo relevant

oxygen concentration of 4% as described in section 3.3.2.

4.2.3 Preparation and addition of drug compounds.

Hybrid compounds and mitonafide were synthesised by Prof. Paul O’Neill, Dr
Sarah Rawe and colleagues at the School of Chemistry, University of Liverpool,
UK and at the School of Chemical and Pharmaceutical Sciences, Dublin Institute
of Technology, Ireland. Artesunate was purchased from Tokyo Chemical Industry
Co. Ltd. All compounds were dissolved in the vehicle, DMSO (100%), to create
the master stock. 20 ul aliquots of 10 mM or 50 mM concentrations were prepared
for each compound and stored at -80 “C. Working stocks of 20 uM or 100 yM
were prepared by diluting master stocks in fresh growth medium to a final volume
of 10 ml. Additional concentrations of drug compounds were achieved by further
dilution of working stocks and adjustment of the vehicle concentration
accordingly. The further dilution of drug stock solutions during drug addition
resulted in final compound concentrations of 0.01, 0.1, 1, 10 or 50 puM
respectively. Final concentrations of DMSO were adjusted to 0.1% (v/v) for all
drug concentrations and vehicle control. During RTCA, drug addition was
performed by removing 100 pul of spent media from each 16 well E-plate well, and

replacing with an equal volume of working stock in a final volume of 200 pl.
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A similar drug addition protocol was applied during the cell count analysis where
cells were grown in 6 well plates (1.5 ml working stocks added to each well to

make final 3ml volume).

4.2.4 Real-time cell analysis.

RTCA was performed in a similar manner to that described in section 2.2. Briefly,
E-plates (ACEA Biosciences, San Diego, CA, USA) were seeded with either
5,000 PNT1A, 5,000 MCF-7 or 4,000 PC-3 cells per well, 24 h before drug
addition. E-plates were placed within the cradle of an xCELLigence DP Real Time
Cell Analyser that remained inside the incubator for the duration of the
experiment. 24 h post seeding, the hybrid drugs were added. Cell growth was
measured every 15 min for the duration of the experiment (beginning 24 h before
drug addition and continuing for a further 48 h) and is displayed by the RTCA

software as “Cell Index”.

4.2.5 Cell count analysis.

1x10° PNT1A, 8x10* PC-3, 1x10° MCF-7 or 3x10° HL60 cells were seeded per
well in a 6 well plate (Sarstedt, Germany) achieving the same seeding density as
utilised in real-time cell analysis). Cells were harvested and counted 48 h post
drug addition using a Z2 Particle Analyser (Beckman Coulter, Miami, FL, USA).
Cell counts are expressed as a percentage of untreated control £SD. ICs (the
concentration of drug required to reduce cell number by 50%) values were
calculated for each drug by plotting a sigmoidal dose response curve fit using
GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA). Logio of the drug
concentration was plotted on x axis while cell count (% of untreated control) was
plotted on the y axis. ICso analysis was not possible in Chapter 2 and Chapter3

because a broader concentration is required for an accurate ICso estimation 468,

4.2.6 Statistical analysis.

Statistical analysis performed as in section 2.3.6 .
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4.3 Results

4.3.11Initial screening of endoperoxide-naphthalimide hybrid compounds
in PC-3 cells

Several ART-NAP hybrids and tetraoxane-NAP hybrids were selected for initial
screening at a concentration of 50 uM to determine activity in PC-3 cancer cells.
All hybrids tested reduced cell growth during RTCA (Figure 21). Despite a 30%
reduction in cell growth after 48 h, MK134 was least effective in PC-3. MK129
and SG76 were both found to reduce cell growth by approximately 50% after 48
h. PC-3 cell growth did appear to recover from 24 h after drug addition in the case
of SG76. SG77 and SG81 were most active in PC-3 with 50 uM treatment
resulting in an 83.7 % and 79.6% reduction in cell growth after 48 h respectively.
Cell count analysis was also performed to validate RTCA results (Figure 22). A
similar trend can be observed with all hybrids reducing cell number 48 h after
drug addition. SG77 and SG81 again were the most effective hybrids reducing

cell number by more than 50% after 48 h.

4.3.2 Effects of endoperoxide-naphthalimide hybrids on tumour and non-
tumour cell number

Based on preliminary data above, ART-NAP hybrids SG76, SG77 and SG81
were most active hybrids in PC-3. The next phase of the in vitro investigation
involved the evaluation of most active hybrids at a wider concentration range
against four different cell types. In Chapter 2, HeLa were selected for analysis
based on the criteria that they are a well-studied adherent cancer cell line
sensitive to artesunate 2. In this case, the focus was to highlight the potential of
oxygen to modulate drug activity in vitro. However, for this chapter it was elected
to limit the study to three more commonly diagnosed cancer types including
prostate cancer, breast cancer and leukaemia. Prostate cancer is one of the
most common cancers diagnosed in men %0431 PNT1A cells (non-tumour
prostate) were employed as a marker of non-tumour prostate cells and have been
used for this purpose in a previous study #%°. PC-3 cells (prostate cancer) are
known to be sensitive to ART derivatives 446 and DNA targeting agents similar to
NAPs 470, PNT1A and PC-3 were chosen for this work to access the potential for
novel hybrid drugs to induce selective toxicity in prostate cancer. MCF-7 and

HL60 were chosen to access the potential of novel hybrids to treat breast cancer
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and leukaemia. These cancer types are also very prevalent worldwide 72. Both
cell lines have also shown to be sensitive to NAPs 471472 and ARTs 146473, By
investigating both hybrids and the parent drugs in four cell lines, the overall
anticancer activity and tumour cell selectivity of can be accessed. Cell count
analysis was employed to detect changes in cell number in response to both
hybrid compounds and parent drugs (Figure 23, Figure 24). Cells were treated
with either artesunate, mitonafide, SG76, SG77 or SG81 at concentrations of 0,
0.01, 0.1, 1, 10 or 50 pM. Cells were harvested and counted 48 h after drug

addition.

3L T v T T T ‘l Cell Index (% Control)
- —  Control [24 h post arug action |1 postcrug addion | 24h  48h
. MK134 e Control 100.0 100.0
P o= MK129 | " | MK134 857 714
2 [omm SG76 : f,,f'-‘ : MK129 64.3 33.1
E SG77 : SG76  50.0 49.0
3 sGe1 ‘ — : | sG77 464 16.3

Normalised Cell Index

E ll 1 SG81 47.9 204
e R //::___.._ M
y, S5 — ~— R 1
: : ; = A

1
1
1
g
1
'l

0 12 24 36 48 60 T2
Time (h)

Figure 21 Real-time cell analysis of PC-3 cells in response to endoperoxide-
naphthalimide hybrids

PC-3 were seeded onto E-plate at 5,000/well. 24 h later, the hybrid drugs were added at a single
concentration of 50 uM. Cell growth was then measured for a further 48 h and is plotted as CI.
The corresponding table on the right of the RTCA graph summarises the mean Cl values
recorded for each treatment at 24 h and 48 h (time points indicated by broken blue lines); ClI
values are expressed as % control. Each real-time experiment was performed three times in
triplicate.
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Figure 22 cell count analysis of PC-3 in response to several endoperoxide-
naphthalimide hybrids

PC-3 were seeded onto a 6 well plate at 8x10* cells/well. 24 h later, the hybrid drugs were added
at a single concentration of 50 uM. Cell count analysis was performed 48 h post drug exposure.
All data is normalised as a percentage of untreated control.

Parent drugs artesunate and mitonafide were potent against all 4 cell lines with
significant reductions in cell number detected at concentrations of 1, 10 and 50
UM (P<0.001) (Figure 23). ART-NAP hybrids SG76, SG77 and SG81 all reduced
tumour cell number significantly at concentrations above 1 uM in all 4 cell lines
(P<0.001) (Figure 24). To summarise the cell count data more effectively, an ICso
was generated for each drug by plotting log concentration vs cell number
(expressed as % control) as described in 4.2.5. This sigmoidal dose response
curve was then used to calculate the concentration required to reduce cell
number by 50% (non-linear regression model). This data shows that HL60 was
most sensitive to the hybrid drugs with ICso ranging from 2.0-3.9 uM (Table 2).
Hybrid SG76 was the most effective hybrid against HL60 with 5 times more
activity than artesunate. None of the hybrids evaluated were more active in MCF-
7 cells when compared to parent drugs. Artesunate and mitonafide produced ICso
values of 17.5 pM and 4.8 uM while hybrids SG76, SG77 and SG81 were
somewhat less effective in MCF-7 producing higher ICso values ranging from 23.0

MM-74.0 pM. PC-3 cells were particularly sensitive to mitonafide with an I1Cso
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value of 0.4 puM. All three hybrids also showed anticancer activity in PC-3 with
ICs0 values ranging from 1.7-15.8 pM.

PNT1A were more tolerant to the hybrids than artesunate and mitonafide with
ICs0 values ranging from 2.9 uM to 23.3 uM in the parent drugs and from 15.9 pM
to 68.3 UM in the hybrids. Furthermore, hybrids SG76, SG77 and SG81 were
selectively toxic in PC-3 compared to PNT1A with ICso values ranging from 1.7 -
15.8 uM in PC-3 compared to 15.9-68.3 uM (highlighted in bold font in Table 2).
Prostate tumour PC-3 were also compared directly to their non-tumour
counterparts PNT1A. The ICso values generated in prostate tumour and non-
tumour cell lines (Table 2) were used to calculate non-tumour/tumour ratio for
each drug/compound tested. Higher non-tumour/tumour ratio is indicative of
higher tumour cell selectivity and can be ranked from 1-5 as shown in Table 3.
Hybrid SG77 was the most selective with 11 times more activity in tumour cells.
Artesunate was the least selective hybrid with only three times more activity in
tumour cell line. PNT1A vs. PC-3 cellular response to both parent drugs and
hybrids was compared statistically using a two-way ANOVA (Figure 25). This
analysis was performed using data generated during cell count analysis (Figure
21, Figure 22). PNT1A were found to be less sensitive than PC-3 in the case of
both hybrids and parent drugs with significant differences in cell response
detected at concentrations of 0.1 uM and higher (P<0.001).
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Figure 23: Effect of artesunate and mitonafide on tumour and non-tumour cell
number

1X105 (PNT1A), 8X10* (PC-3 and MCF-7) or 3X10° (HL60) cells were seeded per well in a 6 well
plate. After further incubation for 0 h (HL60) or 24 h (PNT1A, PC-3 and MCF-7) cells were
exposed to (A) artesunate or (B) mitonafide at concentrations of 0- 50 uM as indicated. Cell count
was performed 48 h post compound addition. All treatments normalised against vehicle control
(0.1% DMSO). The above data is representative of triplicate experiments (+/-SEM). One way
ANOVA, followed by Tukey post-hoc test was utilised to analyse differences between
treated/exposed and control cell populations of same cell type.
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Figure 24: Effect of artemisinin-naphthalimide hybrids on tumour and non-tumour
cell number

1X10% (PNT1A), 8X104 (PC-3 and MCF-7) or 3X10° (HL60) cells were seeded per well on a 6 well
plate. After further incubation for 0 h (HL60) or 24 h (PNT1A, PC-3 and MCF-7) cells were
exposed to (A) SG76 (B) SG77 or (C) SG81 at concentrations of 0- 50 uM as indicated. Cell count
was performed 48 h post compound addition. All treatments normalised against vehicle control
(0.1% DMSO). The above data is representative of triplicate experiments (+/-SEM). One way
ANOVA, followed by Tukey post-hoc test was utilised to analyse differences between
treated/exposed and control cell populations of same cell type.
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ICs0 (M)

PNT1A PC-3 MCF-7 HL60
Parents
ART 23.3%10.2 7.516.7 17.5£5.1 9.3x2.9
MIT 29433 0.4+0.2 4.8+4.5 1.1+0.2
Hybrids
SG76 68.3124.5 15.8+£3.9 23.0+14.7 2.0+0.6
SG77 54.9+8.4 4.9+2 .4 40.415.6 3.9+£2.9
SG81 15.9%9.1 1.7+0.7 74.0+21.6 3.4+3.3

Table 2: ICso summary

ICso0 (Inhibitory concentration 50%) was calculated for parent compounds (artesunate and
mitonafide) and hybrid compounds (SG76, SG77 and SG81) using data generated during cell
count analysis 48 h after drug addition. All data is presented as the mean + SD of three
independent experiments. ICso was calculated using GraphPad Prism software. Hybrid
compounds were more active in PC-3 compared to non-tumour PNT1A (values highlighted in

bold)

Non-tumour/ tumour

Drug/Compound  Ranking ratio
SG77 1 1.2
SG76 2 94

mitonafide 3 7.3
SG81 4 4.3
artesunate 5 3.3

Table 3 Tumour cell selectivity

ICs0 values generated in prostate tumour and non-tumour cell lines (Table 2) were used to
calculate non-tumour/tumour ratio for each drug/compound tested. Higher non-tumour/tumour
ratio is indicative of higher tumour cell selectivity. Each drug tested can be ranked from 1-5 as

shown above. SG77 highlighted in bold was the most selective hybrid tested.
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Figure 25: Prostate cell sensitivity to hybrids and parent compounds

1X105PNT1A or 8X10* PC-3 cells were seeded per well in a 6 well plate. After a further 24 h
incubation, cells were exposed to (A) artesunate (B) mitonafide (C) SG76 (D) SG77 or (E)
SG81 at concentrations of 0- 50 uM as indicated. Cell count was performed 48 h post drug
addition. All treatments normalised against vehicle control (0.1% DMSO). Significant
differences between cell response were evaluated using two-way ANOVA, followed by

Bonferroni post hoc test (*=p < 0.05, **= p < 0.01, ***= p< 0.001).

calculated at 48 h using the above data.
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4.3.3 Effects of endoperoxide-naphthalimide hybrids on tumour and non-
tumour cell growth

RTCA system was employed as a dynamic method for biological evaluation of
antitumour hybrids in real-time. As discussed in chapter 2, this impedance based
assay will detect changes in cell growth, cell death, adhesion, and morphology to
give an indication of overall cellular status. Artesunate and mitonafide both
reduced PNT1A cell growth (Figure 26). It could be observed that 10 uM
artesunate inhibited cell growth from 20 h after drug addition with 50 uM reducing
cell growth by 93.3% after 48 h. Mitonafide also reduced PNT1A cell growth by
3.3% and 56.7% at concentrations of 10 uM and 50 uM respectively. PNT1A were
more tolerant to hybrid SG76 with 10 uM reducing cell growth by 20% after 48 h
(Figure 26). 50 uM SG77 reduced cell growth by 45.7% and 76.4% after 24 h and
48 h respectively. PNT1A cells showed a similar response to SG81 with 50 uM
reducing cell growth by over 60% after 48 h.

