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Abstract

Oesophageal cancer is ranked amongst the top three most common cancers affecting black
South African males. Only about 20 % of patients diagnosed with this disease survive beyond
two years because the cancer is typically diagnosed at a late stage and resistance to therapy
commonly develops. Chemotherapeutic agents such as cisplatin, doxorubicin and 5-
fluorouracil are currently used in the treatment of a variety of cancers, including oesophageal
cancer. Although these agents have been part of our therapeutic repertoire for many years,
there are several side effects that have been associated with their use in cancer therapy. Thus
there is a need to develop novel chemotherapeutic agents with improved activity and less
severe side effects. In this project, twelve compounds, consisting of 5 platinum dichloride
complexes, four iminophosphine ligands and three gold (I) chloride complexes that were
synthesised by a PhD student in our laboratory were tested for anticancer activity and the
mode of action of these compounds was also explored. The cell viability assays revealed that
the gold (I) compounds were most potent, when compared to the platinum compounds or the
free ligands, with ICso concentrations ranging from 5 to 30 pM. Only modest changes in cell
morphology were observed in the cells treated with gold (I) compounds and a decline in cell
migration was observed for compound 95 only. The decline in cell number was associated
with DNA damage (assessed as an increase in YH2AX) and an arrest in the cell cycle at the S
phase. Treatment with the gold (I) compounds led to the inhibition of Thioredoxin reductase
activity, suggesting that ROS levels in the cells had increased. Furthermore, treatment with
the gold compounds was associated with the induction of apoptosis. This suggests that the
gold compounds blocked cell proliferation by processes that involved the production of ROS,
DNA damage and the induction of apoptosis. Treating CXCR2 and IGF1R knockdown cells
with the novel compounds did not improve efficacy against the cancer cell lines.
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Chapter 1

Oesophageal cancer

1.1 Epidemiology

Presently, cancer is the second most common cause of death globally, affecting both
developing and developed countries with no definitive cure.! In 2008 an estimated 12.4
million cases of cancer were diagnosed worldwide and 7.6 million cancer deaths were

reported. More than 70 % of these deaths occured in developing countries.?

Oesophageal cancer (OC) is ranked amongst the top ten most common and lethal cancers in
the world> The incidence of OC differs geographically and with ethnicity, where high
frequencies have been reported for certain parts of China, Iran, South Africa, France and
Italy.*> In 2002 China and South Africa had the world’s highest age standardised incidence
rates for this disease of 27.4 and 19.7 per 10° population, respectively. Furthermore global

statistics indicate that males have higher susceptibility to OC than females (as seen in

Figure l).6’7’8’9

Oesophageal cancer is the third most common cancer affecting South African males and the
most dominant cancer amongst black South African males.'® The Transkei region (Eastern

Cape) of South Africa has one of the highest incidence rates in Africa.'*"!

A study conducted in 10 magisterial areas around the Eastern Cape and Kwa-Zulu Natal
(1998 — 2002) revealed the age standardised rate for all cancers to be 72.8 per 10° in males
and 59.1 per 10° in females. Oesophageal cancer accounted for 31.3 per 10° in males (43 %

of all cancers) and 18.0 per 10 in females.'?



ESTIMATED NUMBER OF NEW CASES AND DEATHS FOR |
OESOPHAGEAL CANCER / THOUSANDS (WORLD STATISTICS 1999)
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Figure 1: Comparison of incidence and maortality rates in males and females for
oesophageal cancer worldwide. Males have higher susceptibility to OC than females (213
per 107 in males and 103 per 10° in females). But both sexes have extremely high morality
rates, Numerical fipures were adapted from Parkin er @l (Glohal cancer statistics 1999)."

1.2 Histology

Oesophapeal cancer exists in two histological subtypes. adenocarcinoma (AC) and squamous

313,14 2 - i ;
0 Adenocarcinoma is more commen in the U1SA; while squamous

cell carcinoma (SCC).
cell carcinoma, which constitutes more than 80 % of all OC cascs worldwide s maost

prevalent in developing countries.”” ‘This study focuses mainly on SCC which is the major

histological subtype found amengst black South African males,

SCC develops from the middle or the lower third of the oesophagus (Figure 2A). 51% The
tumcur develops from the inner layer (cpithelial cells) of the cesophagus and invades deeper
into the oesophagus as it continues to grow (Figure 2B). The poor diagnosis associated with
SCC leads to very few treatment options and a varying 5 vear survival rate of 10 — 20 %

depending on the tumour stage of development and the patient’s response to !,h-:m|:n}f.5‘”'”!"“;I



) =
Cancer of the
oetophagus

B
£ sophagus
e
I\ -

Slomach - "

Large <

inteodan:

i

Figure 2: Section of the oesophagus prone to the development of squamous cell
carcinoma {SCC). (A) The four epithelial layers of the cesophagus and surrounding organs.
(B} 8CC of the vosophagus,

|fizure (A) adopted from (hitp:ivwww. cancer.govicancerlopics wyntk/csophagusipage?)

and figure (13) medified from (hup:iidipestivedisease. ithsesaedufesophapealsient.asp)]




1.3 Therapeutic approaches

Generally, in developing countries, only 20 % of patients with oesophageal cancer would
qualify for curative treatment (which includes radiotherapy, surgery and chemotherapy) while
the other 80 % are suitable for palliative therapy (for example brachytherapy and stent
placement) because of the late stage of diagnosis in most cases. *>*® Palliative treatment,
involves inserting a stent or tube into the oesophagus to prevent it from closing as a result of

tumour growth.

Because of the aggressive nature of oesophageal cancer, it is important to develop strategies
aimed at reducing morbidity and mortality associated with this cancer. This may be achieved
by reducing exposure to risk factors that are associated with the development of oesophageal
cancer and these include the consumption of extremely hot beverages, local dietary and
cultural practices and a combination of tobacco smoking and alcohol. In addition diagnosis of
OC at an early stage increases the likelihood of successful treatment and lastly by adopting

better therapeutic approaches, through the development of effective chemotherapeutic agents.

As part of the drug development process, natural products from a wide range of sources
(plant, algae and marine invertebrates) and chemically synthesised compounds, have been
investigated for anti-tumour activity to produce more effective chemotherapeutic agents. In
most cases, during cancer therapy, pharmaceuticals are used in combination with

radiotherapy, surgery and other strategies aimed at palliating the effects of OC.



Due to the complications associated with surgery22'24, combination therapy is considered
more effective than monotherapy. If the tumour has metastasised, surgery alone may not be
beneficial and thus adjuvant or induction therapy is required post or prior surgary.25 In cases
where the cancer has spread to the lymph nodes, radiotherapy is necessary post-surgery to
minimise the risk of recurrence.”® Chemotherapy is usually administered prior to surgery.
Currently available drugs include many forms of natural derivatives and inorganic
compounds. However these compounds have been associated with several side effects and

this is a major drawback in cancer therapy.

1.4 Natural products

Thirteen years ago, Cragg et al. (1997) pointed out that more than 60 % of anticancer agents
in current use then were natural product derivatives. 27-29 Natural derivatives are synthesised
from secondary metabolites (usually toxic) which often function as a self defence mechanism
for the organism against herbivores, pests and pathogens. However, some of these secondary
metabolites may also contribute odours, tastes and colours in plants.>® Secondary metabolites
may be extracted from any part of the organism. > 132 Many of the secondary metabolites are
derived from aromatic amino acids or shikimic acids, which are precursors of alkaloids and

other aromatic metabolites.>%

Some examples of natural product derived cancer therapeutic agents include compounds such
as podophyllotoxin (Figure 3A), Vinca alkaloids (Vincristine) (Figure 3B), taxanes
(Paclitaxel) (Figure 3C), camptothecin and their derivatives. Some of these compounds are

still in use to date as cancer therapeutic agents. 3



_ {B) R = Me, Vinblastine
(A) Podophyliotoxin R = CHO, Vincristine

xf )
(C) Paciitaxel{Taxo!®)

Figure 3: Structures of some chemotherapeutic agents derived from natural product
sources.”

Although some natural products have vielded very effective anticancer drugs, there are some
concerns associated with the use of natural products for drug development in medicine. These
include scarcity of resources, habitat loss and degradation, as well as over-harvesting of these
resources. ¢ In addition o this. a study conducted by William e el (2009) indicated that
climate changes in the marine world may lead to local extinetion of species in some regtons
resulting in a change in biodiversity due o species redistribution,”® Other concerns inciude
the ability to conserve knowledge of known medicinal properties of local natural sources

while making the information more widely aceessible 7



Qver the past decades there has been a decline in the production of natural phammaceuticals in
general as is evident in Figure 4 when compared to the 60 % reported by Cragg er al. (1997),
thirteen years ago. However it is evident (as seen in Figure 4) that natural products have been
a prototype in the synthesis of many novel compounds.******* From 1981-2006, a total of
1184 compounds were derived from different sources in which 100 of these were anticancer

agents (Figure 4, *

ANTICANCER DRUGS [1481-2006) BY SOURCE

6% I%

EBE EN WND BS £5MM B5F BSTNM al

Figure 4: Anticancer compeunds synthesised from 1981-2006, categorised by source.
(N= 100}, Codes are as in reference 50. B- biological source, N- natural product, ND- derived
trom natural produci, 8- totally synthetic from random screening, 5*- totally synthetic with
natural product pharmacophore, NM- Natural product mimic, V- Vaccine.

Fortunately there are a significant number of elfective cancer therapeutic agents that have
been developed through chemical synthetic processes that do not involve natural products,
Many of these compounds are currently still in use clinically, suggesting that this route to
drug development may still hold promise for development of new and effective cancer

chemotherapeutic agents, Furthermore, unlike nataral products which were associsled with



scarcity ol resources and low product vield, synthetic agents are more advantageous because

production is in bulk and there is large variation of resource and product.