Artesunate reduced PC-3 growth after 24 h at concentrations of 1 uM and higher
(Figure 27). Cells exposed to 1 uM artesunate appear to recover towards 48 h
mark. 10 and 50 pM artesunate reduced PC-3 by 41.2% and 70% respectively.
Mitonafide was also effective against PC-3 with a reduction in cell growth evident
from 24 h. 10 uM and 50 uM mitonafide reduced PC-3 cell growth by 60.8% and
92.2% respectively after 48 h. SG76 reduced PC-3 growth from 12 h onwards
with 50 uM resulting in nearly a 50%reduction in cell growth after just 24 h.
However, it appears that PC-3 cells begin to recover from 24 h to 48 h (Figure
28). SG77 was also effective in reducing PC-3 growth with a 26.1% and 39.1%
reduction in cell growth recorded after 24 h. 10 and 50 uM SG81 reduced PC-3
growth within 24 h resulting in a 37.8% and 66.2% reduction in cell growth after
48 h. MCF-7 cells were the most sensitive to parent drugs and hybrids during
RTCA. Artesunate and mitonafide both reduced MCF-7 growth by more than 80%
after 48h (Figure 28). Mitonafide was particularly potent with 50 uM treatment
resulting in a 61.9% reduction in cell growth after 24 h. MCF-7 cells were more
tolerant to hybrid SG76 (Figure 28) with 10 uM reducing cell growth by 34.9%
after 48 h. SG77 and SG81 were effective against MCF-7 with 1, 10 and 50 uM
reducing cell growth from 12 h onwards. Both hybrids resulted in more than an
85% reduction in cell growth after 48 h.
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Figure 26: PNT1A response to parent drugs and hybrids in real-time

PNT1A cells were seeded at 5,000 cells/well. After 24 h growth, cells were treated with 0, 0.01,
0.1, 1, 10 or 50 pM of (A) artesunate, (B) mitonafide, (C) SG76, (D) SG77 or (E) SG81. Cell
growth was measured every 15 min using RTCA instrument for a further 48 h after drug addition.
The corresponding tables on right of each RTCA graph summarises the mean CI values
recorded for each treatment at 24 h and 48 h (time points indicated by broken blue lines); ClI
values are expressed as % of untreated control. Each real-time experiment was performed three

times in triplicate.
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Figure 27: PC-3 response to parent drugs and hybrids in real-time

PC-3 cells seeded at 4,000 cells/well. After 24 h growth, cells were treated with 0, 0.01, 0.1, 1, 10
or 50 pM of (A) artesunate, (B) mitonafide, (C) SG76, (D) SG77 or (E) SG81. Cell growth was
measured every 15 min using RTCA instrument for a further 48 h after drug addition. Each
experiment was performed three times in triplicate. The corresponding tables on right of each
RTCA graph summarises the mean Cl values recorded for each treatment at 24 h and 48 h (time
points indicated by broken blue lines); Cl values are expressed as % of untreated control. Each
real-time experiment was performed three times in triplicate.

87



- : : e 7 : ; - ;
E B \ 48hr post drug addition_| |
A coptel TR o
] .01l | v
s E — 0.1pM ! /f/f
H] ' A
§ — 1pM 1 //5/ :
30— 1o L /%2& i
5 50uM 1 P |
g F e 1
g :
E E 1 |
: e :
T e ' 1
& Eipasi AL g b s ol ¥ 1o 8 i i |
o 12 24 36 48 60 72
Time (Hr)

B s E v T T T T
U L
b ! ? g
5 1 / I
1 |
X i ~ A
2 F i // Sy
= 1 2% 1
3, 1 /;/"' 1
E Lk 1
B P :
: % i '
A B Mﬁmﬁ@?ﬁ:\ : :
T o 1 1
o L 1 1 1 |
o 12 24 36 48 60 72

Time (Hr)

¢ . N S S :
\ |
. ////.
¥ <A
i ,/,/ |
: z
i / v i
L 1 e i
! |
] |
|
|

\
\
\

Normalised Cell Index

Normalised Cell Index

Artesunate
Cell Index (% Control)
24 h 48 h
Control 100.0 100.0
0.01 uM 95.7 93.5
0.1 uM 93.5 90.3
—) p‘KA 913 645
10 uM 63.0 58.1
50 uM 50.0 4
Mitonafide
Cell Index (% Control)
24 h 48 h
Control 100.0 100.0
0.01 uM 87.0 77.8
m=— 01uM 870 82.4
1uM 95.7 70.4
10 uM 56.5 222
50 uM 26.1 9.3
SG76
Cell Index (% Control)
24 h 48 h

Control 100.0 100.0
0.01 uM 101.2 104.7

0.1 uM 99.4 95.3
1 uM 87.9 81.4
10 uM 81.8 65.1
SG77
Cell Index (% Control)
24 h 48 h

Control 100.0 100.0

mp 0014M 915 84.9

0.1 uM 100.6 93.0

1uM 67.1 57.0
10 uM 42.7 256
50 uM 28.0 93

SG81
Cell Index (% Control)

24 h 48 h

Control 100.0 100.0
0.01 pM 95.2 91.5
0.1 uM 95.2 90.9
1uM 66.7 48.9
10 uM 47.6 213
50 uM 38.1 14.5

Figure 28: MCF-7 response to parent drugs and hybrids in real-time

MCF-7 cells were seeded at 5,000 cells/well. After 24 h growth, cells were treated with 0, 0.01,
0.1, 1, 10 or 50 uM of (A) artesunate, (B) mitonafide, (C) SG76, (D) SG77 or (E) SG81. Cell
growth was measured every 15 min using RTCA instrument for a further 48 h after drug addition.
Each experiment was performed three times in triplicate.
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4.4 Discussion

In this chapter, ART-NAP hybrids were investigated for antitumour efficacy. To
our knowledge, this is the first time such hybrids have been synthesised and
investigated. The anticancer activity of the hybrids was compared with the parent
drugs artesunate and mitonafide. Both parent drugs have known anticancer

properties in vitro and in vivo 18:474-476,

ART-NAP hybrids were initially investigated in PC-3 cells at a single
concentration of 50 uM to determine the best performing hybrids for further
investigation. ART-NAP hybrids SG76, SG77 and SG81 were then nominated for
a more in depth in vitro investigation. Firstly, cell count analysis was performed
48 h after drug addition in all cell lines tested; these included PC-3, MCF-7 and
HL60 tumour cells and non-tumour PNT1A. Artesunate and mitonafide were
potent in all 4 cell lines with significant reductions in cell number detected at
concentrations of 1,10 and 50 uM (P<0.001) (Figure 23). All three hybrids
evaluated were also effective against tumour cells with significant reductions in
cell number detected at concentrations of 1,10 and 50 uM (P<0.001) (Figure 24).
It was clear that PNT1A were less sensitive to hybrid treatment despite significant

reductions in cell number at higher concentrations (P<0.001).

To summarise the cell count data more effectively, an ICso was generated for
each drug by plotting log concentration vs cell number (expressed as % control)
as described in 4.2.5. This data shows that HL60 was most sensitive to the hybrid
drugs with ICso ranging from 2.0 uM to 3.9 uM (Table 2). Furthermore, hybrids
were generally more active than artesunate in HL60 and PC-3. However, the
hybrids appeared to be less effective than parent drugs in reducing MCF-7 cell
number with 1Cso values ranging from 23.0 uM to 74.0 puM. This reason for the
reduced efficacy in MCF-7 is yet to be determined but may involve MDR proteins
which facilitate the efflux of drugs from the cell 4’”. From the generated ICso data
it was clear that PC-3 cells were more sensitive to ART-NAP hybrids than non-
tumour PNT1A. SG76 and SG77 generated ICso values of 68.3 uM and 54.9 uM
in PNT1A when compared to 15.8 uM and 4.9 uM in PC-3 respectively (Table 2).
PC-3 and PNT1A response was also compared directly using two-way ANOVA
(Figure 25). Mitonafide was significantly more effective in the tumour cell line. The
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improved selectivity of mitonafide and similar DNA-targeting drugs is likely to be
due to the rapid growth of and compromised DNA repair mechanisms in cancer
cells 4. PC-3 cells were more sensitive to the hybrids than their non-tumour
counterparts with significant differences in cell response detected at

concentrations of 0.1 pM and higher.

Furthermore, PNT1A were more tolerant to hybrid compounds than to the parent
drugs with ICso ranging from 2.9-23.3 pM in the parents and from 15.9-68.3 pM
for the hybrids. All compounds tested were also ranked in terms of tumour cell
selectivity (Table 3). SG77 was shown be most selective drug tested with 11
times more activity in PC-3 cells. Artesunate is the least selective with only three
times more activity in in tumour cells. The reason for this observed selective
toxicity is yet to be determined. Although it has been suggested that the selectivity
of artesunate in cancer cells could be due to higher iron (ll) levels which mediate
endoperoxide cleavage °8. Furthermore, the correlation between the mRNA
expression of glutathione-related genes and the ICso values of artesunate has
been reported. The authors concluded that glutathione-related enzymes
contribute to the resistance of tumour cells to artesunate and also to reduced
toxicity in non-tumour organs #’4. This data highlights a potential advantage of
utilising ART-NAP hybrids to reduce toxicity in non-tumour cells and tissues while

still maintaining efficacy in tumour cells.

ART-NAP hybrids and their parent drugs were further investigated in PNT1A, PC-
3 and MCF-7 using the XCELLigence RTCA system for a dynamic evaluation of
cell growth in real-time. This assay is not compatible with suspension cell lines
and therefore HL60 cells were not analysed by this method. Artesunate and
mitonafide were both active in PC-3 and PNT1A in agreement with cell count
analysis (Figure 26, Figure 27). Hybrid drugs also reduced PNT1A and PC-3 cell
growth particularly at higher concentrations 10 uM and 50 M. it was apparent
that both parent drugs and hybrids take effect earlier in PC-3 compared to PNT1A
with increased reduction in cell growth within 24 h of treatment. For example, 10
UM SG76 reduced PNT1A cell growth by only 7.9% after 24 h when compared to
a reduction of 34.6% observed in PC-3 cells. It must also be noted that PC-3
cells do appear to mount a recovery from 24-48 h in the case of both artesunate

and SG76 treatment (Figure 27). This highlights the advantage of quantifying cell
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growth in real time to detect instances of cell recovery which may otherwise be
overlooked.

MCF-7 cells were the least sensitive tumour cell line during cell count analysis.
Interestingly, RTCA data (Figure 28) suggests that parent compounds and two of
the hybrids are very effective in reducing MCF-7 growth. SG77 and SG81 were
very effective against MCF-7 with both 10 uM and 50 uM reducing cell growth by
more than 80%. This is in contrast with ICso values of 40 and 74 uM generated
during cell count analyses (Table 2). MCF-7 are known to be sensitive to both
ART 146 and NAP 471 derivatives with ROS production, lysosomal damage and
apoptosis reported. This observed difference across the two methodologies is
likely due to the improved sensitivity of the xCELLigence system to detect more
subtle changes such as reduction in adherence and change in morphology as
compared to cell number 299456 _|t is, therefore, possible that hybrids are active
in MCF-7 but cell detachment does not occur in all cells within 48 h after

tfreatment.

Based on these findings, the hybrid approach may result in a more targeted
cancer therapy with non-tumour cell line more tolerant to hybrids while retaining
antitumour activity in three cancer cell lines. This is particularly evident in hybrids
SG77 and SG81 which were 8 and 11 times more active in PC-3 than their non-
tumour counterparts. While mitonafide is more than 7 times more effective in PC-
3, which is likely owed to DNA targeting properties, the NAP is also very potent
in PNT21A. This is in agreement with previous NAP studies which have reported
non-tumour cell toxicity 16181478 The endoperoxide artesunate was only three
times more active in tumour cell line which highlights the improvement and
potential merits of the hybrid approach. Perhaps physiochemical properties
contribute to this observed specificity in hybrid compounds, with slower drug
uptake previously highlighted as a potential challenge of hybrid therapy 195479, |t
is also possible that endoperoxide cleavage is increased in cancer cells due to
inherently higher iron levels 151158, Further research is needed to determine the
detailed pharmacological anticancer mechanism(s) responsible for hybrid

cytotoxicity.
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45 Conclusions

Hybrids SG76, SG77 and SG81 were evaluated in both tumour and non-tumour
cell lines. HL60 and PC-3 were the most sensitive cells with 1Cso values ranging
from of 2.0-3.9 UM and 1.7-15.8 uM respectively. Hybrids SG76 and SG77 were
more potent in PC-3 when compared to non-tumour PNT1A suggesting selective
toxicity. Furthermore, PNT1A cells were more tolerant to hybrids when compared
to artesunate and mitonafide. Hybrid SG77 was the most selective hybrid with 11
times more activity in PC-3. Based on these findings ART-NAP hybrids may result
in more potent and targeted cancer therapy which may overcome the common

drawbacks of severe toxicity in non-tumour tissue and development of resistance.
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Chapter 5. Role of oxidative stress in SG77 hybrid drug action

5.1 Introduction

The work described in this chapter builds upon chapter 4 evaluating some of the
suspected underlying mechanisms responsible for the efficacy of NAP-ART
hybrid SG77 (Figure 19). This hybrid was shown to induce selective cell growth
inhibition in several cancer types when compared to non-tumour PNTI1A.
Furthermore, PNT1A were more tolerant to this hybrid treatment than either
parent compound. The objective of this work was to investigate the mechanisms
accounting for SG77 drug action and tumour cell selectivity. Gene expression
analysis was performed to determine the potential for SG77 to induce oxidative
stress, DNA damage and apoptosis. In addition, ROS generation, glutathione
levels and apoptosis was measured in response to SG77. HL60 cells were the
most sensitive to the novel hybrid drugs in the previous chapter and were

therefore selected for this mechanistic evaluation.

5.2 DNA damage/repair
5.2.1 Cellular DNA repair mechanisms

DNA damage is unavoidable during the lifetime of a cell and can occur from a
range of internal and external factors 8%, For example, oxygen radicals, ionising
radiation and chemotherapeutic drugs are known to cause DNA damage 481482,
Internal processes such as cellular respiration can also lead to DNA damage. The
cell is equipped with a DNA damage response (DDR) mechanism to cope with or
eliminate damaged DNA 483, Damaged DNA can be removed from the cell or DNA
can be repaired #83. Cell cycle progression is also slowed down to facilitate DNA
repair 480, Furthermore, changes in gene expression can allow the cell to cope
with DNA damage 484486 However, if DNA damage is excessive, or the cell
becomes deregulated then apoptosis will be activated to eliminate the damaged
cell 47, ATM and ATR are checkpoint protein kinases which are key in detecting
DNA damage in the DNA damage response 88, They activate transducer protein
kinases such as Chkl and Chk2 checkpoint regulators. Once transducers reach
their downstream targets or effectors they can initiate several processes including
cell cycle arrest, DNA repair and apoptosis 4894, |n the cell, the main modes of

DNA repair are (a) single stranded break repair (base excision repair (BER) and
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nucleotide excision repair (NER)) and (B) double-strand break repair 4°4°1. BER
involves the removal of a damaged base by a DNA glycosylase to generate an
abasic (AP) site. The 3’ sugar residue is then removed by an AP endonuclease
inserting a 5 to the abasic sugar. This forms a gap that is filled by DNA
polymerase which assembles the corresponding nucleotide sequence to repair
the nick 492493, NER excision is the main DNA repair system utilised in response
to radiation or chemotherapy #%4. This method involves the removal of bulky DNA
lesions. The damaged bases are removed by an enzyme called a nuclease 4%,
This enzyme has several components capable of making two incisions
surrounding the damaged nucleotides for repair 4%°. Double-strand breaks (DSBs)
are more serious lesions that threaten a loss of chromosomal content and are
produced by severe insults such as ROS and ionising radiation 4944%_DSBs are
repaired either by homologous recombination (HR) or nonhomologous end-
joining (NHEJ) mechanisms 102,

5.2.2 PARP-mediated DNA repair

PARPs are an enzyme family capable of catalysing the transfer of ADP-ribose to
proteins (poly-ADP-ribosylation), a post-translational modification (PTM) that was
discovered over 40 years ago 4°74%, PARP-1 and PARP-2 the most well-studied
due to their involvement in DNA repair 4%°-591, However, PARPs may also be
involved in other key cellular processes such as proliferation and apoptosis 4%’.
PARPs function in DNA repair was first discovered when DNA damaging agents
and radiation-induced DNA damage were found to correlate with increased PARP
activity 52, The accumulation of DNA fragmentation has also been found to result

in a significant increase in PARP levels in cells 53,

PARP is involved in BER and NER repair pathways in response to single-
stranded DNA breaks (SSBs) 100504505  PARP also plays a role in DSB repair
during NHEJ pathway 5%, It has been shown that the PARP enzyme binds tightly
to DNA strand breaks following poly-ADP-ribosylation. This process then allows
for a repair enzyme to access the damaged section of DNA °07.508 PARP-1 and
PARP-2 can interact with many of the same downstream effectors in SSB repair
and BER pathways °%°., PARP-1 is also involved in NER and when PARP-1 is
inhibited NER is adversely affected °1°. Furthermore, PARP knockdown in a
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mouse model resulted in increased sensitivity to alkylating agents such as
gamma radiation %1, DNA repair mechanisms have been shown to induce
resistance to chemotherapeutic agents 2513, Furthermore, PARP inhibitors have

also been shown to sensitise cancer cells to chemotherapy and radiation 514515,

Both ART and NAP compounds, similar to the compound investigated in the
current study, have been shown to involve PARP upregulation 516517, For
example, a 3-Nitro-naphthalimide and nitrogen mustard conjugate, NNM-25, was
shown to be very potent against liver cancer cells. The antitumor mechanism was
thought to be p53 mediated apoptosis. Furthermore, NNM-25 inhibited PARP-1
activity suggesting the suppression of DNA repair 516. Another study investigated
the cytotoxicity of ART, DHA, artemether, and artesunate in liver cancer cell lines
HepG2 (p53 wild-type), Huh-7 and BEL-7404 (p53 mutant), and Hep3B (p53 null),
and a normal human liver cell line, 7702. Artesunate and DHA were found to be
the most potent in liver cancer cell lines with selective toxicity observed. The
authors also reported increased levels of cleaved PARP protein expression
following a western blot analysis. This indicates that PARP mediated DNA repair

may be crucial in the cellular response to both ART and NAP compounds 134,

5.2.3 NHEJ pathway in Double strand DNA repair

Intercellular repair of DSBs can be problematic because bringing two DNA
molecules together increases the risk of mutations and chromosome
rearrangements if the ends are incorrectly joined 518520, The NHEJ pathway is
most commonly employed in DSB repair although several other “backup”
pathways are possible 521, The initial step in NHEJ pathway is the recognition and
binding of the Ku heterodimer to the DSB 522523, The Ku heterodimer is composed
of Ku70 and Ku80 subunits 524, These two Ku subunits are both composed of
three domains: an amino-terminal (also called von Willebrand domain (VWA)), a
central Ku core , and a carboxyl-terminal region 524525, The VWA and Ku core
domains are involved in the heterodimerisation of Ku complex. The carboxyl-

terminal region is likely where a DNA molecule will bind 526:527,
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Ku80 is thought to be involved in several protein-protein interactions 522, Ku70/80
has also been shown to rapidly localise DSBs when they arise and bind with
extremely high affinity 522530, The Ku70/80 heterodimer is thought to produce a
ring-shaped structure which can house a double strand DNA helix 5%,
Furthermore, Ku binds to the sugar backbone of DNA and not to the nucleotide
bases which explains the ability of Ku to bind to DNA regardless of the sequence
composition 531532, Once the Ku heterodimer is bound to the DSB ends, other
NHEJ factors are recruited to the DNA damage site including DNA dependent
protein kinases, X-ray cross-complementing protein 4 (XRCC4), DNA Ligase IV
and NHEJ-1 533-535,

Several studies have investigated Ku and its interaction with other NHEJ factors
533,536,537 DNA Ligase IV catalyses the ATP-dependent transfer of phosphate
bonds resulting in strand ligation and DNA repair like other DNA ligases >3,
However, DNA Ligase IV is unique in that it can repair large nucleotide gaps and
incompatible DSB ends 53653 NHEJ-1 (also called XLF (XRCC4 like factor)
interacts with XRCC4 to form extensive filaments 540-542, XLF stimulates the
activity of LIGIV in joining non-compatible DNA ends, indicating that XLF can
mediate the activity of XRCC4:LIGIV and may induce end joining by promoting
the re-adenylation of LIGIV 543545,

5.3 Cell death and apoptosis

There are several forms of cell death which can be categorised in different ways
including by morphological features (blebbing, cell shrinkage, swelling of cellular
organelles), enzymatic processes (nuclease and protease activity such as
caspase enzymes) and functional properties (physiological, programmed,
immune stimulated). The Nomenclature Committee on Cell Death (NCCD) has
published several papers detailing the most suitable ways for identifying the
different types of apoptosis and cell death 546-548, Autophagic cell death is a
process of cell death by which damaged cellular materials are engulfed by double
membraned organelles called autophagosomes signalling them for degradation.
This form of cell death is characterised by the vacuolisation of the cytoplasm and
the accumulation of autophagic vacuoles °%°. Necrosis is characterised by

increases in cell size swelling of cellular organelles and the loss of intracellular
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contents. Necrotic cell death was generally thought to be an accidental or
uncontrolled form of cell death but several studies have now shown that necrosis

can be regulated by transduction pathways and catabolic events 550551,

Apoptosis is a mechanism of cell death first discovered in 1972 552553, Apoptosis
is characterised by the rounding up of the cell, retraction of pseudopodes,
reduction of cell size, condensation of chromatin and nuclear fragmentation.
Typically, apoptosis will not result in plasma membrane blebbing or engulfment
by phagocytes °. Apoptosis can be activated by the cell in response to
excessive DNA damage, chemotherapy or where a cell becomes dysregulated
554555 DNA fragmentation and the presence of activated caspase proteins are
often associated with apoptosis but it must be noted that both events can occur

independently of apoptosis.

It is now known that the term apoptosis encompasses several different and
complex biochemical pathways. These include extrinsic apoptosis (receptor
mediated) and intrinsic apoptosis (mitochondria mediated) and the Perforin
Granzyme pathway 39355, Caspase enzymes are involved in all of these
apoptotic pathways and are important for maintaining homeostasis through
regulating cell death and inflammation. They can be divided in to two subtypes;
Initiator caspases and executioner caspases. The initiator caspases-8 and -9
normally exist as inactive procaspase monomers that are activated by
dimerization 557558 Executioner caspases -3, -6, and -7 occur as inactive
procaspase dimers that must be cleaved by initiator caspases to be activated.
This cleavage allows a conformational change that brings the two active sites of
the executioner caspase dimer together to form a mature protease . Once
activated, a single executioner caspase can cleave and activate other

neighbouring executioner caspases resulting in an accelerated response.

5.3.1 Extrinsic apoptosis pathway

The extrinsic pathway is initiated through several death receptors including
tumour necrosis factor (TNF), Fas receptor, death receptor -3 (DR3), death
receptor-4 (DR4), and death receptor-5 (DR-5) 550:559-561 These death receptors
all contain an amino acid sequence known as a “death domain”. This domain is

key in transmitting signals from outer cell membrane to the cytoplasm 62, There
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have been several death receptor/ligand combinations which have been
identified. TNF-a and Fas pathways are the most well understood of the death
receptor pathways 59563, In these two models of extrinsic apoptosis, there is a

clustering of receptors to their corresponding ligands.

Cytoplasmic proteins are then recruited which bind to the death domains 64,
When Fas ligand binds to its receptor, this results in binding of Fas associated
protein with death domain (FADD) 3%7. On the other hand, binding of TNF-a to its
corresponding receptor triggers the binding of the adaptor protein TNF-1
associated death receptor domain (TRADD) %6556 TRADD then recruits FADD
and receptor interacting protein kinase (RIP) proteins which interact with
procaspase-8 to form death-inducing signalling complex (DISC) %67, DISC then
cleaves procaspase-8 to form active caspase-8 which marks the beginning of the
execution phase of apoptosis (Figure 29). Extrinsic apoptosis can also be
inhibited through a protein called c-FLIP which can bind to FADD and caspase-8
to render them inactive 568569 A protein called Toso, has also been shown to
block Fas-induced apoptosis by inhibiting caspase-8 70571, Activated Caspase-8
is known to activate caspase 3, a crucial executioner caspase °’2. Once activated
caspase 3 is known to act on multiple proteins leading to apoptosis. These
proteins are involved in chromatin condensation and migration, DNA

fragmentation, cellular shrinkage and blebbing 573574,

5.3.2Intrinsic apoptosis pathway

Intrinsic apoptosis involves a diverse array of signalling processes initiated in the
mitochondria that then act on specific cellular targets 3% (Figure 29) . Both pro-
apoptotic and anti-apoptotic proteins play a role in controlling the cells fate 39,
Hypoxia, free radicals and viral infections are all known to induce apoptosis, while
growth factors and hormones are known to down regulate or prevent apoptosis
575 When apoptosis is activated, there is a loss in mitochondrial outer membrane
potential resulting mitochondrial outer membrane permeabilisation (MOMP) 576,
Subsequently, proapoptotic proteins such as cytochrome C and a second
mitochondria-derived activator of caspases (SMAC/DIABLO) °77. Both of these
proteins are known to initiate caspase dependent apoptosis °>’’. Cytochrome C

binds to apoptosis protease activating factor 1 (APAF-1) and procaspase 9 to
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form the apoptosome (Figure 29) 578 Caspase-9 then triggers the cleavage of
caspase-3 and apoptosis ensues 78,

Further downstream of the caspase cascade, apoptosis inducing factor (AIF),
endonuclease G and CASP-activated deoxyribonuclease (CAD) are released
from the mitochondria and translocated to the nucleus to facilitate DNA
degradation and chromatin condensation °’°-581, The B cell lymphoma-2 (Bcl-2)
family of proteins, identified over 30 years ago as crucial regulators of cell death
are thought to play an important role in regulating intrinsic apoptosis 82, The Bcl-
2 family of proteins consist of both pro and anti-apoptotic proteins. Pro-apoptotic
proteins include Bax, Bad, Bak and Bid while anti-apoptotic proteins include Bcl-
2, BCL-xL and BCL-xS 583-585, Bax induces the release of cytochrome c from the
mitochondria into the cytosol of the cell while Bcl-2 is involved in the inhibition of
apoptosis by blocking cytochrome c release . An increase in the Bax/Bcl-2 ratio
is known to cause the release of cytochrome c triggering the activation of
caspase-9 which cleaves procaspase 3. Active caspase-3 then initiates a

cascade of enzymatic reactions resulting in apoptosis %87,

It must be noted that the intrinsic and extrinsic pathways are not completely
independent. A protein called BID plays a role in the crosstalk between the two
pathways (Figure 29). In this case, caspase 8 cleaves a BH3 only protein BID
generating a truncated fragment known as truncated BID that can permeabilise
the mitochondrion resulting in MOMP. ART and NAP based compounds have
both been found to induce intrinsic apoptotic pathway in cancer cells For example
a novel amonafide analogue, 7-b, was shown induce mitochondrial mediated
intrinsic apoptosis with the production of reactive oxygen species (ROS) and
alteration of the MOMP in a lymphoma cell line 58, A separate study showed that
artesunate treatment resulted in intrinsic apoptosis in breast cancer cells via Iron-
mediated ROS production in the lysosome 46, Artesunate was also shown to
induce apoptosis in doxorubicin resistant leukemic T cells through the intrinsic

pathway via the generation of ROS 2%,
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Figure 29 Intrinsic and extrinsic apoptotic pathways

Schematic of both intrinsic (mitochondria-mediated) and extrinsic (receptor mediated) apoptotic
pathway. The extrinsic pathway is activated upon ligand binding to specific receptors. This
results in the formation of the DISC complex which then activates procaspase-8 trigering the
activation of executioner caspase-3. In the intrinsic pathway release of cytochrome ¢ from the
mitochondria results in the formation of the apoptosome and the activation of caspase 9.
Caspase 8 and 9 then activate downstream caspases such as caspase 3 resulting in cell
death.The two pathways are connected through the cleavage of the BH3 only protein BID by
activated caspase-8 5.
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5.3.3 Perforin/granzyme apoptosis pathway

T-cell mediated cytotoxicity occurs through the recruitment of CD8+ cells to Kill
antigen-bearing cells. CTLs are able to kill target cells via the extrinsic pathway
and the Fas ligand/ Fas receptor interaction is the predominant method of
cytotoxic T cells -induced apoptosis 5. However, they are also able to exert their
cytotoxic effects on tumour cells and Vvirus-infected cells via the
perforin/granzyme apoptotic pathway °%6. Granzymes are serine proteases that
are released by cytoplasmic granules within cytotoxic T cells (CTLs) and natural
killer (NK) cells of the immune system 5%t . Perforins are proteins released by
killer cells and function to create pores in target cells. Perforins and granzymes
induce target-cell apoptosis cooperatively. Granzymes are required for triggering
apoptosis in antigen presenting target cells but the delivery of granzymes to the
target cells is facilitated by perforins 2. Granzyme A and granzyme B are the
most important components in apoptosis activation. Granzyme B will cleave
proteins such as pro-caspase-10 and factors such as ICAD (Inhibitor of Caspase
Activated DNase) 2. Granzyme B can utilise the intrinsic pathway via BID
cleavage and induction of cytochrome c release %°*. However, granzyme B can

also directly activate caspase-3 triggering the execution phase of apoptosis 5%4.

5.4 Reactive oxygen species
5.4.1 What are reactive oxygen species?

Reactive oxygen species (ROS) are oxygen containing species which may be
radicals, ions or molecules that have a single unpaired electron in their outermost
shell of electrons making them extremely reactive 5°5. ROS interact with biological
molecules, including DNA, proteins and lipids. Mild increases in ROS can activate
cellular signalling processes such as cell growth and inflammation , whereas a
large increase of ROS would likely induce irreversible cellular damage, leading
to cell death 5%. ROS are generated from the metabolism of molecular oxygen
and occurs in many forms including superoxide (Oz2""), hydroxyl radical ("OH),
nitric oxide (NO") and singlet oxygen (10?). Superoxide, hydrogen peroxide and

hydroxyl radicals are the most common ROS associated with cancer research
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595 The majority of cellular ROS is produced in the mitochondria via oxidative
phosphorylation 5%,

5.4.2 Effects of ROS

ROS are essential for regulating many biological functions including cell growth,
enzyme activity, inflammation and removal of toxins and pathogens %%. ROS
regulate several signal transduction pathways by modifying the function of
proteins, transcription factors and genes °°’. Low doses of ROS are required in
non-tumour cells to modulate these vital processes while excessive ROS lead to
cell damage and the onset of cancer 59859, Mitochondria-derived ROS regulate
both cell growth and quiescence. These processes are mediated by manganese
superoxide dismutase (MNnSOD) activity and this enzyme functions as a ROS
activator 97, Decreased MnSOD activity induces growth, due to increased
superoxide and low hydrogen peroxide levels, while increasing MnSOD activity

induces quiescence, due to increased generation of hydrogen peroxide .