1.5 Inorganic compounds

The platinum complex cisplatin {cis-diamminedichloridoplatinum(Il}} (Figure 5a) and s
second and third generation analogues, carhoplatin-

{cis-diammine( 1, 1-cyclobutanedicarboxylateiplatinum{1l))  (Figure 3b). and oxaliplatin
(travs-R.R-cvclohexane-( 1 2-diamine)oxalatoplatinum(l}) (Figure 5¢) represent a family of
metal compounds that have proven o be extraordinarily vseful as chemotherapeutic agents

L - 4113
and arc still in current use against several cancers globally.

O
HN, TGl HSN\PI\/O : ffh NHE\PT:,D—?*f'
P 4 - R |
N Gl HsN i NH,” 0-Cs
{A) Cisplatn {Bf Carboplatin {C} Omaliplain

Figure 5: Structures of platinum compounds used as cancer chemotherapeutic ag&nts.44

Current evidence in the litcrature suggests that cisplatin has been one of the most comumonly
used therapeutic agents in the teatment of ocsophageal cancer, with its use continuing to
date.***** Cisplatin activity is dependent on the chloride concentration, In the blood the
chloride concentration is about 100 mM and thus cisplatin is only slightly active. Inside the
cell though, the concentration s much lower (3 mM} leading to the complete activation of
cisplatin,™ Once in a low chloride acqueous solution, the chloride separates from platinum and

the active platinum reacts with nucleophilic groups present in the amine acid side chains and

9



putine bases of DNA and RNA. " Cisplatin interacts with DNA lorming DNA adducts. Tt
has been suggested that only 1 % of cisplatin reacts with DNA, lorming DNA adducts while
the rest reacts with other cellular components such as RNA, proleins, membrane
phospholipids. cytoskeletal microfilaments. and thiol-containing molecules, >

DNA adducts result from different types of cross-links as illustrated in Figure 6, formed as
cisplatin reacts with DNA, The 1,2 intrastrand cross-link [cis-Pt{NH3)d{(pGpG)] (Figure 6b)
accounts for 85 %% of the tolal cisplatin-DINA adducts Tormed while only 235 %4 are altributed

to the 1,2 intrastrand cross-link [cis-PH{NH; kd{pApG)] (Figure 6c). 4133

Figure 6: Cross-linking of cisplatin with DNA. (a) Intrasirand cross-lnk (b} 1,2 intrastrand
cross-link {c) 1.2 intrasirand cross-link (d) protein- DINA cross-link, ™

The DNA adducts are repabed by nucleotule excision repair (NER), but poor DNA repair
results in the formation of DNA double strund breaks which induce cell evele arrest. Clsplalin
then exerts its cylotoxicily by inhibiting DNA synthesis and initiating apoptosis via the
p33/p73 pathways, which are regulatory pathways that cells employ to monitor the integrity

ol genomic D il
10



Despite the side effects such as nephrotoxicity, nausea and vomiting, cisplatin remains a
widely used chemotherapeutic agent for solid tumours.’® Given its success, several other
platinum based anticancer complexes have been synthesised and tested in clinical trials and
some (eg.carboplatin) have been shown to be more stable than cisplatin.****° Aside from the
side effects described above, one other major drawback associated with platinum-based

treatment is drug resistance which has been shown to be induced via several mechanisms. "%

These include decreased intracellular drug accumulation and increased induction of
intracellular thiols (glutathione and metallothionein), which are synthesised when cells are
subjected to stress or in response to accumulation of heavy metal ions.***"$2 DNA repair has
also been implicated in contributing to drug resistance as a result of an up-regulation of DNA
repair proteins. A study conducted by Chu et al. (1990) showed an increased expression of
the DNA repair protein, xeroderma pigmentosum group E binding factor (XPE-BF), in
cisplatin resistant cells when compared to normal cells.®> More recently, other non-platinum
based compounds have been synthesised and tested for anticancer activity and these include
ruthenium, titanium, iron, cobalt and gold complexes.“'68 These novel metal-based
compounds may kill cancer cells by different pathways than cisplatin, thus increasing the

repertoire of drugs at our disposal for treating patients with cancer.

1.6 Gold compounds

Gold exists in 7 different oxidation states and only gold (0), gold (I) and gold (III) are stable
under aqueous and biological conditions. ° Because gold (I) and gold (III) are readily
reduced by mild reducing agents they are less stable than gold (0). Furthermore, gold (1) is
thermodynamically more stable than gold (III) even though they are both soft cations with a

high affinity for soft ligands.®>” Evidence in the literature suggests that gold compounds are

11



transported by binding to Cys®™ of albumin. The process involves the conversion of gold
complexes o albumin complexes [Albumin-5° + Ef;PAuSAlg >> Albumin-5-Au-Fetd |
AtoSH] through a serics of oxidative reactions that see the 2old molecule interacting wilh
selenocnzymes leading to its cytotoxic effects. ™7

Gold (1) compounds have a d'"" closed-shell configuration, which allows linear, trigonal and
tetrahedral coordination.™

Thiolates and phosphine complexes represent the most investigated gold (T) pharmaceuticals,
Auranofin, a phosphinegold (1) thiolate complex used to treat theumatoid arthritis, was also

=™ Auronofin induces its cytotoxic citect by inhibiting

found 1o possess antitumour activity,
selenocnzymes such as 'lhioredoxin reductase. This leads to mitochondrial membrane

permeability. the release of Cytochrome ¢ and eventually apoptosis. ™

AcQ
H

¢
RO T
B

Figure 7: Structure of Auranofin.”

The discovery ol the anticuncer properties of auranofin lead to the synthesis of many other
gold (I compounds, such as [Au(PPhyiHaxspa)] and [AuPPhiaixspa)], which have been

tested tor anticancer activity and found to have cytoloxic eflects on cancer cell lines.”
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Gold {11[} complexes display structural similarities to platinum (IT) complexes (as seen in
Figure 8} because they are isoelectronic {d3 configuration) and they possess square-planar
geometries and thus gold (T1IY complexes have also been investigated tor their anticancer

propertie G

HaC S, O HiC_ S Br s 27
3 & .
\N;':cf.c '\M/ :.:cf\‘: ::ﬁui P
He & e 8" e B
HaN of]
(A}  [AuiDMETICK] {B} [AxDMDTIB (C} Cisplatin

Figure 8: Structural representation of gold (I11) compounds (A and BY and platinum (11)
compound cisplatin {(C)

Gold (TI-dithtocarbamato  derivatives such as [AwDMDT)Cl]  (Figure 8A) und
[Au{DMDT)Br:| (Figure 8B) have been found to be more active than cisplatm (Figure 8C)
and were also observed to be cylotoxic to cisplatin resistant cells, suggesting that although
similar to cisplatin in structure, they induce their anlicancer activity via a mechanism
different [rom that of cisplatin.’ Dithiocarbamates are bidentate chelating ligands that are
very stable once complexed to the metal jon, due to their chelating effect. The presence of a
chelating dithiocarbamato is sald to contribute to the reduced nephrotoxity of the compounds
due 10 their minimal interaction with thiol comtuining biomolecules.” Regardless of the
structural similaritics, pold (1I1) dithiocarbamato complexes exert their anticancer activily
through a mechanism dilferent from that of platinum (1[) compounds. Tnstead of fargeting the
DNA and forming DNA adducts, gold {11T) compounds target the protcasome. Inhibition of
the proteasome leads 1o the accumulation of ubiguitinated protgins, an up-regulation of p27

{inhibitor of the cell cvele) and an induction of apoptosis, ¥
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This indicates that metal-based chemotherapeutic agents exert their effect by activating a
variety of biological pathways ultimately leading to cell death. An understanding of the
mechanism of action of these compounds may facilitate the development of more effective

chemotherapeutic agents.

In a previous study conducted in our laboratory, a fellow student (Dr. Harry Chiririwa) had
synthesised a series of metal-based compounds that were further characterised in this project
to better understand how these novel compounds induced cancer cell death. In the next
section of this review, we considered some of the biological pathways frequently affected by
chemotherapeutic agents, to provide a background for some of the studies that were

conducted in this project.

Tumour cells are characterised by deregulated cell proliferation and suppressed cell death and
both these processes involve the activation of several complex pathways.’**? Therapeutic
agents induce cell death in cancer cells via apoptosis, necrosis or autophagy (as seen in
Figure 9). Generally in the literature, there has been a tendency to develop cancer therapeutic
agents that induce cell death via apoptosis and not via necrosis (which is associated with the
induction of inflammation) or autophagy (which has been implicated in promoting survival of
cancer cells under stressful conditions).®**° The mechanisms that lead to the activation of cell
death involve a wide range of processes including the generation of reactive oxygen species
(ROS), cell cycle arrest, mitochondrial dysfunction or the alteration of pro-apoptotic and anti-
apoptotic proteins. Therefore, when characterising novel therapeutic agents, it is important to
identify and understand the pathways by which these agents induce cell death and inhibit cell

proliferation.