Severe increases in ROS can cause cancer cell cycle arrest, senescence and
apoptosis. Apoptosis has been linked to an increase in mitochondrial oxidative
stress that causes cytochrome C release in caspase-mediated cell death 692,
Superoxide generation through the Rac-1/NADPH oxidase pathway can also
signal apoptosis %2, In response to ROS, c-Jun N-terminal kinases (INK)
catalyse the phosphorylation and downregulation of anti-apoptotic proteins such
as Bcl-2 93, JNK also play a role in stimulating pro-apoptotic Bax production and
thus altering Bax/Bcl-2 ratio 694, p38, another MAPK family member, has been
shown to signal apoptosis in response to increased ROS levels 243, Both p38 and

JNK are activated through ASK-1 (apoptosis signal-regulating kinase-1) 694.605,

5.4.3R0OS in cancer progression

ROS has been implicated for some time in malignant transformation 66607 Some
cancer cells have been reported to use ROS to suppress apoptosis, accelerate
growth, metastasis and angiogenesis, and promote genetic instability by
increased oxidative DNA damage 8. Many cancer cells produce higher levels of
ROS than their non-tumour counterparts in vitro and in vivo 609611, Compared
with non-tumour cells, cancer cells are also more resistant to oxidative stress 612,

DNA damage and lipid peroxidation, by-products of oxidative stress, have been
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found to occur at higher levels in cancer cells. For example, levels of 8-
hydroxydeoxyguanosine (8-OHdG) which has been identified as a possible

marker for cancer and oxidative stress 613,

Lipid peroxidation products such as 4-hydroxynonenal (HNE) have also been
detected in response to ROS in cancer cells 2°7. Cancer cells are thought to adapt
to ROS and evade apoptosis by genetic mutations °2. Activation of oncogenes,
abnormal metabolism, mitochondrial dysfunction and loss of functional p53 are
intrinsic factors known to cause increased ROS production in cancer cells 554614,
These events cause more genomic instability, mutations and ROS formation as
the process repeats itself leading to cancer progression. ROS can also be
produced in response to chemotherapy and hypoxia. This ROS build up can
cause DNA damage which in turn may activate p53 to protect non-tumour cells
from oxidative stress 8. However, in cancer cells, p53 can be defective resulting
in an accumulation of DNA damage and genetic instability. This instability gives
rise to further oncogene activation, mitochondrial dysfunction and compromised
antioxidant systems. ROS is generated due to these events and the “vicious
cycle” repeats itself 8. ROS induced gene mutations can then result in resistance
to chemotherapy 1. It must be noted that oxidative stress responses are very
complex with several molecular signalling pathways already identified involving
key factors such as HSF-1 616, p53 617 NF-kB 618 and p13K 61°.

5.4.4R0OS in cancer treatment

Therapeutic selectivity is an important concern in cancer treatment. An ideal
anticancer agent should be toxic to cancer cells with minimum toxicity in non-
tumour cells. However, there are limited numbers of selective agents available
for clinical use. A common biochemical target in cancer therapy is increased ROS
generation exhibited by cancer cells 5%, There is an opportunity to exploit higher
ROS in cancer cells by overcoming antioxidant defences in favour of apoptosis
620 For example, leukaemia cells with intrinsic oxidative stress were highly
sensitive to ROS induced stress by 2-methoxyestradiol (2-ME) when compared
to non-tumour primary cell line 621, This selectivity was thought to occur due to
an increased reliance of the cancer cell line on superoxide dismutase (SOD)

antioxidant defence 621,
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Figure 30 The vicious cycle of ROS stress in cancer therapy

ROS can be produced both from intracellular processes or can be induced through extracellular
sources such as chemotherapy and hypoxia. ROS build up can cause DNA damage which in
turn may activate p53 to protect non-tumour cells from oxidative stress. However, in cancer cells,
p53 can be defective resulting in an accumulation of DNA damage and genetic instability. This
instability gives rise to further oncogene activation, mitochondrial dysfunction and compromised
antioxidant systems. Further ROS is generated due to these events and the “vicious cycle”
repeats itself. This is often the reason why cancer cells can adapt to ROS and become resistant
to chemotherapy. Figure adapted from 86

Many frontline chemotherapeutic agents promote ROS production while
attempting to disable the antioxidant system. The reoccurring drawback of ROS-
based treatment is non-tumour cell toxicity. However innovative new delivery
methods which employ more selective macromolecular techniques or
nanoparticles are currently being developed which may increase retention in
target tissues 622-624_ To conclude, cancer cells exhibit increased ROS generation
that may promote cell growth, cell survival and drug resistance. This highlights
the crucial role of ROS stress in tumour development and drug resistance.
Targeting these biochemical properties of cancer cells with redox-modulating

strategies is a promising therapeutic approach.
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5.5 Glutathione
5.5.1 Glutathione synthesis and functions

Glutathione (GSH) is a three-amino-acid peptide formed by glutamic acid,
cysteine, and glycine which is found in eukaryotic cells 6>, GSH is expressed in
a broad range of organisms highlighting its major biological importance. GSH
exists in both the reduced form (GSH) and the oxidised form (GSSG), reduced
GSH is the more abundant, reaching a millimolar concentration in the intracellular
compartment, the oxidised form (GSSG) is estimated to be less than 1% of the
total GSH. GSH is primarily found in the cytosol of the cell (about 90%),while
mitochondria contain nearly 10%, with the endoplasmic reticulum containing a

very small percentage 526 .

GSH has several key functions including maintaining redox balance,
detoxification, protein modulation and gene regulation 827, GSH has a role in the
detoxification of xenobiotics 628, These substances are electrophiles and form
conjugates with GSH in reactions catalysed by glutathione-s-transferases (GST)
627 GSH is also involved in the maintenance of the thiol status of proteins. GSH
maintains cysteinyl thiol groups of proteins in their reduced form which is often
vital for protein functionality ¢'6. The balance of this reaction depends on the
concentrations of GSH and GSSG. Through this protein modification, GSH is
thought regulate several biological processes including enzyme activity, signal
transduction and gene expression through redox-sensitive nuclear transcription

factors such as AP-1, nuclear factor-kappa B (NF- kB) and p53 598629631

The biosynthesis of GSH from its constituent amino acids involves two ATP-
requiring enzymatic steps. The first and rate-limiting step involves joining of L-
glutamine and L-cysteine to form L-y-glutamyl-L-cysteine and is catalysed by vy -
glutamylcysteine synthetase (y-GCS). y-GCS consists of two subunits; heavy or
catalytic subunit (GCLC) and a light or modifier subunit (GCLM). GCLC is subject
to feedback inhibition by GSH thus regulating GSH synthesis. The second step
catalysed by GSH synthetase (GSS) involves a bond formation between L-y-
glutamyl-L-cysteine and glycine to form GSH (Figure 31) 632633 The rate of

cellular GSH synthesis is dependent on y-GCS enzyme levels (rate limiting step
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of glutathione synthesis) and the availability of its GSH substrates including L-

cysteine 632,

5.5.2 Glutathione depletion and oxidative stress

Oxidative stress results when there is an imbalance between the production of
excessive ROS and a biological system's ability to detoxify these harmful
metabolites to prevent damage to cells, including proteins, lipids, and DNA 634,
Hence, the cell is equipped with antioxidant defence mechanisms which serve to
scavenge harmful ROS. GSH is one of the most abundant antioxidants within the
cell. When synthesised, GSH acts as a ROS scavenger, converting hydrogen
peroxide and other ROS to water and non-toxic metabolites in the glutathione
redox cycle (Figure 31). During this redox cycle, GSH is converted into an
oxidised form, GSSG, as two GSH molecules form a disulphide bond. This step
is catalysed by glutathione peroxidase (GPX). GSSG is then converted back to
reduced GSH by glutathione reductase (GSR) at the expense of NADPH. This
cycle is repeated to maintain redox balance in the body ©3°. However, when ROS
levels are excessive the depletion of GSH can occur resulting in a marked
increase in GSSG. Therefore a reduction in GSH:GSSG ratio is a good indicator
of oxidative stress 625626 |n a resting cell, the molar GSH:GSSG ratio exceeds
100:1. However, when severe oxidative stress persists, this ratio can decrease

to values of 10:1 and even 1:1 936,

Oxidative stress can also induce the expression of GSH synthetic enzymes y-
GCS and GSS 6%, GSR regulates cellular GSH homeostasis by catalysing the
reduction of GSSG to GSH using NADPH 637, GSR expression, regulated by
nuclear factor-erythroid 2 p45-related factor 2 (Nrf2), has been shown to be
critical for cell survival during oxidative stress 38 . Furthermore, lower GSR levels
in both cells and tissues may sensitise them to oxidative damage 63°. GPx is an
80 kDa protein with the function of reducing lipid hydroperoxides to corresponding
alcohols, and free hydrogen peroxide to water. GPx expression is known to be
important in alleviating oxidative stress in vitro and in vivo 640-%42_ Furthermore,
knockout of cellular glutathione peroxidase gene in mice caused increased

sensitivity to diquat-induced oxidative stress 643,
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Figure 31 Glutathione redox cycle

lllustration of the final steps in glutathione synthesis. Glutathione acts as a ROS scavenger
converting hydrogen peroxide and other ROS to water and non-toxic metabolites. In this
process, GSH is converted into an oxidised form, GSSG, as two GSH molecules form a
disulphide bond. This GSSG is then converted back to reduced GSH at the expense of NADPH.
This redox cycle is repeated to regulate redox balance in the body. During chemotherapy, often
the ROS burden is increased resulting in depletion of GSH and increase in GSSG. Figure
adapted from 635,

5.5.3 Glutathione in cancer progression

In both non-tumour and tumour cells, an increased GSH level is associated with
an increased growth and is necessary for cell cycle progression. GSH modulation
of DNA synthesis is thought to involve the maintenance of reduced glutaredoxin
or thioredoxin, which is required for the activity of ribonucleotide reductase, a key
enzyme in DNA synthesis 644645 GSH status has correlated with both growth and
metastasis in cancer cells 846647 GSH levels and expression of GSH synthetic
enzymes were shown to be increased in hepatocellular carcinoma (HCC).
Injection of B16M melanoma cells into C57BL/6J mice with high GSH content
(exponentially growing cultures) showed higher metastatic activity in the liver than
cells with low GSH content 64, This study indicated that higher GSH status could
be important for cancer metastasis. Moreover, maintenance of mitochondrial

GSH homeostasis may be a limiting factor for the survival of metastatic cells.
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GSH is released by cells via gamma-glutamyl transferase (GGT), before GSH
redox cycle is initiated, which is associated with tumour development 646:648,
Furthermore, increased levels of GGT have been detected in several tumour
types in animal studies including cancers of the liver 4° ovary ¢ and colon 5%,
B16 melanoma cells with elevated GGT activity has been found to strongly
correlate with an increased metastasis 2. Higher GGT expression was also
demonstrated to correlate with poor prognostic signs of lymph node metastases

and absence of oestradiol receptors in human breast cancer %3,

5.5.4 Glutathione depletion in cancer treatment

Tumour cells with low or depleted GSH levels have been demonstrated to be
much more sensitive than control cells to the effect of irradiation 5. Buthionine
sulfoximine (BSO) is an inhibitor of glutamate cysteine ligase (GCL) and induces
glutathione depletion 5%5. BSO has been employed to sensitise cancer cells to
oxidative stress in combination with chemotherapeutic agents. For example, it
was reported that a combination therapy of arsenic trioxide with BSO effectively
enhanced growth inhibition in several cancer cell lines including prostate, breast,

cervix, bladder, and kidney, compared with arsenic trioxide treatment alone 66,

Another study showed that BSO-mediated GSH depletion could be employed to
overcome resistance in neuroblastoma cell lines 7. A combination of BSO and
anticancer drug melphalan has reached phase | clinical trials to determine safety
and tolerability of the combination treatment. It was found that BSO alone
produced minimal side effects but the combination treatment did cause nausea
and occasional severe myelosuppression. Continuous infusion of BSO at a
concentration of 15mg/m? was very effective with more than a 90% reduction in
GSH compared to pre-treatment levels %8, Furthermore, BSO in combination with
melphalan has proven effective at reaching advanced clinical trials in the
treatment of neuroblastoma 659660, The same combination was effective against

melanoma cells in vitro with electroporation improving efficacy 6.

DNA damage and apoptosis triggered via JNK activation have been reported as
a result of BSO combination therapies ©62-667. BSO therapy is limited for clinical
applications due to short half-life, with prolonged infusions required for 30%

reduction in GSH compared to basal levels 62668669 Duye to these limitations,
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new strategies have focused on a more selective approach in the process of
targeting specific enzymes. For example, GSH phosphono analogues were
developed and successfully inhibited a subgroup of GST enzymes in colon and
gastric cancer cells 7°, Specially designed prodrugs which can be activated
under oxidative stress have also been developed. Telcyta® is a prodrug that is
selectively activated by GST P1-1 which in turn releases active cytotoxic fragment
671 This drug targets cancer cells overexpressing GST P1-1 which are locally
exposed upon release of an alkylating agent with limited toxicity to the
surrounding non-tumour tissues. Telcyta® has had promising results in phase I
and Il clinical trials for the treatment of ovarian cancer, non-small cell lung

cancer, and breast cancer %72,

5.5.5 Role of glutathione in chemoresistance

GSH can be a double-edged sword in cancer therapy, with induction of
chemoresistance a reoccurring problem 2%°. An increase in GSH levels, GCL
activity and y-GCS gene transcription is often associated with drug resistance in
tumour cells 673677, Furthermore y-glutamyl transferase (GGT) was shown to
accelerate tumour growth and increase the resistance of tumours to cisplatin in
vivo 678, Human multidrug resistance protein (MRP) can lead to resistance to
multiple classes of chemotherapeutic agents °7. Synchronised overexpression of
GCLC and MRP has been demonstrated in several drug-resistant tumour cells
679-681 Many chemotherapeutics are dependent on ROS generation %°. GSH
contributes to drug resistance interacting with ROS, preventing damage to
proteins or DNA and aiding in DNA repair processes. In Instances of GSH
depletion, increased anticancer drug efficacy has been observed 2. Artesunate,
which is utilised in this study, may also be affected by GSH mediated resistance.
Higher expression of several GST enzymes were found to correlate with higher
artesunate ICso in a broad study encompassing data from 55 different cancer cell
lines including HL60, PC-3 and MCF-7 cells which are employed in the current

study 474,
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5.6 Methodology
5.6.1 Cell culture and oxygen maintenance

The cell lines used for the work described in this chapter were HL-60 (leukaemia),
PNT1A (prostate non-tumour) and PC-3 (prostate tumour). Cell culture conditions
and oxygen maintenance are previously described in sections 4.2.1 and 3.3.2.

5.6.2 Preparation and addition of drug compounds

Hybrid SG77 and mitonafide were synthesised by Prof. Paul O’Neill, Dr Sarah
Rawe and colleagues at the School of Chemistry, University of Liverpool, UK and
at the School of Chemical and Pharmaceutical Sciences, Dublin Institute of
Technology, Ireland. Artesunate was purchased from Tokyo Chemical Industry
Co. Ltd. All compounds were dissolved in the vehicle, DMSO (100%), to create
the master stock. 20 pl aliquots of 10 mM were prepared for each compound and
stored at -80 “C. Working stocks of 20 uM concentration were prepared by diluting

the master stocks in fresh growth medium to a final volume of 10 ml.

Additional drug concentrations were achieved by a further dilution of working
stocks in fresh growth media to achieve a final compound concentration of 0, 1
or 10 pM respectively. Final concentrations of DMSO were adjusted to 0.1% (v/v)
for all drug concentrations and vehicle control. During RTCA, drug addition was
performed by removing 100 pl of spent media from each 16 well E-plate well, and
replacing with an equal volume of working stock in a final volume of 200 ul. A
similar drug addition protocol was applied during the cell count analysis where
cells were grown in 6 well plates (1.5 ml working stocks added to each well to

make final 3ml volume).

5.6.3 Glutathione (GSH/GSSG) detection assay

1.2x10° PNT1A or 1x10° PC-3 cells were seeded onto 6 well culture plates
(Sarstedt). Cells were exposed to either fresh growth media (control), 0.1%
DMSO (vehicle) or hybrid SG77 at concentrations of 1 or 10 uM for 24 or 48 h.
Cells were then harvested, counted and re-suspended in metaphosphoric acid
before total glutathione was quantified as per manufactures instructions using a
glutathione detection kit (Enzo life sciences). Briefly, a 1:10 (total glutathione

detection) or 1:3 (GSSG detection) dilution of samples was performed using
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freshly prepared assay buffer to achieve an appropriate dynamic range of
detection. Samples were then dispensed into 96 well plate alongside varying
known concentrations of glutathione to produce a standard curve. Freshly
prepared reaction mix containing glutathione reductase was then added to each
sample and standard. Absorbance was read immediately at 420 nm to detect total
glutathione using FLOUstar optima microplate reader (BMG Labtech, UK). GSSG
detection was achieved with the similar protocol with the addition of a 1h 2-
vinylpyridine (2-VP) incubation step before reaction mix was added. This
removes any reduced GSH molecules within samples to leave only oxidised form.
GSH/GSSG levels were expressed as pM/1x10° cells. Each experiment was

repeated three times in triplicate.

5.6.4 ROS assay

ROS generation was determined using OxiSelect™ intracellular ROS assay kit
(Cell Biolabs, USA). 2x10* PNT1A or 1.5x10* cells were seeded onto black-
walled 96-well cell culture plate. 24 h later cells were pre-incubated with H202
specific dye specific 2, 7’-Dichlorodihydrofluorescin diacetate (DCFH-DA)
dissolved in serum-free RPMI for 45 min at 37 °C. Medium containing DCFH-DA
was discarded and the cells were gently washed with PBS. Subsequently, cells
were treated with phenol red free RPMI (control), vehicle (0.1%DMSO),
artesunate, mitonafide or SG77 hybrid at concentrations of 1, 10 or 50 uM (all
dissolved in RPMI without phenol red). Cells exposed to 100 uM H202 were used
as positive control. ROS generation results in cleavage of DCFDA to 2, 7’
Dichlorodihydrofluorescein (DCF). DCF florescence intensity was read at 420 nm
using FLOUstar optima microplate reader (BMG Labtech, UK) at 1, 4, 24 and 48h
after drug addition. A DCF standard curve was prepared before ROS experiments
to ensure a linear relationship between DCF concentration and fluorescence

intensity at 420nm. Each experiment was performed three times.

5.6.5Reverse transcription PCR

Total RNA was extracted from control and treated cells using Direct-zol RNA
miniprep kit (Zymo Research) in a final volume of 80 pl RNase and DNase-free
water. The resulting RNA was then quantified using a nanospectrophotometer
(DeNovix DS-11, USA) and stored in -80°C freezer. RNA (1 pg) was reverse
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transcribed to first strand cDNA using qScript™ Flex cDNA kit (Quanta
biosciences, USA) using 2 yl Random primer and 2 p Oligo dT in a mixed primer
strategy. For RT-PCR, 5 ul of 1:50 dilution of the cDNA was used per well in a
20 ul reaction mixture. Real-time ready hydrolysis probes (Roche, UK),
summarised in Table 4, were used to quantify the relative expression of selected
target genes. PCR was performed using a LightCylcer 1.5 instrument (Roche,
UK).

For quantification of relative gene expression, the cycle of threshold (Ct) for each
gene transcript was determined. Ct is the point at which the fluorescence rises
appropriately above the background fluorescence. The baseline signal and
threshold signal of fluorescence were determined automatically by the PCR
instrument (Figure 32). Calculation of fold change in gene expression was
performed according to the delta delta-Ct method 68 using the following formula
(where FC = fold change in gene expression compared to control sample; ACt
sample = Ct difference of target-reference genes in treated samples; ACt control

= Ct difference of target-reference genes in control sample)
FC = 2 " (—(ACt sample (target — reference) — ACt control (target — reference))

GAPDH and Beta actin expression (reference/housekeeper genes) was analysed
in all samples in triplicate. Both genes are expressed in all nucleated cell types
as they are vital for cell survival. Because of their stable expression and
abundance they are among the most commonly used housekeeping genes in RT-
PCR 8468 The resulting Ct values were plotted for each sample (Figure 48).
Both reference genes tracked each other in terms of changes in Ct values
between samples. This indicates that both genes are stably expressed across all
samples regardless of treatment. Therefore, either beta actin or GAPDH could be
used as suitable housekeeper genes. Beta actin expression was then quantified
in all samples for a further two experiments in triplicate. Average Ct values for
beta actin expression were then used as the reference gene in the delta delta Ct
formula above. The mean and SD of fold change values were calculated from
three experiments performed in triplicate for each treatment. One-way ANOVA
was performed as described in 5.6.7 to detect significant differences in fold

change between the treated samples and the control samples.
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5.6.6 Annexin V/ propidium iodide assay

Apoptosis mediated cell death of PNT1A and PC-3 cells were examined using
FITC-labelled Annexin V/PI apoptosis detection kit (BD Bioscience, UK) as per
the manufacturer’s instructions. Briefly, cells were exposed to either fresh growth
media (control), 0.1% DMSO (vehicle), 100 uM vincristine sulphate (VS) (positive
control), or hybrid SG77 at concentrations of 1 or 10 uM for 72 h. Spent media
was removed from each sample and centrifuged to collect floating cells.
Remaining cells were then detached by trypsinisation and collected in centrifuge
tubes before being washed twice in cold phosphate-buffered saline (PBS). Cells
were then re-suspended in 1x binding buffer to a final concentration of ~1x10°
cells/ml. 100 pl of this each cell solution (~1x10° cells) was then transferred to
new labelled Eppendorf tube. Staining was then performed by adding 5 ul of
Annexin V FITC and 5 pl of PI to each sample and centrifuging for 10s to mix.
Samples were then incubated for 15min at RT in dark. Unstained cells, Pl and
Annexin V controls were also prepared for the correct gating of the flow cytometer
channels. 400 pl of 1x binding buffer was then added to each Eppendorf and
mixed prior to flow cytometry analysis. The externalisation of phosphatidylserine
and the permeability to PI were evaluated by flow cytometry using a BD Accuri™
C6 flow cytometer (BD Bioscience, UK). Data from 10,000 gated events per
sample were collected. Cells in early stages of apoptosis were positively stained
with Annexin V; whereas, cells in late apoptosis were positively stained with both

Annexin V and PI.

5.6.7 Statistical analysis

All data is representative of three independent experiments performed in triplicate
+ standard deviation (SD) unless otherwise stated. Data graphing and statistical
analysis were performed using GraphPad Prism 5.0. Significant differences
between untreated and treated samples were determined by one-way ANOVA
and Tukey's multiple comparison test. This test assumes a Gaussian distribution
and compares every mean with every other mean. p< 0.05 was chosen as the
criterion for significance. (*=p < 0.05, **= p <0.01, ***= p< 0.001).
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Figure 32 Quantification of gene expression using RT-PCR

Short hydrolysis probes (Roche UK) were used to quantify target gene expression during RT-
PCR. (A) A typical RT-PCR plot of fluresecence vs cycles as (generated by the LightCycler 1.5
software). Sample amplification and no template control (NTC) are highlighted. The NTC
contains all reaction mix reagents without cDNA sample. The Ct is generated when flurorescent
signal increases beyond backround levels. (B) The mean Ct +/- SD for each treatment can then
be plotted. This data is then converted in to fold change in gene expression using the formula
described in 5.6.5.
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Name Abbrev. Category Description Assay
ID
(Roche
UK)
Beta actin ACTB Housekeeper This gene encodes one of six different actin proteins. Actins are highly conserved proteins that 143636
are involved in cell motility, structure, and integrity.
Glyceraldehyde  GAPDH Housekeeper The product of this gene catalyses an important energy-yielding step in carbohydrate metabolism, 102052
3-phosphate the reversible oxidative phosphorylation of glyceraldehyde-3-phosphate.
dehydrogenase
Glutathione GSR Antioxidant This enzyme is a central to cellular antioxidant defence, and reduces oxidized glutathione 111427
reductase disulphide (GSSG) to the sulfhydryl form GSH, which is an important cellular antioxidant.
Glutathione GSS Antioxidant ~ GSH is important antioxidant. The protein encoded by this gene functions to catalyse the second 117723
synthetase step of glutathione biosynthesis; the conversion of gamma-L-glutamyl-L-cysteine to glutathione.
Poly (ADP- PARP-1 DNA PARP-1 encodes for poly(ADP-ribosyl) transferase, an enzyme which modifies various nuclear 111143
ribose) repair/ldamage proteins by poly(ADP-ribosyl)ation. The modification is dependent on DNA. PARP is involved in
polymerase single stranded DNA repair.
DNA Double-strand breaks in DNA result from genotoxic stresses and are among the most damaging 117472
non-homologous  NHEJ1 repairfdamage of DNA lesions. NHEJ1 encodes a DNA repair factor essential for the nhon-homologous end-
end-joining-1 joining pathway, which mediates repair of double-stranded breaks.
B-cell lvmphoma This gene encodes an important outer mitochondrial membrane protein that blocks the apoptotic 100083
y2 P BCL-2 Apoptosis death. Important cell survival protein.
The protein encoded by this gene forms a heterodimer with BCL2, and functions as an apoptotic 142318
BCL2-Associated BAX Apoptosis activator. This protein is reported to interact with, the mitochondrial voltage-dependent anion

X Protein

channel (VDAC), which leads to the loss in membrane potential and the release of cytochrome c.
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Table 4 Genes selected for RT-PCR

The table above summarises genes selected for RT-PCR analysis. They fall under the categories of housekeeper, antioxidant, DNA damage/repair and
apoptosis. Tagman probes (Roche UK) were utilised for RT-PCR. The assay ID above can be used to identify specific nucleotide sequences on Roche website



5.7 Results

5.7.1 HL60 gene expression analysis post artesunate, mitonafide or SG77
treatment

RT-PCR was performed on HL60 samples after exposure to artesunate,
mitonafide or SG77. Genes involved in DNA damage repair, glutathione redox
cycle and apoptosis were investigated to determine some of the underlying
mechanisms responsible for SG77 drug action (Table 4). RT-PCR was split into
three phases; Phase 1: time point optimisation, phase 2: parent compound
analysis and phase 3: PNT1A vs PC-3 gene expression. ACTB was chosen as
the housekeeping gene due to the stable expression across all samples tested
(Figure 48). 24 h exposure to hybrid/parent compounds was determined to be

optimal for detecting changes in gene expression (Figure 33).

HLG60 cells were selected for Phase 1 of the RT-PCR experiments as the cell line
was the most sensitive to both parent and hybrid drugs in Chapter 4. Firstly, Bax
and Bcl-2 expression was quantified in in HL60 cells following SG77 exposure
(Figure 34). Bax is pro-apoptotic protein while Bcl-2 is an anti-apoptotic protein.
Ct values were converted to fold change in gene expression compared to
untreated control samples. The results show that there is no significant changes
Bax or Bcl-2 expression after 4 h. However, Bax expression is significantly
reduced after 12 h after 1 uM SG77 treatment (P<0.01) (Figure 34). After 24 h,
10 uM SG77 resulted in a significant reduction in BCL-2 expression (P<0.05).
This data was manipulated to form Bax/Bcl-2 ratio. From the generated result, a
significant increase in Bax/Bcl-2 ratio can be observed in HL60 exposed to 10 uM
SG77 after 24 h (P<0.001).

GSS, GSR, PARP or NHEJ1 expression were analysed in HL60 after 24 h
treatment with artesunate, mitonafide or SG77 to determine the effect of both
hybrid and parent drugs on DNA damage/repair mechanisms and GSH
antioxidant response (Figure 35). GSS and GSR are involved in GSH synthesis
and reduction in the glutathione redox cycle. PARP and NHEJ1 are involved in

single stranded and double stranded DNA repair respectively.
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Artesunate induced a significant increase in PARP expression at 1 pM
concentration (P<0.001). However, no such increase was observed in HL60
exposed to 10 uM artesunate. Mitonafide induced a more pronounced effect in
PARP expression with more than a ten-fold increase when compared to untreated
cells (P<0.001). SG77 exposure also induced a significant increase in PARP
expression (P<0.05). NHEJ1 expression was not affected by SG77 or parent
compounds. Artesunate treatment did not result in any significant changes in
GSS or GSR expression. However, mitonafide significantly increased GSS
expression at 1 and 10uM (P<0.001). A reduction of GSR expression and an
increase in GSS expression was observed in HL60 cells exposed to 10 uM SG77
for 24 h (P<0.05).
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Figure 33: HL60 gene expression following hybrid SG77 treatment at multiple time
points

The relative changes in HL60 gene expression following SG77 treatment were analysed using
RT-PCR. Briefly, 6x10° HL60 were seeded per petri dish. 24 h later cells were exposed to either
complete fresh growth media (control), 0.1% DMSO (vehicle), artesunate, mitonafide or hybrid
SG77 at indicated final concentrations. After a further 4, 12 or 24 h incubation cells were
harvested. RNA was extracted from each sample before conversion to cDNA. Approximately 20
ng of the resulting cDNA was added per PCR reaction. Data is expressed as log fold change in
expression compared to untreated control and is normalised to beta-actin expression
(housekeeper gene). Statistical significance was measured using one-way ANOVA followed by
Tukey post hoc test with P<0.05 chosen as the criterion for significance.
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Figure 34: Bax and Bcl-2 gene expression in HL60 following SG77 hybrid
exposure.

The relative changes in Bax and Bcl-2 gene expression was analysed in HL60 following SG77
exposure for (A) 4 h, (B) 12 h and (C) 24 h. Briefly, 6x10° HL60 were seeded per petri dish. 24
h later cells were exposed to either complete fresh growth media (control), 0.1% DMSO
(vehicle), or SG77 hybrid at indicated final concentrations. After a further 4, 12 or 24 h incubation,
cells were harvested. RNA was extracted from each sample before conversion to cDNA.
Approximately 20 ng of the resulting cDNA was added per PCR reaction. Data is expressed as
log fold change in expression compared to untreated control and is normalised to beta-actin
expression (housekeeper gene). (D) Bax/BCL-2 ratio was calculated for each treatment for 4 h,
12 h and 24 h using the data from graphs A, B and C. Statistical significance was measured
using one-way ANOVA followed by Tukey post hoc test with P<0.05 chosen as the criterion for

significance.