14



Figurc 9: Diagrammatic representation of some of the pathways that lead o cell death
in cukaryotes. Three modes of ccll death are represented. Apoptosis may be initiated through
the activation of death receptors {TNFRTRAIL-R) or via the mitochondria, leading o the
releasc of Cytochrome ¢ (Cvic) and the activation of caspases (Casp) which cleave Poly
{ADP-ribosc) Polymerase (PARP). Similarly the activation of death receptors leads to the
activation of several other processes such the recruitment of the adaptor molecule FADD,
feading to the activation of caspascs. The mitochondria are also responsible for inducing
necrosis via ROS production or the aclivation of Apoptosis inducing factor {AlF). An
autophagic response may be initiated in the endoplasmic reticulum (ER) and this leads to the
activation of downstream effectors such as Bechn,

Figure obtained from, htip://ww w.mcedseape com/viewarticte/ 5408493 2

1.7 Autophagy

The ubiguitin-protcasome and sutophagy systems are essential for maintaining balancc
between biosynthetic and degradalive processes for normal celt growth and development,
Autophagy is essentizlly a survival mechanism, When cclls undergo nutrient and growth
factor depletion, cclls exit the cell eyele and auiodigest long-lived proteins and damaged
organeiles. This leads to the reeyching ol hipids, carbohydrates and amino acids, to produce
p 36

macromolecules or 1o facifitate oxidation in the mitochondna to maintain ccllular AT

Therefore if autophagy is uscd as a strategy by cancer cells to escape the cytotoxic effects of

15



therapeutic drugs, blocking this pathway with specific drugs may provide an attractive
approach to kill cancer cells.® Decreased expression of Beclin-1, a marker for autophagy, has
been associated with the development of a tumourigenic phenotype.*® Further more, an
increase in Beclin-1 expression has been shown to inhibit cell proliferation and decrease
tumourigenic potential.“’87 However, the information regarding the role of autophagy in
tumourigenesis and therapy is controversial *! and thus experimental evidence requires

careful analysis.

1.8 Apoptosis

Apoptosis or “programmed cell death” is an essential process in development and in
maintaining homeostasis in self-renewing tissues of normal cells. Defects in this process
could prolong the life span of cells, a condition associated with neoplasia.”>** Apoptosis may
be initiated via the activation of death receptors such as Tumour necrosis factor receptor
(TNFR) or TNF receptor super family member (FAS), mitochondrial dysfunction or via ROS
generation.”’94 The initiation of apoptosis via death receptors involves the activation of
adaptor proteins such as FADD in the presence of stimuli (therapeutic agents or irradiation).
This then leads to the activation of caspases 8/10, which further cleaves other caspases and
target proteins to induce apoptosis (as seen in Figure 9).>* As previously mentioned,
apoptosis may be induced via the mitochondria as a result of a build up of ROS or through
the alteration of pro and anti-apoptotic proteins (Figure 9). This is associated with the release
of Cytochrome c which activates Apafl and Caspase 9, leading to the initiation of

apoptosis.”

The process of apoptosis is divided into early and late stage apoptosis.”*”’” A study conducted

by Prete et al. (2002) suggested that mRNA degradation is an early stage apoptotic event that
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is commeon 1o all apoptotic pathways.” The process of apoptosis is adenosine triphosphate
(ATPY dependent and evidence in the literature suggests that ATP depletion and loss of
membrane integrity occur during lale stage apnpmﬁis,”‘g?'“'m As part of the process of
apoptosis, 2 nuclear protein poly {ADP-ribosc) polymerase (PARP) is  typically
proteolyticatly cleaved, generaling a 89 kDa fragment from a 116 kDa precurser form. Both

the precursor and the cleaved products are detectable by Western blot analysis,™ "

1.9 The mitochondria

Tn addition to penerating A'TP, the mitochondria play a crucial role in maintaining the cellutar
redox state, calcium levels and facilitating apoptosis.”>!" 1" Deregulation of any of these
processes will lead to a change in mitochondrial membrane polential (Awy). Furlhermore.
deregulation of pathways that are responsible for maintaining the cellular redex state may
lead 1o mitochondrial damage and elevated ROS levels.'" Gold compounds have been shown
to alter the mitochondrial membranc potential (Ay) by inhibiting thiols (such as Thioredoxin

reductase) that are cssential for regulating ROS levels (Figure 11}

o i __‘] 5,1._“._ I E,._ 5
wornonne [—— 08— =X
D THIGREDGXIN | SYSTEA
MADP-
i o HAD

2% SoH TS : 5H
e fl'ncai — 4[2 4—- ——nni-LPrx ——
i 5H "a aH

Figure 11: The Thioredoxin reductase systemn, Reduced NADPIT initiates the reduction of
Thioredoxin reductase (TexR — ScH) which leads to the reduction of Thioredoxin (Trx) and
Percxiredoxin {Prx). Prx 1s a ROS scavenger. The reduced form of the proteins are indicated
by Sellf $H and the oxidised by $¢/8.""
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From Figure 11, it is observed that in the presence of NADPH, Thioredoxin reductase (TrxR)
facilitates the reduction of Thioredoxin (Trx), which in turn reduces Peroxiredoxin (Prx)
which inhibits the build-up of hydrogen peroxide (H,O,). It has been proposed that gold
compounds alter the Thioredoxin system by inhibiting the activity of Thioredoxin reductase,
resulting in the rapid accumulation of oxidised Prx. The accumulation of oxidised Prx leads
to an accumulation of H,0; species, which increase mitochondrial permeability and this leads
to the release of Cytochrome ¢ and the activation of Caspases, ultimately resulting in

apoptosis.'!!

Other factors that lead to changes in mitochondrial membrane potential include the alteration
of pro- and anti-apoptotic proteins, mediated by ‘the Bel-2 family of proteins. A study
conducted by Shimizu et al. (1999) indicated that, in the presence of death stimuli, the pro-
apoptotic protein Bax translocates to the mitochondrial membrane. There, it interacts with the
voltage dependent anion channel (VDAC), leading to a loss of mitochondrial membrane
potential (Ay) and the release of Cytochrome c. Furthermore, the study showed that the
presence of Bcl-X;, an anti-apoptotic protein inhibited the interaction between VDAC and
Bax and thus inhibiting the induction of apoptosis.'’>!"* In addition to mitochondrial
permeability, the cell cycle also plays a major role in inducing apoptosis, as indicated above

with cisplatin.
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L.10 The cell cycle

The cell cyele (Figure 12) is an important regulatory process wn eukaryotes that is required for
accurate duplication and transmission of DNA information from the parent cell to daughter
cells.'™ The cell cycle consists of DNA check points {G1 and G2) that monitor DNA
integrity during cell division. 'The Rb/E2F transcription complex is located at the restriction
point of the cell eycle. DNA replication occwrs at the S phase and cell division, which results
int the formation of two identical daughter cells, occurs at the M/Mitosis phase. In the absenee
of growth factors or mitogens, cells remain donmant or in the quiescent state {GO) and once
the necessary chemical stimuli (growih [actors and milogens) are present, the cells exit GO
and enter into G1. The retinoblastoma (Rb) protein is then phosphorylated by ¢velin Dvedks,

leading to the dissociation of the Rb/E2F complex and progression of the cell cycle, !

Figure 12: Schematic representation of the stages of the cell eyele. This figure was adoptad
from (hittp://'www .contergrove.kl 2. in us/crns/ b/ INO 1 0008 30/Centrcity/ Domain/

500/Cell%20C yele jpe)
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The G1 or gapl checkpoint, checks the cells for the presence of DNA damage or mutations
before entering the S phase for DNA replication.®' The G2 checkpoint ensures that all the
DNA was duplicated during the S phase and that the chromosomes are ready for separation
into two daughter cells. The cell then enters into M phase. Cyclin dependent kinases (CDKs)

are activated periodically and they are responsible for mediating cell cycle progression.'’®

In cancer cells, cyclin D expression is frequently up-regulated and thus there are elevated
levels of pRb, resulting in continuous cell division. Furthermore the G1 and G2 check points
are disrupted, giving way to uncontrollable cell proliferation and the transmission of damaged
or mutated DNA to daughter cells.''*!!6 Chemotherapeutic agents often act by inducing DNA
damage, thus inhibiting cell cycle progression. This cell cycle arrest is followed by DNA
repair, however, if the DNA can not be repaired, apoptosis is induced. In many cases cell
cycle inhibition has been associated with high levels of ROS which react with the DNA

causing DNA damage.'"’

In this review, I have briefly reviewed some important biological pathways that are
frequently activated by chemotherapeutic agents, eventually leading to cell death. I have also
shown that the late presentation of oesophageal cancer is associated with a poor prognosis,

with most patients having a life expectancy of less than two years at the time of diagnosis.'!’

Thus there is an enormous amount of work that still needs to be done in improving cancer
therapy. Therefore there is continuous need to develop novel, more effective and less toxic
therapeutic agents. We propose that the synthesis and characterisation of novel metal-based

complexes may hold some promise for the development of novel chemotherapeutic agents.
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1.11 Aim

The aim of this study was to screen several novel compounds for cancer cell growth
inhibitory properties, to characterise their mechanism of action and to test their effect in a

panel of cancer cell lines and normal fibroblast cells.

1.12 Objectives

1. Were to determine the cancer cell growth inhibitory activity of several metal
complexes and their ligands against a panel of cancer cell lines, compared to normal
fibroblast cultures. These compounds were synthesised by a PhD student (Dr Harry

Chiririwa) at our laboratory.

2. To characterise the mechanism of action of the active compounds. This objective was

achieved by:

o Testing for apoptosis
o Testing for ROS generation

o Monitoring DNA damage

3. To determine the effects of the compounds on the cell lines where the CXCR2 and
IGFIR pathways had been altered (WHCO1 and WHCO6 knockdown cells). The

knockdown cell lines were prepared by Dr Luke Esau.
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Chapter 2

Materials and methods

2.1 Reagents and compounds

For this project five iminophosphine ligands were synthesised (as shown in Figure 2.1) by a

PhD student (Dr Chiririwa) at our laboratory, using o-diphenylphosphinobenzaldehyde as a

precursor. The iminophosphine ligands were obtained at a yield of >75 % and their structural

representations are shown on Table 2.1.

o)
H R—NH,
-H,0
PPh,

o-diphenylphosphinobenzaldehyde

Figure 2.1: The synthesis of novel iminophosphine ligands

Table 2.1: Structures of the ligands.''®
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Iminophosphine ligands consist of ‘hard’ nitrogen and ‘soft’ phosphine donor atoms, a
property that enables the ligands to bind soft metals ions such as Pt'%, Au" and Ag".!"*'"’ For
this project five platinum dichloride complexes were synthesised by reacting ligands 60 to 64
with either Dichloro-(1,5-cyclooctadiene)-platinum(Il) [Pt(COD)Cl;] or Platinum(Il)
dimethylsulfoxide complex [Pt(DMSO),Cl,] as seen in Figure 2.2. Structures for the resultant
complexes are shown in Table 2.3. The highest yield of 72 % was obtained for compound 84.