119



A 107 g Gss
B GSR N
3 5
| ==
[1°] *
i o
(&)
°
(o]
(118 0_
RN £ A & & A A
€ &FEFEF S S S
& & VY & S S @9
RGN SR
B 157 mm rarrP wrr
mE NHEJ1 T
10- *k*%k

Fold Change
ik

54 & @ " " & & A\ A\
& &FEE S S
@ > »
,\Q' QQ’ N
N

Figure 35: HL60 gene expression following hybrid/parent compound treatment

HL60 gene expression was analysed following treatment. (A) GSS and GSR and (B) PARP and
NHEJ1 were analysed using RT-PCR after 24 h drug treatment. Briefly, 6x10°> HL60 were
seeded per petri dish. 24 h later cells were exposed to either complete fresh growth media
(control), 0.1% DMSO (vehicle), artesunate, mitonafide or SG77 hybrid at indicated final
concentrations. After a further 24 h incubation cells were harvested. RNA was extracted from
each sample before conversion to cDNA. Approximately 20 ng of the resulting cDNA was added
per PCR reaction. Data is expressed as log fold change in expression compared to untreated
control and is normalised to beta-actin expression (housekeeper gene). Statistical significance
was measured using one-way ANOVA followed by Tukey post hoc test with P<0.05 chosen as

the criterion for significance.
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5.7.2PNT1A vs. PC-3 gene expression following SG77 exposure

To compare prostate cell response to SG77 hybrid, gene expression of GSS,
GSR, PARP and NHEJ1 were analysed after 24 h treatment (Figure 36, Figure
37). GSS expression was unchanged in PNT1A. Conversely, GSS expression
was significantly reduced in PC-3 (P<0.05). GSR was significantly reduced in
response to 10 uM SG77 treatment with an almost four-fold reduction in
expression (P<0.001). No significant difference in PARP was detected in either
cell line at 24 h. NHEJ1 expression was unchanged in PNT1A but significantly
up-regulated in PC-3 (P<0.05).
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Figure 36: Glutathione-related gene expression following hybrid SG77 treatment

The relative changes in PC-3 or PNT1A gene expression were quantified in the case of (A) GSS
(B) GSR Briefly 4x10° PC-3 or 5 x105 PNT1A were seeded per petri dish. 48 h later cells were
exposed to either complete fresh growth media (control), 0.1% DMSO (vehicle), or SG77 hybrid
at indicated final concentrations. After a further 24 h incubation cells were harvested. RNA was
extracted from each sample before conversion to cDNA. Approximately 20 ng of the resulting
CDNA was added per PCR reaction. Data is expressed as log fold change in expression
compared to untreated control and is normalised to beta-actin expression (housekeeper gene).
Statistical significance was measured using one-way ANOVA followed by Tukey post hoc test
with P<0.05 chosen as the criterion for significance.
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Figure 37: DNA damage related gene expression following hybrid SG77 treatment.

The relative changes in PC-3 or PNT1A gene expression were quantified in the case of (A)
PARP and (B) NHEJ1. Briefly 4x10° PC-3 or 5 x10° PNT1A were seeded per petri dish. 48 h
later cells were exposed to either complete fresh growth media (control), 0.1% DMSO (vehicle),
or SG77 hybrid at indicated final concentrations. After a further 24 h incubation cells were
harvested. RNA was extracted from each sample before conversion to cDNA. Approximately 20
ng of the resulting CDNA was added per PCR reaction. Data is expressed as log fold change in
expression compared to untreated control and is normalised to beta-actin expression
(housekeeper gene). Statistical significance was measured using one-way ANOVA followed by
Tukey post hoc test with P<0.05 chosen as the criterion for significance.
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5.7.3ROS generation in PNT1A and PC-3 following SG77 treatment

ROS generation was analysed in PNT1A and PC-3 using OxiSelect™
Intracellular ROS Assay Kit. ROS generation was quantified at 1, 4, 24 or 48 h
post SG77 treatment. A significant increase in ROS generation were observed
in PNT1A exposed to 50 uM artesunate for 48 h (P<0.05) (Figure 38). However,
artesunate treatment resulted in a more pronounced increase in ROS generation
after 24 h and 48 h (P<0.001) (Figure 39). 50 uM mitonafide treatment resulted
in significant increases in ROS at 4, 24 and 48 h in PNT1A (P<0.05) and PC-3
(P<0.001). However, mitonafide was more effective in increasing ROS levels in
PC-3 with significant ROS generation observed after just 1 h at the highest
concentration tested (P<0.05). In addition, 10 and 50 uM mitonafide caused
significant increases in ROS after 24 h and 48 h (P<0.001). Interestingly, no
significant increase in ROS was observed in PNT1A following SG77 hybrid
treatment (Figure 38). However, a dose dependent increase in ROS generation
could be observed. SG77 was a more effective ROS inducer in PC-3 with 10 uM
causing a significant increase in ROS from 4h onwards (P<0.001). 1 uM SG77
also induced significant ROS generation after 24 h (P<0.01) (Figure 39).

5.7.4 Total and oxidised glutathione levels in PNT1A and PC-3 following
SG77 treatment

The effect of anticancer hybrid SG77 on intracellular levels of oxidised and total
glutathione (GSH) was assessed using glutathione detection kit (Figure 40).
PNT1A had a lower basal level of total GSH with untreated cells having less than
200 pm/10° cells as compared to over 300 pm/10° cells in PC-3. Both prostate
cells displayed a significant reduction in total glutathione when treated with 10
UM SG77 for 48 h (P<0.01) with PNT1A also showing a significant reduction at
24 h (P<0.05). Interestingly, 10 uM SG77 resulted in a significant increase in
oxidised glutathione (GSSG) after 24 h (Figure 41) (P<0.001). GSSG levels in
PNT1A remained unchanged after 24 h but a significant increase in GSSG was
detected after exposure to 10 uM SG77 for 48 h (P<0.05).
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Figure 38: ROS generation in PNT1A cells exposed to hybrid SG77

ROS activity was determined using OxiSelect™ ROS assay kit (Cell Biolabs, USA). Briefly,
20,000 PNT1A cells per well were seeded onto black-walled 96-well cell culture plate. 24 h later
cells were pre-incubated with H202 specific dye DCFH-DA for 45 min at 37 °C. Medium
containing DCFH-DA was discarded and the cells were gently washed with PBS. Subsequently,
cells were treated with vehicle (0.1%DMSO) or (A) artesunate, (B) mitonafide or (C) SG77 hybrid
at indicated concentrations. DCF fluorescence intensity was read using microplate reader at
indicated time points. The above data is representative of triplicate experiments (+/-SD). One
way ANOVA, followed by Tukey post-hoc test was utilised to analyse differences between
treated/exposed and control cell populations (*=p < 0.05, **= p < 0.01, ***= p< 0.001).
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Figure 39: ROS generation in PC-3 cells exposed to hybrid SG77

ROS activity was determined using OxiSelect™ intracellular ROS assay kit (Cell Biolabs, USA).
Briefly, 15,000 PC-3 cells per well were seeded onto black-walled 96-well cell culture plate. 24
h later cells were pre-incubated with H20:2 specific dye DCFH-DA for 45 min at 37 °C. Medium
containing DCFH-DA was discarded and the cells were gently washed with PBS. Subsequently,
cells were treated with vehicle (0.1%DMSO) or (A) artesunate, (B) mitonafide or (C) SG77 hybrid
at indicated concentrations. DCF fluorescence intensity was read using microplate reader at
indicated time points. The above data is representative of triplicate experiments (+/-SD). One
way ANOVA, followed by Tukey post-hoc test was utilised to analyse differences between
treated/exposed and control cell populations (*=p < 0.05, **= p £0.01, ***= p< 0.001).
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Figure 40: Glutathione levels in prostate cells exposed to hybrid SG77

A) PNT1A and B) PC-3 cells were exposed to either fresh growth media (control), vehicle or
hybrid SG77 at the indicated concentrations for (A) 24 or (B) 48 h. Cells were then scraped,
counted and re-suspended in metaphosphoric acid before total glutathione was quantified as
per manufactures instructions using glutathione detection kit (Enzo life sciences). The above
data is representative of triplicate experiments (+/-SD). One way ANOVA, followed by Tukey
post-hoc test was utilised to analyse differences between treated/exposed and control cell
populations (*=p < 0.05, **= p < 0.01, ***= p< 0.001).
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Figure 41: GSSG levels in prostate cells exposed to hybrid SG77

PNT1A or PC-3 cells were exposed to fresh growth media (control), vehicle (0.1% DMSO) or
hybrid SG77 at the indicated concentrations for (A) 24h or (B) 48h. Cells were then scraped and
re-suspended in metaphosphoric acid before oxidised glutathione was quantified as per
manufactures instructions using Glutathione detection kit (Enzo life sciences). All data is
expressed as GSSG as a percentage of total glutathione. The above data is representative of
triplicate experiments (+/-SD). One-way ANOVA, followed by Tukey post-hoc test was utilised
to analyse differences between treated/exposed and control cell populations (*=p < 0.05, **=p
<0.01, ***= p< 0.001).
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5.7.5Induction of apoptosis by SG77 in PNT1A and PC-3 cells

FITC-labelled Annexin V/PI apoptosis detection kit was employed to detect
apoptosis induction in PNT1A and PC-3 after 72 h SG77 treatment (Figure 42,
Figure 43). 100 uM VS was utilised as a positive control. Untreated PNT1A were
found to contain 83.3% live cells. PNT1A exposed to vehicle (0.1% DMSO) had
a 77.5% live cell population. SG77 was shown to induce apoptosis at both
concentrations tested. More than half of the PNT1A cell population were in an
early apoptotic state following 1 uM SG77 treatment. 10 pM SG77 induced a
further increase in apoptosis with 42% of cells progressing to late apoptosis. More
than 80% of PNT1A cells were in apoptotic state following exposure to the
positive control (100 pM VS).

PC-3 cells were very sensitive to SG77 induced apoptosis after 72 h. 85.4 % of
untreated PNT1A were live. However, the vehicle treatment did appear to induce
apoptosis with 27% of the cell population in late apoptosis. However, PC-3
exposed to both 1 and 10 uM SG77 showed a dramatic increase apoptosis
compared to the vehicle with more than 80% of cell population either in late
apoptotic stage or dead. More than 65% of PC-3 cells exposed to the positive

control were either in late apoptosis or dead.
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Figure 42: SG77 hybrid induces apoptosis in PNT1A.

PNT1A cells were seeded at 1.2 x10° cells/ 6 well plate. After a further 24 h, cells were treated
with fresh media (untreated control), 0.1%DMSO in fresh media (Vehicle) 1uM SG77, 10uM
SG77 or 100 uM vincristine sulphate (positive control). Apoptosis was measured 72 h post
treatment using Annexin V FITC Assay kit. Dot plots (A) and corresponding stacked column
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Figure 43: SG77 hybrid induces apoptosis in PC-3.

10 uM SG77

VS 100uM

PC-3 cells were seeded at 1 x10° cells/ 6 well plate. After a further 24 h, cells were treated with
fresh media (untreated control), 0.1%DMSO in fresh media (Vehicle) 1uM SG77, 10uM SG77
or 100 pM vincristine sulphate (positive control). Apoptosis was measured 72 h post treatment
using Annexin V FITC Assay kit. Dot plots (A) and corresponding stacked column graph (B) are

representative of a single experiment.

130



5.8 Discussion

Hybrid anticancer drugs are gaining increasing therapeutic interest due to
potentially overcoming the most common drawbacks experienced during
chemotherapy such as multidrug resistance and non-tumour cell toxicity.
Improved efficacy and safety have been successfully demonstrated in hybrid
compounds when compared to their parent compounds %. Indeed, the future of
hybrid anticancer drugs is very promising for the discovery of highly potent and
selective molecules, that activate two or more pharmacological mechanisms of
action, acting in synergy to inhibit tumour growth 1%, However, before a novel

drug can reach clinical use the mode of action must be well understood.

Hybrid SG77 was selected for further investigation based on promising
anticancer activity in HL60 and PC-3. Furthermore, SG77 was shown to be
selectively toxic in PC-3 prostate tumour cells when compared to non-tumour
PNT1A (Chapter 4). Perhaps even more significant was the observed tolerance
of PNT1A to the hybrids compared to parent drugs. This increased tolerance has
been reported with previous hybrid strategies 19686687 The objective of this
chapter was to determine some of the underlying mechanisms behind SG77 drug
action and selective toxicity. Gene expression was first investigated in HL-60 as
they were the most sensitive cell line to both ART-NAP hybrids and parent drugs
in Chapter 4. Genes involved in DNA damage repair, glutathione redox cycle and
apoptosis were investigated (Table 4). Again, cells were maintained in a normoxic
oxygen environment of 4 % (v/v) throughout this analysis to better mimic in vivo
environment. It is possible that lower oxygen environments, which are typically
present in vivo, may potentiate ROS production and the antioxidant response
within cancer cells through HIF-1 hypoxia mediated pathway 688689,

Artesunate and mitonafide (parent compounds) and their derivatives have
previously shown to induce mitochondria-mediated intrinsic apoptosis resulting in
tumour cell death 1852%:69% To determine whether ART-NAP hybrid SG77 also
induced intrinsic apoptosis, Bax and Bcl-2 expression was investigated (Figure
34). Both genes belong to a family involved in apoptosis regulation 691692, Bcl-2
is anti-apoptotic protein and Bax is an pro-apoptotic °82. A significant reduction

in Bcl-2 expression was observed after 24 h (P<0.05). An increase of Bax/Bcl-2
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ratio is indicative of increased apoptosis level 61.690.693 10 uM SG77 treatment for
24 h resulted in a significant increase in Bax/Bcl-2 ratio (P<0.001) suggesting that
SG77 treatment promotes the induction of intrinsic apoptosis. Furthermore, both
PC-3 and PNT1A exposed to SG77 showed an increase in apoptosis induction
during preliminary experiments (Figure 42, Figure 43). The induction of apoptosis
was more pronounced in PC-3 with increased levels of late apoptotic and dead
cells. It must be noted that flow cytometry data was representative of a single

experiment. Repeat experiments are required to confirm apoptosis.

Oxidative stress and DNA damage are important to artesunate and mitonafide
efficacy and therefore they may also be involved in hybrid SG77 drug action 694~
697 GSS and GSR are involved in the synthesis and reduction of GSH
respectively (Figure 35). Mitonafide treatment resulted in a significant up-
regulation in GSS expression (P<0.001), with no change in the case of GSR,
indicating that GSH synthesis has been activated in response to oxidative stress.
No significant change in either GSS or GSR expression was observed following
artesunate treatment. This data suggests that HL60 have not yet mounted an
antioxidant response to artesunate after 24 h. It has been reported that elevated
levels of GSH related gene expression correlate with the resistance to artesunate
in vitro 474, SG77 induced a significant up-regulation in GSS (P<0.05) and a
significant down-regulation of GSR (P<0.05) indicating an increase in GSH

synthesis.

Artesunate, mitonafide and SG77 all induced up-regulation of PARP which codes
for an enzyme involved in single strand break (SSB) DNA repair 8. Mitonafide
and its derivatives are known to be potent DNA intercalators and therefore it is
not surprising that 1 and 10 uM mitonafide elicited the greatest response in PARP
gene expression with more than 10-fold increase detected compared to untreated
cells (Figure 35). NHEJ1 expression is a key in the non-homologous end-joining
pathway, which preferentially mediates repair of double-stranded breaks
preventing DNA damage and gene mutations %. NHEJ1 was unchanged across
all HL60 samples tested. Therefore, double strand breaks are unlikely to account

for cytotoxicity observed following SG77 treatment.
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As discussed in Chapter 4, SG77 was selectively toxic to PC-3 (prostate tumour)
when compared to PNT1A (prostate non-tumour). To determine the reason for
tumour cell selectivity, DNA damage repair and oxidative stress were investigated
in both cell lines and compared (Figure 37). Fluctuations in gene expression are
much less pronounced in prostate cell lines as compared to HL60 in the previous
graph (Figure 35). This may be explained by the higher sensitivity of HL60 to
SG77 induced cytotoxicity. PC-3 treated with 10 uM SG77 for 24 h showed a
significant reduction in GSS expression (P<0.05) and greater than four-fold
reduction in GSR expression (P<0.001) indicating that GSR activity is reduced in
response to SG77. This was unexpected due to the potential of SG77 to induce
oxidative stress and thus initiate GSH synthesis and reduction. However,
previous cytotoxicity studies have reported a dose dependent decrease in GSR
enzyme activity resulting in cell death %790, Perhaps SG77 is interfering with
GSR activity in PC-3 resulting in compromised antioxidant defence.