Compounds 85 to 88 gave yields of 68 %, 70 %, 71 % and 70 % respectively.''®

R = (CH3)4(CH),C¢H,4

X /R R
N N X )
PHCOD)CI, / P{DMSO)Cl, I ? . R = (CH;)C¢Hs
P DCM, RT A . /Pt< R = (CH;)CsH.N
/\ /\ © R = (CH,)C4H:0
mon PR Ph R = (CH)CeHsS

Figure 2.2: The synthesis of novel platinum dichloride complexes''®

Table 2.2: Structures of the platinum dichloride complexes''®
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In addition to the synthesis of platinum complexes, two gold (I) chloride complexes were
synthesised from reacting ligands 63 and 64 with Chlorotetrahydrothiophen gold (1)
Au(tht)Cl (Figure 2.3). Complexing the other ligands (60, 61 and 62) with the gold metal ion resulted

in the formation of insoluble gold complexes which could not be characterised further.

\N /R \N /R
Au(tht)Cl - o
DCM, RT o T R = (CH;)C,H;0 93
Ph/ \Ph

P
/\ R = (CHz)C4H3S 94
Ph Ph

Figure 2.3: The synthesis of novel gold (I) chloride complexes'*®

Linear coordination for compounds 93 and 94 was confirmed by X?ray crystallography.''®

An additional gold (I) complex (95) was synthesised by reacting Au(tht)Cl with
triphenylphosphine, however this compound is not novel, like the other two compounds (93

and 94). The structural representations for all three gold complexes are shown on Table 2.4.

Table 2.3: Structures of gold (I) chloride complexes 118

93 o4 95
N
N = N = Phy__ Au-Cl
~ Au~-CcP / Au-CB / /P\
A )i Ph Ph
PH Ph Ph Ph
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The components of the buffers used in the following section are found in
appendix B.

2.2 Cell culture

The oesophageal squamous cell carcinoma cell lines (WHCO1, WHCOS, WHCO6, KYSE70,
KYSE150, KYSE410 and KYSE450), cervical cancer cell lines (CaSki, HeLa, SiHa and
ME180) as well as two breast cancer cell lines (MCF-7 and MDA-MB-231) and two normal
fibroblast cell cultures (FGo and DMB), were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 100 U/ml Penicillin, 100 pg/ml Streptomycin and 10
% (v/v) heat inactivated Foetal Calf Serum (FCS) (GIBCO, Paisley, USA). WHCOI,
WHCOS5 and WHCO6 cells were obtained as a generous gift from Dr. Veale'®® and the
KYSE70, KYSE150, KYSE410 and KYSE450 cell lines were obtained from Dr. Yutaka
Shimada (University of Toyama, Toyama, Japan) and purchased from the DSMZ cell bank.
The normal skin fibroblasts, FGo and DMB cells were obtained as a generous gift from Dr.
A. D. Marais (Groote Schuur Hospital, Cape Town) and the other cell lines were purchased
from the American Type Culture Collection (ATCC) (Rockvile, MD, USA). Cell cultures
were maintained at 37°C in a humidified atmosphere of 5 % CO; and culture dishes were
kept at 70 % - 95 % confluency. The cells were sub-cultured with 0.05 % (v/v) Trypsin-
EDTA solution and neutralised with DMEM (1:1 ratio). For long term storage, cells were re-
suspending in freezing medium [10 % (v/v) DMSO (# R36/38, MERK, Darmstadt,
Germany), 20 % (v/v) FCS, and 70 % (v/v) DMEM] and 1ml aliquots were frozen at -80°C

before being transferred to liquid nitrogen.
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2.2.1 Mycoplasma test

To test for mycoplasma contamination, all cell lines were subjected to a mycoplasma test
regularly. Cells were cultured in Penicillin and Streptomycin (P/S) free DMEM for one week,
after which they were plated onto coverslips and incubated at 37°C overnight. Cells were
fixed in fixative (1:3 glacial acetic acid: methanol) and stained with 0.5 pug/ml Hoeschst
fluorescent DNA-binding stain (# 33258, Sigma, USA). The coverslips were mounted and

visualised on the Axiophot fluorescence microscope (Zeiss, Germany).

2.3 MTT assays

2.3.1 ICsy determination

MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] is a Tetrazolium salt
which is used to measure the metabolic rate of cells through the reduction of the MTT to
formazan in the mitochondria of metabolically active cells. MTT assays were conducted on a
series of oesophageal, cervical and breast cancer cells lines as well as on normal fibroblast
cells. The experiments were conducted in 96 well plates in triplicate, for 8 different
concentrations (see Appendix A for treatment tables). Cancer cells (3x10%) and normal cells
(5x10%) were plated per well in 90 ul DMEM and incubated at 37°C overnight. 10X drug
concentrations in medium containing 0.2 % (v/v) DMSO (# D2650, Sigma, USA) were
prepared in a concentration range as shown on the treatment tables (Appendix A). 10 pl of
the 10X drug dilutions was added to the cells which were then incubated at 37°C for 48
hours. Cells were observed under the Telaval 31 microscope (Zeiss, Germany) before they
were incubated for 4 hours at 37°C with 10 pl of 5 mg/ml sterile MTT reagent (# M2128,
Sigma, USA). Subsequently, 100 pl of solubilisation reagent was added to the cells and

incubated at 37°C for 16 hours, to dissolve the formazan crystals. The absorbance were
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determined at 595 nm on the BioTek EL800 microplate reader (USA) using the Gen5
software, readings were exported as an Excel file and the data was analysed using Graphpad

prism.

2.3.2 Cell growth assay

WHCOI1 oesophageal cancer cells (1.5x10% were plated per well in 90 pl DMEM and
incubated at 37°C overnight in 96 well plates. 10X drug concentrations were prepared using
0.5X, 1X and 2X the ICso concentration. After each time point (Time 0, 24, 48, 72, 96, 120
hours after treatment) 10 pl of MTT reagent was added to the cells and incubated for 4 hours
at 37°C. 100 pl of solubilisation reagent was added to the cells and incubated at 37°C for 16
hours. The absorbance was determined at 595 nm on the BioTek EL800 microplate reader
using Gen5 software. Readings were exported as a Microsoft Excel ﬁlé and the data was

analysed using Microsoft Excel.

2.3.3 Treating IGF1R and CXCR2 knockdown cells

MTT assays were conducted on WHCO1 and WHCO6 cell lines, either untransfected (wild-
type) or transfected with shRNA targeting Insulin-like growth factor receptor I (IGF1R) or
CXCR2, or a control shRNA sequence (Ctrl). These stably transfected cell lines were
generated by a PhD student in our laboratory (Dr Luke Esau). Prior to the experiments
conducted in this project, the expression status of CXCR2 and IGF1R was determined by
Western blot analysis and the results shown in chapter 5, for the WHCO6 cell line were
obtained by Dr Luke Esau in our laboratory. The experimental procedures were carried out as

described above (2.3.1).

27



2.4 Cell morphology assay

WHCOI cells (1x10°) were plated in 60 mm plates and incubated at 37°C overnight. Cells
were treated with 1X or 2X the ICsy concentration, for 12, 24 and 48 hours. After each time
point pictures were taken on the Telaval 31 phase contrast microscope using the Mitocam

2500, 5.0MP Live Resolution camera (Motic®, China).

2.5 Cell migration assay

WHCOL cells (1x10°) were plated per well in 6 well plates and incubated overnight at 37°C.
A vertical scratch across the cell layer was made using a p200 pipette tip, after which the
medium was changed to remove dead cells and detritus. 10 ug/ml of Mitomycin C (# 4287,
Sigma, USA), an inhibitor of cell proliferation, along with drug (ICso concentration) was
added to the cells. The scratch width was measured at 0, 8 hours and 24 hours after treatment.
For each condition 3 different views were captured using the phase contrast settings on the
Axiovert 200M fluorescence microscope (Zeiss, Germany) and 3 different measurements

were taken per view.