NHEJ1 up-regulation was observed in PC-3 (P<0.05) with no significant change
in PARP. This data indicates that double stranded DNA repair may be initiated
after 24 h treatment with 10 uM SG77 but is not enough to induce significant
single-strand DNA damage. PNT1A treated with SG77 for 24 h showed no
significant changes in gene expression indicating that PNT1A are more tolerant
to SG77 at the tested concentration range in agreement with cytotoxicity data in
Chapter 4. To further investigate the involvement of oxidative stress in SG77
hybrid drug action, both intracellular glutathione levels and ROS generation were
quantified (Figure 38, Figure 39). Artesunate and mitonafide significantly
increased ROS generation in both prostate cell lines from 4h onwards. 50 uM
mitonafide was patrticularly effective with ROS production detected in PC-3 after
just 1 h (P<0.05). Interestingly, PNT1A treated with 10 uM SG77 did not have any
significant increases in ROS production after 24 h. In contrast, PC-3 cells treated
with SG77 showed a significant increase in ROS from 4h onwards (P<0.001).
This data suggests that PC-3 are more sensitive to SG77 mediated ROS
generation than PNT1A. Increased ROS and oxidative stress are often present
in cancer cells. This trait has been targeted by several chemotherapy agents
622,701 Furthermore, basal levels of ROS are thought to be higher in PC-3 when

compared to prostate non-tumour cells °. It is possible that PC-3 are therefore
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more susceptible to SG77 mediated increases in ROS which act to tip the redox

balance resulting in apoptosis induction 59702,

This accumulation of excessive ROS will trigger antioxidant pathways of the cell.
Once synthesised GSH reacts with oxygen radicals to ensure that they are
removed from the body with minimal damage to cells %28, However, when ROS
levels are excessive GSH becomes overwhelmed and depleted resulting in a
marked increase in GSSG. Therefore a reduction in GSH/GSSG ratio is a good
indicator of oxidative stress 625626.703  Tg compare antioxidant response in
prostate cells, both total glutathione (GSH) and oxidised glutathione (GSSG)
were quantified using enzymatic recycling method 74, PNT1A had a lower basal
level of total GSH with untreated cells having less than 200 pm/10° cells as
compared to over 300 pm/10° cells in PC-3 (Figure 40). Both prostate cells
displayed a significant reduction in total glutathione when treated with 10 uM
SG77 for 48 h (P<0.001). Interestingly, 10 uM SG77 resulted in a significant
increase in percentage GSSG after 24 h (Figure 41) (P<0.001). No such increase
was observed at 48 h suggesting that this antioxidant response subsided after
initial drug-induced response.

GSSG levels in PNT1A remained unchanged after 24 h. PNT1A did, however,
show a significant increase in GSSG after 48 h exposure to 10 uM SG77. This
data suggests that PC-3 are under severe oxidative stress after 24 h with
depletion of GSH and an increase in GSSG to more than 40% of total glutathione.
PNT1A, on the other hand, were less susceptible to SG77 induced ROS
production and do not mount an antioxidant response until 48 h. It must also be
noted that this response at 48 h is far less pronounced than that observed in PC-
3 at 24 h. ROS production in lower oxygen environments has been shown to
correlate with HIF-1a stabilisation and increased HIF mediated transcription 284~
286 This transcriptional activity usually involves the stimulation of growth,
angiogenesis, and antioxidant production to promote cell survival 7. It is
interesting to note that PC-3 cells were sensitive to SG77 mediated ROS
generation and GSH depletion even at normoxic oxygen levels (4%v/v). The ROS

generation from both ART and NAP components of SG77 work in synergy to
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increase oxidative stress in the cancer cell line preventing the development of

resistance.

5.9 Conclusions

Based on the data generated, intrinsic apoptosis, DNA repair and glutathione
antioxidant response may be important in SG77 drug action. Furthermore PC-3
were more sensitive to SG77 than non-tumour PNT1A with increased ROS
generation, rapid glutathione depletion and the induction of intrinsic apoptosis.
SG77 should be considered as a promising candidate for animal trials with the

potential for a potent and selective cancer therapeutic agent.

135



Chapter 6. Overall discussion

The current study evaluated the antitumour efficacy of ART-porphyrin hybrids and
ART-NAP hybrids in both tumour and non-tumour cell lines. The development of
anticancer hybrid drugs is an approach that can potentially improve current
cancer therapy. Indeed this approach has found to improve potency and tumour
cell selectivity with a reduction in the development of resistance >’. ART, NAP
and porphyrin derivatives were the primary parent drugs used to synthesise novel
hybrids. ARTs are endoperoxide-containing compounds with antimalarial and
anticancer activity *>8. The high clinical tolerance and lack of cross-resistance
observed in ART derivatives have made them an attractive target for future
development. NAPs are potent anticancer compounds which exert their
antitumour effects by DNA intercalation 2526, Porphyrins are light activated
compounds used in the treatment of cancer during PDT 2°.. To our knowledge,

this is the first time such hybrids have been investigated in vitro.

Before the cytotoxic evaluation of novel hybrid drugs, the effect of oxygen
availability on artesunate anticancer efficacy in HeLa cells was investigated
(Chapter 2). Artesunate is a well-studied semisynthetic ART derivative with
known anticancer activity. Hypoxic regions are typically present within solid
tumour masses due to the inadequate blood supply and chemotherapeutic drugs
are often adversely affected by hypoxia 24324 . However, despite the evidence,
related in vitro cytotoxic assays in oxygen rich environment remain the norm .
Such oxygen levels are well beyond that typically present in non-tumour
tissues/tumour masses 4243247 Hela cervical cancer cells were employed as a
tumour cell line model and are known to be sensitive to artesunate 2414°, The
results showed that artesunate potency against HelLa cervical cancer cells is
enhanced as oxygen concentration is varied from atmospheric levels to in-vivo
relevant normoxia and hypoxia (Figure 7, Figure 8). Therefore artesunate, and
indeed many other chemotherapeutic agents accessed at atmospheric oxygen

may be more potent against cancer cells in vivo than originally thought.

The next phase of the study involved the evaluation of a novel ART-porphyrin
hybrid AP433 in PC-3 prostate cancer cells. Oxygen was maintained at a

concentration of 4% (v/v) to better mimic in vivo conditions. This hybrid composes
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of TPP linked to DHA. TPP is a synthetic porphyrin compound that resembles
naturally occurring PpIX. The ART derivative, artesunate, was shown to more
effective in lower oxygen concentrations in Chapter 2. By linking a porphyrin to
DHA (the active metabolite of artesunate) in hybrid AP433, DHA may overcome
the development of hypoxia mediated resistance which has been reported in
response to PDT 4%, In addition, the porphyrin may enhance hybrid accumulation
in the tumour cells and increase cancer cell death upon light activation. A Q-Sun
solar simulator was employed as a novel method for light activation. To our
knowledge, this is the first time this instrument has been employed for PDT. PplIX
induced dark toxicity in PC-3 at concentrations above 10 uM after 48 h. This is
similar toxicity range as previously reported although activity will vary
considerably depending on cell type and incubation time 322375451 Cell count
results showed light activation of PpIX and AP433. However, after light exposure
for 2 minutes, there was more than a 50% reduction in cell number in sham-
exposed controls. This could be owed to heat generation or loss of cells through
detachment during PDT. Based on these initial results, AP433 mediated PDT
was not more effective than PplX mediated PDT in PC-3 cells. PDT treatment will
need to be further optimised to determine suitable light activation without causing
unwanted cell toxicity. Perhaps a laser diode system would be more effective for
looking at cell growth in real-time with less heat generation and cell detachment

allowing more scope for higher activation doses 4.

ART-NAP hybrids SG76, SG77 and SG81 were investigated in detail across four
cell lines; PNT1A (non-tumour prostate), PC-3 (prostate cancer), MCF-7 (breast
cancer) and HL60 (leukaemia). The anticancer activity of the hybrids was
compared with artesunate and mitonafide (parent drugs). Cell count analysis
showed that HL60 cells were very sensitive to the hybrid drugs with 1Cso ranging
from 2.0 uM to 3.9 uM after 48 h (Table 2). Furthermore, hybrids were generally
more active than artesunate in HL60 and PC-3. However, the hybrids appeared
to be less effective than parent drugs in reducing MCF-7 cell number with 1Cso
values ranging from 23.0 uM to 74.0 pM. it also emerged that PC-3 cells were
more sensitive to the ART-NAP hybrids than non-tumour PNT1A. SG76 and
SG77 generated ICsp values of 68.3 uM and 54.9 uM in PNT1A when compared
to 15.8 uM and 4.9 uM in PC-3 respectively (Table 2). SG77 was shown be most
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selective drug tested with 11 times more activity in PC-3 cells (Table 3).
Furthermore, PNT1A were more tolerant to hybrid compounds than to the parent
drugs with ICso ranging from 2.9-23.3 pM in the parents and from 15.9-68.3 uM
for the hybrids. This data highlights a potential advantage of utilising ART-NAP
hybrids to reduce toxicity in non-tumour cells and tissues while still maintaining

efficacy in tumour cells.

Hybrid SG77 was selected for further investigation as the most selective
anticancer hybrid tested in Chapter 4. The aim was to determine some of the
underlying mechanisms involved in SG77 drug action. Artesunate and mitonafide
(parent drugs) and their derivatives have previously been shown to induce
mitochondria-mediated intrinsic apoptosis resulting in tumour cell death
164,185296,472,690  gG77 treatment may also promote the induction of intrinsic
apoptosis as evidenced by a significant increase in Bax/Bcl-2 expression ratio
after 24 h(P<0.001). Furthermore, increased levels of late apoptosis and cell
death were observed in both PC-3 and PNT1A after 72 h exposure to SG77
(Figure 42, Figure 43).

Oxidative stress and DNA damage are important to artesunate and mitonafide
efficacy and therefore they may also be involved in hybrid SG77 drug action %4
697 Both mitonafide and SG77 treatment was found to significantly increase GSS
expression (P<0.001, P<0.05). This data indicates that both mitonafide and SG77
trigger increased GSH synthesis in HL60. SG77 induced a significant up-
regulation of PARP expression (Figure 35) suggesting the occurrence of single
stranded DNA damage 8. DNA damage repair, oxidative stress and apoptosis
were investigated in both prostate cell lines. PC-3 exposed to SG77 showed a
significant reduction in GSS expression (P<0.05) and more than a four-fold
reduction in GSR expression (P<0.001). This was unexpected due to the potential
of SG77 to induce oxidative stress and thus initiate GSH reduction. However,
previous cytotoxicity studies have reported a decrease in GSR enzyme activity
resulting in cell death 6979 _ |t is possible that SG77 may interfere GSR activity
in PC-3 cells resulting in a compromised antioxidant defence. Interestingly,
PNT1A treated with SG77 for 24 h showed no significant changes in gene
expression indicating that PNT1A are more tolerant to SG77 at the tested

concentration range in agreement with cytotoxicity data.
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To further investigate the involvement of oxidative stress in SG77 hybrid drug
action, both intracellular glutathione levels and ROS generation were quantified
(Figure 38, Figure 39). Artesunate and mitonafide significantly increased ROS
generation in both prostate cell lines from 4h onwards (P<0.05). This was
expected as both ART and NAP derivatives have been shown to cause the
production of ROS in vitro 699796, Interestingly, PNT1A treated with 10 uM SG77
did not have any significant increases in ROS production after 24 h. In contrast,
PC-3 cells treated with SG77 showed a significant increase in ROS from 4h
onwards (P<0.001). This data suggests that PC-3 are more sensitive to SG77
mediated ROS generation than PNT1A. Increased ROS and oxidative stress are
often present in cancer cells 622701, Furthermore, basal levels of ROS are higher
in PC-3 when compared to prostate non-tumour cells . It is possible that PC-3
are therefore more susceptible to SG77 mediated increases in ROS which act to
tip the redox balance resulting in apoptosis induction 595702,

This accumulation of excessive ROS will trigger the antioxidant pathways of the
cell including the GSH antioxidant response. Once synthesised GSH reacts with
oxygen radicals to ensure that they are removed from the body to minimise cell
damage %%8. However, excessive ROS generation can result in GSH depletion
and a marked increase in GSSG. Both total and oxidised GSH levels were
quantified in PNT1A and PC-3 following SG77 treatment. PNT1A had a lower
basal level of total GSH with untreated cells having less than 200 pm/10° cells as
compared to over 300 pm/10° cells in PC-3 (Figure 40). Both prostate cells
displayed a significant reduction in total glutathione when treated with 10 uM
SG77 for 48 h (P<0.001). Interestingly, 10 uM SG77 resulted in a significant
increase in percentage GSSG in PC-3 after 24 h (Figure 41) (P<0.001). GSSG
levels in PNT1A remained unchanged after 24 h. This data suggests that PC-3
are under severe oxidative stress after 24 h with depletion of GSH and an
increase in GSSG to more than 40% of total glutathione. PNT1A, on the other
hand, were less susceptible to SG77 induced ROS production and therefore do
not mount an antioxidant response until 48 h. Apoptosis levels were also more
pronounced in PC-3 with increased levels of late apoptotic and dead cells. PC-3
cells were very sensitive to SG77 induced apoptosis after 72 h with more than

80% of cell population either in late apoptotic stage or dead. SG77 mediated
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apoptosis was also observed in PNT1A to a lesser extent with 42% of cells

progressing to late apoptosis.

Overall this study has uncovered some important and novel findings. Firstly,
oxygen concentration has the potential to modulate the anticancer efficacy of
anticancer agents in vitro. It is important to factor oxygen into the preclinical
evaluation of novel chemotherapeutics. Several ART-NAP hybrids were effective
in reducing tumour cell number while sparing non-tumour cells. Furthermore,
SG77 was selectively toxic in PC-3 with 11 times more activity when compared
to non-tumour PNT1A. The data generated indicates that intrinsic apoptosis, DNA
damage and glutathione antioxidant response may be important in SG77 drug
action. SG77 should be considered as a promising candidate for animal trials with
the potential for a potent and selective cancer treatment which may improve

patient outcome.

6.1 Future directions

In Chapter 2, it was discovered that oxygen modulates the anticancer activity of
artesunate 2%, To date, almost all in vitro cytotoxicity assays employ an oxygen
rich environment despite evidence that oxygenation is vital to chemotherapy
outcome 243244 1t is therefore proposed that future in vitro assays should employ
oxygen levels which better mimic in vivo environments of non-tumour cells or
tumour cell masses. While outside the scope of the current study, it would be
worthwhile to investigate the molecular mechanisms responsible for this
improved efficacy in a lower oxygen environment. This could be achieved by
investigation of caspase enzyme expression at different oxygen concentrations.
For example, DHA was shown to induce caspase independent apoptosis upon
exposure to hypoxic conditions in colorectal cancer cells 2%, Furthermore, HIF-
1 activation during hypoxia may also be suppressed by DHA 7°7. Therefore, it
may be beneficial to quantify HIF-1 expression in response to artesunate in

varying oxygen environments.