28



2.6 Cell cycle profile

This assay was conducted in triplicate in 60 mm plates. WHCO1 cells (3x10°) were plated
and incubated overnight at 37°C. Cells were treated with 1X and 2X the ICso concentration
for 12, 24 and 48 hours. Cells were harvested at the indicated time points by trypsinisation
and centrifuged at 200X g for 5 minutes. The pellet was resuspended in 2 ml of media and
cells were counted with a Telaval 31 microscope using a haemacytometer. Cells were fixed in
8 ml of ice-cold 100 % (v/v) ethanol (EtOH) and stored at -20°C for a minimum of 24 hour to
a maximum of 2 weeks. The cells were pelleted by centrifugation at 200X g for 5 minutes.
The pellet was washed in 1 ml 1xPBS and samples were centrifuged at 200X g for 5 minutes.
The pellet was resuspended in 1 ml 1xPBS and an amount equivalent to the overall lowest
cell count was aliquoted into an eppendorf vial for each sample. Samples were centrifuged at
200X g for 5 minutes and the supernatant was discarded. For every 1x10° cells, 200 pl of
PBS containing 50 pg/ml of RNAse A (# 84524822, Boehringer Mannheim, Germany) was
added. Samples were incubated at 37°C for 15 minutes. For every 1x10° cells, 1 ml of PI (#
P4170, Sigma, USA) staining solution was added to the PBS + RNAse solution, 20 minutes
before FACS analysis. Samples were analysed on a Facs calibur (Germany) using the cell

Quest Pro. programme and data was exported and analysed using ModFit software.
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2.7 Thioredoxin reductase activity

Previous studies have shown that gold compounds inhibit Thioredoxin reductase activity in
various cell types (See discussion and Figure in Chapter 1, Figure 11).1112L12 16 establish if
the novel gold (I) compounds had the same mode of action, experiments were conducted to
determine the effects of these compounds on the Thioredoxin Reductase system in
oesophageal cancer cells. Auranofin, which has been shown to inhibit the activity of
Thioredoxin Reductase in both the mitochondria and the cytoplasm, was used as a positive

control. ™
2.7.1 Extracting total Thioredoxin reductase (TrxR) protein

This procedure was carried out essentially as described by Cox et al. (2008), with a few
modifications. WHCO1 cells (1x10°) were plated in 100 mm plates and incubated overnight
at 37°C. Cells were treated with 5 pM of compounds 93 and 95, 6 uM of compound 94 and 1
uM of auranofin (# EI-206-0/00, Enzo life sciences), for 30 minutes. Cells were then
detached in trypsin, which was neutralised with medium. Cells were harvested and
centrifuged at 200X g for 5 minutes. Samples were washed with lysis buffer and pelleted.
The pellet was resuspended in 200 ul of lysis buffer suplemented with 1 % (w/v) CHAPS (#
220201, CalBioChem, Canada) and 1X complete protease inhibitor (# 11697498001, Roche,
Germany). Samples were then centrifuged at 10000X g at, 4°C, for 10 minutes. The

supernatant was transferred into a clean eppendorf vial.
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2.7.2 Fractionation assay

This assay was conducted as described in Cox et al. (2008) with a few modifications.
Because Thioredoxin Reductase is found both in the mitochondria and cytoplasm, a
fractionation assay was conducted to separate mitochondrial and cytoplasmic extracts.
WHCO1 cells (12x10°) were plated on 145 mm plates and incubated overnight at 37°C. The
cells were treated with auranofin, compound 93, compound 94 and compound 95 as above,
for 30 minutes. Cells were detached in trypsin, which was neutralised with DMEM. Cells
were then harvested and centrifuged at 200X g for 5 minutes. The pellet was resuspended in
1xPBS and centrifuged at 600X g, 4°C for 5 minutes. The supernatant was removed and the
pellet was frozen at -80°C for 10 minutes, to weaken the cell membrane. The pellet was then
thawed and resuspended in mitochondrial isolation buffer supplemented with 150 pg/ml of
digitonin (# D141, Sigma, USA) and 1X complete protease inhibitor. Samples were
incubated on ice for 10 minutes and then sonicated for 1 minute to ensure complete cell lysis.
Samples were centrifuged at 1000X g, 4°C for 10 minutes to remove whole cells, nuclei and
debris. The supernatant was transferred into a clean pre-chilled eppendorf and centrifuged at
12000X g for 20 minutes. The supernatant (cytosolic fraction) was transferred into a clean
eppendorf and the pellet (mitochondrial fraction) was resuspended in 200 pl of mitochondrial

isolation buffer containing 2 % (w/v) CHAPS and 1X Protease inhibitor.

2.7.3 Thioredoxin reductase activity assay

In the presence of Thioredoxin Reductase (TrxR), 5,5’-dithiobis(2-nitrobenzoic) acid
(DTNB) is reduced to 5-thio-2-nitrobenzoic acid (TNB); in an NADPH dependent
reaction.!!! Using this principle, endogenous Thioredoxin Reductase activity was determined.
The NADPH (# N6505, Sigma, USA) was dissolved in Phosphate EDTA (PE) buffer and the

DTNB (# D8130, Sigma, USA) was dissolved in DMSO. The experiment was conducted in
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duplicate. Protein sample (60 pg) from either the total TrxR extraction or fractionation assay
was mixed with 180 pl of 0.24 mM NADPH and 6 pl of 5 mM DTNB. The change in
absorbance (at 5, 10, 20 and 60 minutes after the first reading) was measured at 405 nm on
~ the BioTek EL800 microplate reader using Gen5 software, and data was analysed using

Microsoft excel.

2.8 Protein quantification

The Bicinchoninic Acid (BCA) assay is a commonly used assay in protein quantitation. In
principle, the presence of protein results in the reduction of Cu*? to Cu", which further reacts
with the BCA to give off an intense purple colour that can be measured at 562 — 595 nm
wavelength. '2>'** The colour intensity is dependent on the amount of protein that is present
and the incubation time. The BCA assay kit (# 23225, Pierce, Rockford, USA) was used to
quantify the protein samples and a 2 mg/ml bovine serum albumin (BSA) stock was used to
generate a dilution series of BSA standards (2 mg/ml, 1.5 mg/ml, 1 mg/ml, 0.75 mg/ml, 0.5
mg/ml, 0.2 mg/ml and 0.1 mg/ml), which were used to determine the protein concentration
for unknown samples. The absorbance was measured at 595 nm on the BioTek EL800

microplate reader using GenS5 software.
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2.9 Western blot analysis

2.9.1 Antibodies

Primary antibodies were purchased from Santa Cruz Biotechnology, Cell signaling (USA)

and Sigma and all primary antibodies and incubation conditions that were used are shown in

Table 2.4. The donkey anti-goat secondary antibody (# SC2020, Santa Cruz Biotechnology,

USA), goat anti- rabbit (# 170-6515, BioRad, USA) and goat anti-mouse (# 170-6516,

BioRad) HRP-conjugated secondary antibodies were used at dilutions of 1:4000 in 2.5 %

(v/v) milk, 1:5000 in 5 % (v/v) milk and 1:1000 in TBS-Tween, respectively.

Table 2.4: Primary antibody conditions used for Western blot analysis. Interleukin 8
receptor beta (CXCR2p), Insulin-like growth factor -1 receptor beta (IGF1Rp), Poly ADP-
ribose polymerase 1/2 (PARP), Peroxiredoxin (PRX), phospho-histone 2AX (yYH2AX).

Antibody (Ab) Catalog no. Company Dilution Diluent Type
B-tubulin (h-235) |  SC9140 Biiat:::ahx(x:orll:)zgy 1:1000 TBS-Tween | Polyclonal
CXCR2B (s-16) | SC22661 Bisoat;‘zahgl‘;zgy 1:2000 TBS-Tween | Polyclonal
IGFIRB (c-20) sc713 | if;:m"l‘;zgy 1:1000 5% Milk Polyclonal
PARP (h-250) SC7150 Biiat:zah&ggy 1:1000 5 % Milk Polyclonal
PRX1 SAB2101877 Sigma 1:1000 2 % Milk Polyclonal
PRX2 SAB2101878 Sigma 1:1000 2 % Milk Polyclonal
PRX3 AV52341 Sigma 1:2000 2 % Milk Polyclonal
yH2AX (s-139) 25778 Cell signaling |\ 1,900 | TBS-Tween | Monoclonal
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2.9.2 Protein extraction
| 2.9.2.1 Protein extraction for PARP and YH2AX detection

WHCOT1 cells (1x10°) were plated in 60 mm plates and incubated at 37°C overnight. Cells
were treated with compounds 93, 94 and 95 at 1X or 2X the ICsy concentration, for 12, 24
and 48 hours. Doxorubicin (5 pM) was used as a positive control. Proteins were extracted in
60 ul radioimmunoprecipitation assay (RIPA) buffer (recipe is in the appendix) supplemented
with 1X complete protease inhibitor cocktail and 1 mM Na3;VO, phosphatase inhibitor (#
S6008, Sigma, USA). Cells were scraped off the dish using a cell scraper and the lysate was
sonicated for 10 seconds. The cell lysate was centrifuged at 11000X g for 12 minutes at 4°C
to remove cell debris and the supernatant was transferred into a clean eppendorf vial. The
protein concentration was determined using the BCA kit and protein samples were stored at -

80°C.
2.9.2.2 Protein extraction for IGF1R and CXCR2 detection

WHCOL1 cells, WHCO1 IGF1R shRNA knockdown cells, WHCO!1 Ctrl shRNA cells, and
WHCO1 CXCR2 shRNA knockdown cells were cultured in 100 mm plates to about 80 %
confluency. Proteins were extracted in 200 pl of RIPA supplemented with 1X complete
protease inhibitor cocktail and 1 mM Na3;VO, phosphatase inhibitor. Protein samples were

then processed as described above (2.8.2.1).
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2.9.3 Sodium dodecyl-sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

Protein sample (5 pg) was added to 5X Laemmli buffer for the detection of PARP and
yH2AX, while 20 pg of protein was used for the detection of IGFIR and CXCR2. Samples
were denatured at 95°C for 5 minutes prior to loading. Protein samples were electrophoresed
through a 4 % stacking gel and 10 % resolving gel. The voltage was set at 180 V and samples

were electrophoresed for 1 hour.

2.9.4 Immunoblotting

Proteins were transferred onto a Hybond™-ECL™ nitrocellulose membrane (Amersham Life
sciences, UK) at 4°C for 1 hour at 100 V. The transfer tank was kept on ice to maintain a cool

environment.

Membranes were blocked in 5 % (w/v) fat free powder milk (dissolved in TBS-Tween) for 1
hour at room temperature on a shaker. The primary antibody was added and incubated

overnight at 4°C on a shaker.

Membranes were subjected to three 10 minute washes with TBS-Tween at room temperature
on a shaker to remove unbound antibody. The secondary antibody was added and incubated
for 1 hour at room temperature on a shaker. The 10 minute wash steps were repeated before

detection.
2.9.5 Immunodetection

Super signal detection reagent (# 34080, Pierce, USA) was used to detect protein and in
instances where the protein signal was too low, LumiGlo Reserve (# 54-71-00, KPL Inc,
USA), which is a much more sensitive detection reagent was used, according to the

manufacturers instructions. X-ray film was exposed to membrane with chemiluminescent
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substrate for varying exposure times. The X-ray film was developed until bands were clearly

visible before being fixed.
2.9.6 Stripping the nitrocellulose membrane

Because most of the primary antibodies used were produced in the same animal model,
membranes were stripped using beta-mercaptoethanol stripping buffer. Unlike glycine
stripping buffer which removes the secondary antibody only, beta-mercaptoethanol stripping
buffer removes both primary and secondary antibodies.'” Membranes were incubated with
beta-mercaptoethanol stripping buffer (pre-heated to approximately 40°C) for 15 minutes at
room temperature. Membranes were rinsed briefly in TBS-Tween and blocked with 5 %
(w/v) fat free milk for 30 minutes at room temperature on a shaker. Membranes were then

processed as previously described.
2.9.7 Peroxiredoxin (Prx) Western blotting

Prx is a ROS scavenger and a downstream target of Thioredoxin Reductase. Prx exists in 6
different forms of which Prx1 and 2 are specific to the cytoplasm and Prx3 is specific to the
mitochondria. '2%!'¥ To determine the downstream effects of TrxR inhibition, Prx1, 2 and 3
protein levels were detected using non-reducing Western blot conditions, which are suitable
for detecting both the oxidised and reduced forms of the Prx proteins. WHCOI cells (2x10°)
were plated in 60 mm plates and incubated overnight at 37°C. Cells were treated with 1 uM,
3 uM and 6 pM auranofin in DMEM for 30 minutes, 2 and 4 hours. DMEM was removed
from the cells and 100 ul of NEM (# 04259, Sigma, USA) buffer supplemented with 10
ug/ml Catalase (# C1345, Sigma, USA) and 1X Protease inhibitor was added to the cells.
Plates were incubated at room temperature for 15 minutes. 100 ul of 2 % (w/v) CHAPS was

added to the plate containing NEM buffer and cells were scraped off the plates using a cell
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scraper. To ensure efficient cell lysis, samples were further homogenised by pippeting up and
down several times. Protein samples were quantified as described above and 20 pg of protein
was combined with beta-mercaptoethanol-free loading dye and electrophoresed on a 12 %
SDS-PAGE gel. Proteins were transferred to a nitrocellulose membrane and blots were

processed as described previously.

2.10 ROS assay

Elevated levels of ROS are indicative of cellular stress that may potentially lead to the
inhibition of the cell cycle or induction of apoptosis (amongst other responses).'?® The
Thioredoxin reductase system is one of the major pathways involved in regulating ROS and
effectively inhibiting the Thioredoxin reductase pathway will lead to an increase in ROS
levels. To determine the effects of compounds 93, 94 and 95 on ROS levels, a ROS assay was
established, where Doxorubicin (# D1515, Sigma, USA) was used as a positive control. 128
WHCOI cells (1x10%) were plated per well in 6 well plates and incubated overnight at 37°C.
Medium was removed from the plates and the cells were washed with warm Kreb’s Ringer
(KR) buffer. Cells were incubated with 50 pg/ml DCFDA (# D6883, Sigma, USA) at 37°C
for 30 minutes. Cells were treated for 30 minutes with 1X or 2X the ICs concentration, the
drug was added directly to the DCFDA and KR buffer solution. Cells were harvested by
trypsinisation in 1 ml of trypsin which was neutralised with 200 pl of FCS. Wells were
washed with 1 ml KR buffer and pooled with trypsinised cells. Cell extracts were centrifuged
at 200X g for 5 minutes and the pellet was resuspended in 500 pl of KR buffer. 100 pl of
sample was aliquoted into white (opaque) 96 well plates in triplicate. Fluorescence was read

on a Cary Eclipse fluorescence plate reader at an excitation wavelength of 484 nm and
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emission of 530 nm. The remaining 200 pl was used for protein quantitation. Data was

normalised using the protein concentration.

Because reproducibility was a problem with the above protocol, a second protocol was

developed.

WHCOL cells (2x10*) were plated in tissue culture white 96 well plates. The cells were
incubated overnight at 37°C. Medium was removed from the cells and cells were washed in
warm KR buffer. Cells were incubated with 50 pg/ml DCFDA for 30 minutes at 37°C. Cells
were then treated with 1X or 2X the ICso concentration for 30 minutes. Wells were washed
twice with KR buffer and 100 pl of KR buffer was added to each well and plates were read
on a Cary Eclipse fluorescence plate reader at an excitation wavelength of 484 nm and
emission wavelength of 530 nm using the Advanced reads programme. Data was processed

on Graphpad prism.

2.11 ROS Scavenger assay

To try and evaluate the effect of ROS levels on cell survival upon treatment with compounds
93, 94 and 95, a ROS assay was conducted was conducted in the absence and presence of
selected ROS scavengers. The crystal violet stain was used in this assay. The amount of dye
that is taken up by the cells can be measured using a 96 well plate reader, upon addition of

the solubilisation solution.

WHCOI cells (5x10%) were plated per well in 96 well plates and incubated overnight at 37°C.
The experiment was done in triplicate. Medium was removed from the wells and the cells
were treated with increasing concentrations (0.5, 3 and 5 mM) of NAC in 90 ul DMEM for 1

hour. 10 pl of 10X drug stock was added per well and incubated for 24 hours at 37°C.
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Adherent cell were fixed in 100 pl methanol per well for 10 minutes and stained with 40 pl of
crystal violet stain for 20 minutes. Cells were washed by immersing plates repeatedly in a
basin containing tap water to reduce background. 100 pl of solubilisation solution (50 % (v/v)
acetic acid) was added to each well. After contents had been allowed to dissolve completely,
the plates were read at 595 nm on the BioTek EL800 microplate reader using GenS5 software.

Readings were exported as an Excel file and the data was analysed using Graphpad prism.

2.12 Statistical analysis

To evaluate the difference between treated and control samples, the t-test, one-way ANOVA
(Dunnett) test as well as the Two-way ANOVA (Bonferroni) posttest, were conducted on

Graphpad prism. The level of significance was set at p< 0.05.
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Results Section
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Chapter 3

Screening novel compounds for cancer cell growth inhibitory properties

3.1 Introduction

In total 13 compounds consisting of 5 ligands, 5 platinum compounds and 3 gold (I)
compounds were synthesised for this project, however the experiments to follow, were
conducted on twelve compounds. Only re-crystalised and pure compounds were used in the

assays described below.

Cisplatin, 5-fluorouracil and doxorubicin, are chemotherapeutic agents that are currently used
in the treatment of a variety of cancers including oesophageal cancer.'?'*° Because of the
several side effects associated with the use of these drugs, there is an urgent need to develop
novel chemotherapeutic agents, that are less toxic to normal cells, more specific to tumour
cells and that induce their cytotoxic effects via mechanisms that are different from those of

known chemotherapeutic agents.

One of the objectives for this project was to determine the cytotoxic activity of the novel
compounds previously synthesised in our laboratory (as described in Chapter 2.11) against a
wide panel of oesophageal cancer cell lines, as well as some cervical and breast cancer cell
lines, compared to normal fibroblasts. The effects of these compounds on cell function were
determined using the MTT assay which is a standard assay used in the drug screening process
during drug discovery, to assess cell proliferation and cytotoxicity.**!3~1** Other techniques
such as flow cytometry for cell cycle analysis, as well as macroscopic observation of cell
morphology by phase contrast microscopy and an evaluation of cell migration, using a

scratch / wound assay, were also used during the drug screening process. There are several
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studies that have highlighted the importance of developing novel chemotherapeutic agents
targeted at inhibiting uncontrolled cell proliferation, angiogenesis, invasion, as well as drugs
with an ability to promote apoptosis and reverse loss of cell differentiation.®®"*>!*¢ Thus by
conducting cell cycle analysis, cell morphology and cell migration assays we were able to
determine the effects of the novel compounds on uncontrolled cell replication, cell
differentiation and invasion, respectively, all of which are important markers of

tumourigenicity.

3.2 Effects of compounds on cell viability

The indicated cells were treated with different concentrations of the compounds as indicated
in Section 2.3.1 for 48 hours, and cell viability was determined. The results for the MTT
assays (some typical results shown in Figure 3.1) were used to calculate ICso values for the
various compounds in the cells tested. Compounds with ICso values above 100 uM were
considered inactive, and these ICso values as well as those where the ICso could not be
determined are reported as undefined (UD) in the tables. Although compounds with an ICso
value less than 100 pM were considered active, this did not mean that their level of activity
and selectivity were the same. For instance, compounds with ICso values of 10 uM or less
were considered to be more active than those with ICso values of 15 uM and above.
Suggesting that if an ICso value of 2 pM was obtained for cell line (a) after treatment with
compound (x) and an ICso value of 10 pM was obtained in cell line (b), for the same
compound. This meant that compound (x) was more active in cell line (a) when compared to
(b) and thus more selective in cell line (b), suggesting that 10 uM of compound (x) would be

toxic to cell line (a). Thus the results were interpreted with these considerations.
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The platinum compounds were first tested on a panel of oesophageal cancer cell lines (Table
3.1) and of the five platinum compounds tested, compound 84 showed the most activity
against cancer cells, with an ICsp value of 2 pM for the WHCOI cell line and 4 pM for the
KYSEA450 cell line. The rest of the compounds (85 to 88) showed little or no activity against

the oesophageal cancer cell lines.

The activity of these compounds was also tested on other cell lines which included two
cervical cancer cell lines and two normal fibroblast cell cultures (Table 3.2). Compounds 85
to 88 showed similar activity to that observed in the oesophageal cancer cell lines. Compound

84 showed slight selectivity in the FGo cells.