While SG77 hybrid has shown promising anticancer activity and tumour cell
selectivity, there is a need to expand the current study by investigating SG77
efficacy on several other non-tumour cell lines such as HTB 125 breast cells and

a primary cell line such as lymphocytes. Indeed, these cell lines have been more
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tolerant to DHA treatment than their tumour counterparts in previous studies
163,708 'Eurthermore, it would be interesting to map cellular uptake and localisation
of SG77 which may also account for observed selective toxicity in PC-3. This
could be achieved by developing a LC-MS assay to detect for hybrid metabolites
in cell lysates following treatment 7%°. Alternatively, the hybrid could be
fluorescently labelled before treatment of cancer cells and detected by either
fluorescent microscopy or flow cytometry 1. Indeed, structurally related
compounds (which are autofluorescent due to NAP component) and can be
viewed in combination with organelle-specific dyes to map sub-cellular
localisation (Appendix B). Cellular uptake studies at several time points would
also allow estimation of hybrid half-life and comparison to parent drugs. PARP-1
and NHEJ1 expression indicated that DNA damage is likely initiated following
SG77 treatment. This could be confirmed with follow-up molecular assays such
as the comet assay. In addition, it would be interesting to investigate the effect of
SG77 on cell cycle distribution using flow cytometry 8710, The role of DNA repair
enzymes could be further investigated in response to SG77 treatment by blocking

gene expression using siRNA technology.

6.2 Concluding remarks

The first major finding of this study was that oxygen modulates the anticancer
activity of artesunate. Increased anticancer efficacy of artesunate was observed
in HeLa cells as oxygen concentration was lowered to normoxic or hypoxic levels
2% This finding demonstrates that oxygen is a key variable which remains
overlooked in most novel drug analyses. It is recommended that future in vitro
assays should employ oxygen levels which better mimic in vivo environs. Several
ART-NAP hybrids showed excellent activity in HL-60 and PC-3 cancer cells
following in vitro evaluation. Perhaps even more significant was the greater
tolerance of PNT1A non-tumour cells to hybrids SG76 and SG77 as compared to
their parent drugs.

SG77 was evaluated further to investigate the mode of action. Bax/Bcl-2 ratio
was significantly increased in HL60 indicating the activation of intrinsic apoptosis
activation. In addition, significant up-regulation of PARP was detected thus
indicating DNA damage could be involved in SG77 drug action. It was apparent
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that PC-3 were more sensitive to SG77 than PNT1A from generated cytotoxicity
data. A differential response was also observed when ROS production and GSH
antioxidant response and apoptosis. ROS production and GSH depletion
occurred more rapidly and at higher levels in PC-3. Because of this promising
data, SG77 must be considered as an excellent candidate for animal trials with

the potential for a potent and selective cancer therapy.
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Appendices

Appendix A: optimisation of HeLa cell density and vehicle concentration

HeLa cell growth was analysed at different starting cell densities ranging from
500-4500 cells per well (Figure 44). The experiment was run for over 100 h post
seeding. Increased starting cell density correlated with an increase in growth. Cell
densities above 2500 resulted in linear growth from 24-72h. The effect of vehicle
concentration on HelLa cell number was accessed at 24 and 48h. Concentrations
of 0.05, 0.15 and 0.25 % (v/v) were tested. No significant change in cell number

was observed in DMSO-exposed cells when compared to control (Figure 45).

To optimise artesunate antitumour activity on HelLa cells, an alternative drug
addition schedule was trialled where two doses of artesunate were added at 24
and 48 h post cell seeding in Chapter 2. A preliminary experiment was performed
to determine the effect of two separate vehicle (0.1% (v/v) DMSO) exposures on
HeLa cell number. Cell count analysis revealed no significant reduction in cell

number was observed at any of the tested seeding densities (Figure 46).

Cell index (Cl)

0 12 34 51 68 85 102
Time (h)

Figure 44 HelLa seeding density optimisation
Hela cells seeded at indicated densities ranging from 500 to 4500/well in 1% (v/v) oxygen

conditions. Cell proliferation was monitored in real time using RTCA DP instrument until
experiment end at 102 h.
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Figure 45 HeLa cell count analysis in response to varying vehicle concentration

Hela cells seeded in 6 well plates at 80000/ well. 24 h indicated concentrations of DMSO were
added. Cell count analysis was performed at both 24 and 48 h. Relative cell count is expressed
as a percentage untreated control. The data above is representative of a single experiment.
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Figure 46 HelLa cell count analysis after vehicle treatment at varying cell density

HelLa cells seeded in 6 well plates at varying cell densities were exposed to either 1 or 2 doses

of vehicle (0.1%DMSO). The first treatment was at 24 h after seeding with second treatment
after a further 24 h. cell count analysis was then performed 24 h after second treatment and is
expressed as a percentage of untreated control. The data above is representative of a single
experiment.
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Appendix B: cell count analysis raw data

PNT1A PC-3 MCF-7 HL-60
A Concentration {uM) Mean (% control) sD N Mean (% control) sD N Mean (% control) sD N Mean (% control) sD N
o 101.08 4.30 3 100.00 7.75 3 100.00 5.80 3 100.00 759 3
0.01 102.84 10.12 3 94.29 12.84 3 89.06 13.63 3 105.99 857 3
01 98.12 5.92 3 87.69 8.05 3 89.60 10.05 3 94.91 10.46 3
1 94.19 10.56 3 75.62 13.34 3 45.70 4.32 3 84.40 2.07 3
10 58.13 11.11 3 45.97 9.17 3 35.54 4.73 3 47.99 793 3
50 40.67 4.81 3 2111 9.40 3 30.29 5.91 3 20.20 6.95 3
B PNT1A PC-3 MCF-7 HL-60
Cancentration (uM) |Mean (% contral) sD N Mean (% control) sD N Mean (% contral) sD N Mean (% contral) sD N
o 101.08 4.30 3 100.00 795 3 100.00 5.80 3 100.00 7.59 3
0.01 90.98 12.99 3 83.30 6.92 3 99.58 9.43 3 107.55 7.69 3
0.1 98.19 10.68 3 84.97 13.90 3 91.15 7.94 3 94.27 12.78 3
1 40.47 12.89 3 24.26 4.23 3 49.38 7.87 3 33.34 7.43 3
10 32.23 11.10 3 1363 4.29 3 41.38 4.86 3 29.21 5.28 3
50 27.48 8.68 3 9.73 2.54 3 37.85 6.74 3 18.03 3.75 3
C | PNT1A PC-3 MCF-7 HL-60
Concentration (UM) |Mean (% control) sD N Mean (% control) sD N Mean (% control) sD N Mean (% control) sD N
[} 101.08 4.30 3 100.00 7.75 3 100.00 5.80 3 100.00 7.59 3
0.01 99.74 6.37 3 87.03 7.94 3 95.96 7.81 3 107.54 8.30 3
0.1 81.82 10.51 3 87.07 11.57 3 81.56 2.54 3 100.97 7.90 3
1 73.56 9.09 3 91.98 10.59 3 76.86 6.91 3 50.85 11.76 3
10 70.89 4.81 3 57.97 9.17 3 70.21 4.20 3 30.72 7.29 3
50 64.47 3.37 3 28.40 10.78 3
PNT1A pCc-3 MCF-7 HL-60
D Concentration (uM) |Mean (% control) sD N |Mean (% control) sD N Mean (% control) sD N Mean (% control) SD N
o 101.08 4.30 3 100.00 7.75 3 100.00 5.80 3 100.00 7.59 3
0.01 103.08 B8.14 3 98.24 7.81 3 102.34 9.08 3 95.35 6.01 3
0.1 97.59 7.68 3 85.38 12.79 3 78.06 8.60 3 113.24 10.86 3
1 84.99 12.29 3 63.42 1114 3 84.77 4.39 3 48.49 10.61 3
10 76.03 8.70 3 40.91 9.65 3 75.48 7.52 3 36.82 9.94 3
50 57.59 2.11 3 28.98 6.16 3 60.71 9.85 3 19.71 11.30 3
PNT1A PC-3 MCF-7 HL-60
E Concentration (uM) |Mean (% control) sD N |Mean (% control) sD N Mean (% control) sD N Mean (% control) sD N
0 101.08 4.20 3 100.00 7.5 3 100.00 5.80 3 100.00 7.59 3
0.01 84,93 8.85 3 91.68 5.92 3 93.49 4.70 3 100.51 7.88 3
0.1 78.98 12.69 3 78.20 7.90 3 91.20 7.95 3 107.43 11.56 3
1 68.88 8.16 3 49.09 4.46 3 88.42 8.78 3 42.48 10.93 3
10 56.63 8.25 3 35.18 9.15 3 69.30 5.45 3 33.32 9.18 3
50 45.66 1018 3 20.27 6.57 3 68.31 3.87 3 20.40 7.79 3

Figure 47 Chapter 4 cell count data

The tables above summarise the cell cound analysis data generated during Chapter 4 in PNT1A,
PC-3, MCF-7 and HL60 cell lines. Each table represents a different drug treatment; (A)
Artesunate, (B) Mitonafide, (C) SG76, D) SG77 and (E) SG81. at concentrations of 0, 0.01, 0.1,
10 or 50 uM. The mean cell count values (expressed as % of untreated control), SD and the
number of experiments (N) are displayed.
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Appendix C: housekeeper gene expression at all 3 phases of RT-PCR
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Figure 48 Housekeeper gene expression at all 3 phases of RT-PCR
Housekeeper gene expression (ACTB and GAPDH) was analysed across all samples using RT-

PCR. Data is expressed as Ct values +/- SD for each sample. RT-PCR was performed as
described in 5.6.5. in samples from (A) Phase 1, (B) Phase 2, and (C) Phase 3.
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Appendix D: RT-PCR raw data

Ct Values
GSR

TREATMENT 1 2 3 AVERAGE SD
Control exp 1 24.32 24.67 24.07 24.35 0.30
Control exp 2 24.67 24.72 24.45 24.61 0.14
Control exp 3 24.16 24.17 24.43 24.25 0.15
Vehicle exp 1 23.68 23.62 23.52 23.61 0.08
Vehicle exp 2 23.63 23.97 23.88 23.83 0.18
PNT1A Vehicle exp 3 24.55 24.15 24.09 24.26 0.25
1 pM SG77 exp 1 25.8 25.89 26.03 25.91 0.12
1 pM SG77 exp 2 25.79 25.92 26.26 25.99 0.24
1 pM SG77 exp 3 26.26 26.26 25.67 26.06 0.34
10 uM SG77 exp 1 33.07 " 32.27 32.61 32.65 0.40
10 uM SG77 exp 2 32.06 32.34 33.63 32.68 0.84
10 uM SG77 exp 3 32.61 33.63 32.52 32.92 0.62
TREATMENT EXP REP 1 REP2 REP 3 AVERAGE SD
Control exp 1 21.91 22.86 22.99 22.59 0.59
Control exp 2 23.17 22.96 23.08 23.07 0.11
Control exp 3 22.77 22.56 22.36 22.56 0.21
Vehicle exp 1 24.18 24.17 24.19 24.18 0.01
Vehicle exp 2 23.79 23.81 23.84 23.81 0.03
PC3 Vehicle exp 3 23.39 23.41 23.44 23.41 0.03
1 uM SG77 exp 1 23.7 23.68 23.74 23.71 0.03
1 pM SG77 exp 2 23.8 23.72 23.8 23.77 0.05
1 uM SG77 exp 3 24.01 24.05 24.16 24.07 0.08
10 uM SG77 exp 1 24.28 24.22 24.12 24.21 0.08
10 uM SG77 exp 2 24.17 24.21 24.37 24.25 0.11
10 uM SG77 exp 3 24.01 24.37 24.16 24.18 0.18

Figure 49 Ct values generated for GSR expression in PNT1A and PC-3

The table above shows individual Ct values generated by RT-PCR instrument. In this example,
GSR is the target gene. Each experiment was repeated three times in triplicate. The indivdual
Ctvalues from each of the 3 experiments were then averaged and the SD was calculated. These
averages were then used to calculate fold change in gene expression as shown in Figure 50.
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targets

ref

CELL LINEsample n| Sample Name | Targets | References | Mean Cp | Mean Cpl Delta Cp | Rel ratio | Delta Delta Cp | Normalised rel ratio Log BASE j average average fold change SD
PC-3 1 Control GSR Beta actin 24.35 16.42 7.93 0.00 0.05 1.0377 0.0533 1.0054 0.0000 0.1858
PC-3 1 Control GSR Beta actin 24.61 16.42 8.19 0.00 -0.21 0.8665 -0.2067

PC-3 1 Control GSR Beta actin 24.25 16.42 7.83 0.00 0.15 1.1121 0.1533

PC-3 2 Vehicle GSR Beta actin 23.61 16.15 7.46 0.01 0.53 1.4400 0.5261 1.1966 0.2339 0.3342
PC-3 2 Vehicle GSR Beta actin 23.83 16.15 7.68 0.00 0.31 1.2364 0.3061

PC-3 2 Vehicle GSR Beta actin 24.26 16.15 8.12 0.00 -0.13 0.9135 -0.1306

PC-3 3 1uM SG77 GSR Beta actin 25.91 18.11 7.79 0.00 0.19 1.1430 0.1928 1.0824 0.1128 0.0784
PC-3 3 1uM SG77 GSR Beta actin 25.99 18.11 7.88 0.00 0.11 1.0788 0.1094

PC-3 3 1 pM SG77 GSR Beta actin 26.06 18.11 7.95 0.00 0.04 1.0253 0.0361

PC-3 4| 10 uM SG77 GSR Beta actin 32.65 20.25 12.40 0.00 -4.41 0.0471 -4.4094 0.0441 -4.5083 0.1488
PC-3 4| 10 uM SG77 GSR Beta actin 32.68 20.25 12.42 0.00 -4.44 0.0462 -4.4361

PC-3 4| 10 uM SG77 GSR Beta actin 32.92 20.25 12.67 0.00 -4.68 0.0390 -4.6794

PNT1A 5 Control GSR Beta actin 22.59 16.15 6.43 0.01 0.15 1.1121 0.1533 1.0126 0.0000 0.2860
PNT1A 5 Control GSR Beta actin 23.07 16.15 6.92 0.01 -0.33 0.7955 -0.3300

PNT1A 5 Control GSR Beta actin 22.56 16.15 6.41 0.01 0.18 1.1303 0.1767

PNT1A 6 Vehicle GSR Beta actin 24.18 16.33 7.85 0.00 -1.27 0.4161 -1.2650 0.5535 -0.8872 0.3835
PNT1A 6 Vehicle GSR Beta actin 23.81 16.33 7.49 0.01 -0.90 0.5365 -0.8983

PNT1A 6 Vehicle GSR Beta actin 23.41 16.33 7.09 0.01 -0.50 0.7079 -0.4983

PNT1A 7 1uMSG77 GSR Beta actin 23.71 16.56 7.14 0.01 -0.56 0.6801 -0.5561 0.6190 -0.7006 0.1953
PNT1A 7 1uM SG77 GSR Beta actin 23.77 16.56 7.21 0.01 -0.62 0.6494 -0.6228

PNT1A 7 1 pM SG77 GSR Beta actin 24.07 16.56 7.51 0.01 -0.92 0.5275 -0.9228

PNT1A 8| 10uMSG77 GSR Beta actin 24.21 17.30 6.90 0.01 -0.32 0.8026 -0.3172 0.7997 -0.3228 0.0353
PNT1A 8| 11uMSG77 GSR Beta actin 24.25 17.30 6.95 0.01 -0.36 0.7789 -0.3606

PNT1A 8| 12 uMSG77 GSR Beta actin 24.18 17.30 6.88 0.01 -0.29 0.8176 -0.2906

Figure 50 Conversion of average Ct values in to fold change

The table above shows the conversion of average Ct values to fold change in Microsoft Excel 2016. The table shows GSR expression in both PNT1A and PC-
3. The difference in Ct values between the target gene (yellow) and refereence gene (green) was first calculated for each treatment. This delta Ct is then
normalised against control treatment to give delta delta Ct. This value is then expressed as LOG to the base 2 to convert in to fold change.
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