43



(A)

(€)

(E)

84 -HeLacells 84-WHCO1 cells

E 1 E 1,
120 6.0

& B%CI 54067 g s 82
£ R
- (8) ;
E » | ]
< 3 2 4 0 1 2 3 3 2 4 & 3 2 3

LOG [DRUG] pM LOG [DRUG] M

84 - FG® celis 85 -WHCO1 celis

ICse 1.3 M
%Gl 950135

,—Q—-l_'.\\ 1C 3¢ 616.2
95% Cl 1.8997¢-005
to0 1.9988e+010

(D)

§ § § §

Absorbance (698} nm

Absorbances (696) nm
&

o % % ¢ 1 1 3 4 2 4 0 1 2 3
LOG [DRUG]) i LOG [DRUG] M
86-WHCO1 celis 83 -WHCO1 cells

(595) nm

4200~
] 1Cse (-
- 1Cse 63.9 M wef o & " a" of %0 0
9 %Cl 203102013 §
(1
F ¥ o
%001

3 2 4 0 1 2 9 + 2 4 0 1 2 3
LOG [DRUG] M LOG [DRUG] M

§ 8858

Absarbance (698) nm

Figure 3.1: MTT results obtained after treating cells with platinum compounds. The
above MTT results are a general representation of the observations made after treating
various cell lines with platinum compounds. The data points represent the mean of the
triplicate and the error bars represent the SEM. Cells were plated in 96 well plates and
cultured for 24 hours. Thereafter 10 pl of medium containing various concentrations of
compounds were added to the wells and incubated for 48 hours. The final DMSO
concentration in all the wells was 0.2 %. After 48 hours, MTT reagent was added and
incubated for 4 hour, followed by solubilisation reagent. After 16 hours, the absorbance of
the plates was determined at 595 nm and the ICso values were calculated as described in
materials and methods. ICso values that were less than 100 pM as represented by A, B, C and
E were considered active, and those that were above 100 pM (D) or in instances where a
graph could not be obtained (F) were considered inactive and are presented as undefined
(UD) on the results tables.
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Table 3.1
Testing the effects of platinum compounds on cell yiability
Five platimum compounds were tested for their effects on cell vighilily by conducting MTT
assavs on five ocsophageal cancer cell lines, Diug 84 was not tested on the cell lincs
indicated by a dash {-). 1Css valucs that werc above 100 pM or m instances where a graph
could not be obtained the results are expresscd as undefined (UD). This result tepresents a
single cxperiment done in triplicale and data snalysis was done on graphpad.

PLATINUM
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84
85

.gﬁ..

87
88

Table 3.2
Testing the effects of platinum compounds on cell viability
Five platinum compounds were tested for their effects on cell viability by conducting MTT
assays on cervical cancer cell lines and normal fibroblast cultures, Drug 84 was not tested on
the cell hne indicated by a dash {-). ICsp vitlucs thal were above 100 pM or in instances
where a graph could not be ebtained the results are expressed as undetmed (UD). Thas result
represents a single experiment done in triplicate and data analysis was done on graphpad.
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In addition to plalinum derivatives., non-platinum bascd compounds such as ruthenium,

titanium, iron. cobalt and gold complexes have also been shown to possess anticancer

activity P8 The synthesis of non-platinum based compounds could be advantageous
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for cancer therapy because other metal-based compounds may show reduced side-effects, and
yet still display significant anticancer activity. Consequently, the PhD student in our
laboratory had ligated all the ligands to Chlorotetrahydrothiophen [Au(tht)Cl] as shown in the
materials and methods (section 2.11), but only compounds 93 and 94 were soluble
(representing ligands 63 and 64) and could be tested further. In addition, compound 95 was
synthesised by reacting Au(tht)Cl with triphenylphosphine. All three compounds were then
tested for anticancer activity. The general overview of the MTT results obtained after

treating cells with gold (I) compounds are presented in Figure 3.2.

The presence of a gold metal atom instead of a platinum metal generally appeared to enhance
the activity of the compounds. ICso values of 12 to 16 pM were obtained in the KYSE410
and KYSE450 cell lines (Table 3.3) which showed little or no sensitivity to the platinum
compounds (Table 3.1). The gold (I) compounds showed the most activity in the WHCOI
and KYSE150 cell lines and the least activity in the KYSE70 cell line (Table 3.3). To
determine if the gold compounds were active in other cancer types, MTT assays were
conducted on cervical and breast cancer cell lines as well as on normal fibroblast cell cultures

(Table 3.4).
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Figure 3.2: MTT results obtained after treating cells with gold (I) compounds. The data
points represent the mean of the triplicate and the error bars represent the SEM. Cells were
plated in 96 well plates and cultured for 24 hours. Thereafter 10 pl of medium containing
various concentrations of compounds were added to the wells and incubated for 48 hours.
The final DMSO concentration in all the wells was 0.2 %. After 48 hours, MTT reagent was
added and incubated for 4 hour, followed by solubilisation reagent. After 16 hours, the
absorbance of the plates was determined at 595 nm and the ICso values were calculated as
described in materials and methods. The gold compounds were observed to be generally
active across all cell lines tested.
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Table 3.3

Testing the effects of gold (T) compounds on cell viability

Three pold compounds were tested for their effects on cell viability by conducting MTT
assays on oesophageal cancer cell lines. The 95 % cenfidence interval (CI) could not be
obtained in the samples designated by a dash (-).This result represents a single experiment
done in mplicate und data analysis was done on graphpad.
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Table 3.4

Testing the effects of gold {I) compounds on cell viability

Three gold compounds were tested lor their cllcets on ecll viability by conducting MTT
assays on three cervical cancer cell lines, two breast cuncet and lwo normal fibroblast
cultures. This result represents a single experiment dong in triplicate and data analysis was

done on graphpad.
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The gold (I) chloride compounds were effective against all the cancer cell lines tested but
were similarly active in killing normal cells (Table 3.4). The CaSki cell line which showed
the least sensilivity lo treaiment with platinm compounds was one of the most tesponsive
cell lines 1o the treatment with gold (1) compounds, The nen-scleclivily of the sold (T)
compounds agamst the cancor cells compared to normal fibroblasts is disappoinimmg, but
consistent with the response of WIICOI1, FGo and DMB cells to treatment with known
chemotherapeutic agents (Table 3.5). Although the novel compounds show no sclectiviry. it

may be beneficial to further explore these findings on animal modsls.

Table 3.5

Testing the effects of known chemotherapenutic drugs on cell viability
Three known chemotherapeutic agenls werc lested for their cilcels on cell viability by

conducting MTT assays on the oesophageal cancer cell lme, WHCO1 and two normal
fibroblasts FGg and DMB cultures. The 95 % confidence interval (CI) could not be obtained
in the samples designated by a dash {-). To show reproducibility the results obtained from the
first experiment and the repeat experiments are presented on Uhis (able. Data analysis was

done on graphpad.
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Although highly active in killing cancer cells, doxorubicin appeared to be more effective in
killing the DMB cells, but showed little activity against the FGo cells. Similar to the novel

gold (I) compounds, 5-fluorouracil showed no selectivity in killing normal and cancer cells.

In order to evaluate how the presence of the metal atom contributes to drug activity, MTT
assays were conducted on the uncomplexed ligands (compounds 60 — 64). The ligand for
compound 85 was excluded because it was insoluble in the medium. The general overview of
the MTT results obtained after treating cells with ligands is presented on Figure 3.3. Ligands
with ICso values similar to the ones observed in A and C were considered inactive because
the ICso values did not correspond to the observations made on the graph and in same cases
the 95 % confidence interval (CI) could not be obtained (Figure 3.3). However ligands with

ICso values similar to the ones shown in B and D were considered active.
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Figure 3.3: MTIT results obtained after treating cells with ligands. The data points
represent the mean of the triplicate and the error bars represent the SEM. Cells were plated in
96 well plates and cultured for 24 hours. Thereafter 10 pl of medium containing various
concentrations of compounds were added to the wells and incubated for 48 hours. The final
DMSO concentration in all the wells was 0.2 %. After 48 hours, MTT reagent was added and
incubated for 4 hour, followed by solubilisation reagent. After 16 hours, the absorbance of
the plates was determined at 595 nm and the ICso values were calculated as described in

materials and methods.

Generally the ligands appeared to be slightly more active on their own than when complexed
toa platinum metal atom (Table 3.6), particularly in the WHCO1, WHCOS and KYSE150

cell lines. However, ligand 60 which showed the most activity when complexed to a platinum

metal (compound 84) showed the least activity in the absence of the platinum metal atom.

The ligands appeared to be less active on their own compared to when they were complexed
to a gold metal atom, suggesting that the presence of a gold metal instead of a platinum metal
enhanced their activity. Similar observations were made when the ligands were tested on the

cervical cancer cell lines and normal fibroblast cells (Figure 3.7).
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Table 3.6

Testing the effects of ligands on cell viability

Four ligands were tested for their effects on cell viability by conducting MTT assays on
oesophageal cancer cell lines, 1Css values that showed ambiguity as seen on Table 3.3 or
those that were above 100 pM are expressed as undefined {UD). This result represents a
single experiment done in triplicate and data analysis was done on graphpad.
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The MTT assays were only carried out once for the platinum compounds but because the
cxperiment was conducted on a wide range of cell lines and the results obtained were
consistent across all the different cell lincs, it was safc to conclude that the platinum
compounds were inactive. The gold compounds showed significant amounts of activity and
the ligands displaycd varving activity ranging from being slightly active to showing no
aclivity, Furthermore the activity displayed by the gold compounds seemed to be ligand
independent as compound 95, which lacked the ligand backbone, was obscrved to have

similar activity to comnpounds 93 and 94.
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Tahle 3.7

Testing the effects of ligands on cell viability

Four ligands were tested for their effects on cell viability by conducting MTT assays on
cervical cancer cell lines and normal fibroblast cultures. 1Cso values that showed ambiguity as
mdicated on Table 3.3 or those that were above 100 uM are expressed as undetined (UD).
This result represents a single experiment done in triplicate and data analysis was done on
graphpad.
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To confirm the activity observed for the gold compounds and the ligands, MTT assays were
repeated on the three gold compounds and on lLigands 63 and 64, which are specific to
compound 93 and 94, respectively. Even though the compounds do not show selectivity in
killing cancer cells, it is still important to characterise compounds that may have a maode of
action dilferent [rom that of cisplatin and other compounds thal have been associated with
multiple side etfects, For thiz reason further experiments were conducted on the gold {I)
chloride compounds, which showed the most activity, against a broad range of cells. The
experiments that follow were conducted using concentrations ohtained afier averaging s
values from the first and second experiments conducted on the gold (1) compounds, where the
mean value for compound 93 was 5 uM, compound 94 was 6 uM and 5 pM was obtained {or

cornpound 95,
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3.3 The eftects of gold (1) chloride compounids on cell morphology

From the previous MTT assays it was cstablished that the gold compounds affect cell
viahility. Tt was thus interesting to determine whether the effects were associated with any
obvious morphological changes. WIICO1 celfs were treated with the indicated compounds at
12 and 2X the JCsy concentrations {mean of 1Cse valucs obtained from two independent
MTT expetiments) for 12, 24 and 48 hours and the cell morphology was observed at each
lime poini (Figure 3.4). DMSC treated cells were used as a negative control and doxorubicin

{dox} treated cells were used as a positive controf {Cirl).
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Figure 3.4: Effects of compounds on cell
morphology. WHCOT cells were treated
with 1X and 2 X the ICsa concentrations of
compounds 93, 94 and 95 for 12, 24 and 48
hours, and the cell morphology was obscrved
under the phase contrast microscope. The
contrals are shown in the top panel for all
three time points, where DMSO treated cells
(left) were used as a negative control and
doxorubicin treated eells {right) were used as
a posiive conwol, The bottom  panels
represents cells treated with 1X and 2X the
1Csa concentration for compounds 93, 94 and
95, al each timc point. The black arrows
indicate  obscrved morphological changes.
This result is representative of 3 independent
experitnents. The picures wore taken at
1296x972 resolutions.



After 12 hours of treatment the cells treated with doxorubicin appeared more rounded when
compared to DMSO treated cells, similar observations were made for the cells treated with
compounds 93, 94 and 95 at 1X and 2X the ICso concentration. In addition to this a decrease
in cell number was observed for the cells treated with the indicated compounds when
compared to DMSO treated cells (consistent with the MTT results). Cell clumping was
observed for the positive control and the cells treated with 10 pM (2X the ICso concentration)
of compound 95 at 24 hours. A decrease in cell number was observed for all gold (I) treated
cells accept for the cells treated with 1X the ICso concentration (6 pM) of compound 94.
Similar to the earlier time points a decrease in cell number was observed for the higher

concentrations for all gold (I) compounds and the positive control at 48 hours.

In conclusion, treating cells with compounds 93, 94 and 95 led to a decrease in cell number,
particularly in the cells treated with the higher concentrations, when compared to DMSO

treated cells, for all time points.

3.4 Time course of effects of compounds on cell viability

One of the hallmarks of cancer as reviewed by Hanahan et al. (2000) is the ability of cancer
cells to evade anti-growth signals and to provide their own growth signals.®? This
uncontrolled growth of cancer cells is also associated with the invasion of the basement
membrane and the spread of the cancer to other tissues via the lymph and blood. Therefore

the ability to limit cell proliferation is essential in preventing tumour growth.

Since in the previous section we had shown that the gold (I) compounds were capable of
reducing cell number, here we wanted to determine the time course of the effect of these

compounds. MTT assays were conducted and the effects of compounds on cell proliferation
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were monitored over g period of five days. Compounds 93, 94 and 95 appcared to mmhibit cell
growth in a time and dosc dependent manncr {Figure 3.5). Ccll growth inhibition was
observed 24 hours after treating cells with compounds 93 (10 M) and 94 (12 pM) and this
inhibition was maintained for more than 72 hours, Compound 95 (10 uM) appcarcd to have

noticeable ellect on cell growth inhibition 72 hours after treaument.
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Figure 3.5: Cell growth assay. WHCO1 cells were treated with 0.5, 1X and 2X the ICsy
concentration as deseribed in the materials and methods before adding MTT and solubilising
reagent. These results represent 3 imdependent experiments conducted in triplicate and the
error bars denole the standard deviation (SD).
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As it has been mentioned previously, the cell cycle plays an important role in regulating cell
growth and part of the screening process during drug discovery involves looking at the effects
of novel compounds on cell proliferation. Thus the observations made from the growth assays

directed us to investigate the effect of these compounds on the cell cycle.

3.5 KEffects of gold (I) chloride compounds on the cell cycle profile

The cell cycle, which is the core machinery for regulating cell proliferation, exhibits
checkpoints that amongst other processes monitor DNA integrity, an essential step that
identifies DNA mutations and ensures accurate DNA duplication during synthesis.''® As
mentioned above, tumour cells have an ability to evade anti-growth signals and this is
commonly associated with defective cell cycle check points. To assess the effects of our
compounds on the cell cycle profile, WHCOL1 cells were treated with the various compounds
for 12, 24 and 48 hours and the cell cycle was monitored. During this experiment doxorubicin
was used as a positive control. An example of a typical cell cycle profile obtained after
treating WHCOI cells with the gold compounds is presented in Figure 3.6. However, all the
data obtained at each time point was transformed into histograms to facilitate analysis (Figure

3.7).

An increase in the S phase was observed 12 hours after treatment with all three compounds,
compared to the DMSO treated cells (Figure 3.7). The same observations were made at 24
and 48 hours, suggesting a time- and dose-dependent inhibition of the cell cycle. These
observations were supported by the statistical data shown in Table 3.8, where a student t-test
was used to determine the statistical significance of the S phase arrest for the different

treatments, by comparing DMSO treated cells to cells treated with compound.
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Figure 3.6: Cell cyele profile for gold (I) compounds. This data represents an overview of
the results obtained after treating WHCO!1 cells with gold (1) compounds. 3x10° WHCO1
cells were plated and incubated overnight at 37°C. The cells were trealed with 1X and 2X the
1Csy concentration for 12, 24 and 48 hours. Cells were harvested at the indicated time points
by trypsinisation and the sample were processed as described in materials and methods.
Samplcs were analysed on a Facs calibur using the cell Quest Pro. programme.

38



1100

100.0
80.0
12h ® 600
404
20
ap
I,H!‘M

(-

51.!'-“ 5;«:.1 muu ﬁuM lﬂu-H
lw62i 110 | 75 | 115 [ 127 | 96 | 120 | 128
'ms | 399 | 492 | 455 | 527 | 475 | 6.0 482
\we1| 491 | @32 429 | 346 | 429 | 320 | 332

1200

10060
0.0 4
24 h ¥ 600 4
00 |
00 |
ula & n—— gt - -

DOX a3 93

|

Iﬂm&ﬂ| Sub | 5pM  10pM | EpM ‘12pm| SuM | 10un

a. 73 |25 | 68 | 88 | @B | 73 | 64 | a5

ws [ 43 | 568 | 53.8 | 567 | 526 | 563 | 538 | s62

mG1| 514 ‘ 206 383 | 245 | 376 | 366 | 397 | 35.3
1200
1000 |
80,0
48h # 600
w00
200

Y pox | 93 | 93 | 94 | oa | 95 | 95

SuM | SpuM | 10pM | BpM | I2pM | SuM | 10pM
G2 47 | 200 66 101 | 67 | 8% | 62 | 62

®s | 242 | #4sa | 334 471 | 362 858 | 303 | 353
. 71| 17 | 600 | 428 | 571 | 457 | 635 | 587

Figure 3.7: Changes observed in the cell eycle profile after treating cells with the gold (I}
compounds, WIICO1 cells were treated with 1X and 2 X the ICsq concentrations for 12, 24
and 48 hours. Changes in the cell cyele were determined by flow cytometry. Mean vilues arc
shown on the lables below the graphs, These results arc represenlative of 3 mdependent
experiments conducted in triplicate, The error bars denote the SD.
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Table 3.8

Statistical analysis for cell cycle profile results

Statistical analysis was done on the percentage of cells in the 8 phase only, where DMSO
treated cells were compared to cells treated with doxorubicin and the gold (1) compounds for
12, 24 and 48 hours. These resnlts are representative of three independent experimenis
conducted in triplicate and the replicates for each treatment condition were used to calculate
the p-values using the studeni 1-lest (Results obtained from the other two experiments are
shown on Tables 5 and 6 in the appendix A). The mean and standard deviation (Stdev) for
each treatment point are also included in the table. # indicates significance p<0.05
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A significant inhibition (* p< (1,03} of the cell cycle at the § phase was observed 12 hours

after treatment with the gold (I} compounds, except in the cells treated with compound 93

(3uM) (Table 3.8) The data obtained at the 24 ind 48 hour time points was statistically

different from the DMSO treated cells (* p< 0.05), and this was consistent with the

observations made in Figure 3.7,
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3.6 Effects of the gold (I) compounds on cell migration

Since we had already monitored the effects of these compounds on cell viability and the cell
cycle profile, we also wanted to determine if these compounds had an effect on cell
migration, another important characteristic of tumorigenesis. WHCOI cells were treated with
compound as described in the materials and methods and the scratch width was measured at
0, 8 and 24 hours after treatment. The cells were treated with Mitomycin C (MM), an
inhibitor of cell proliferation, to ensure that the decrease in scratch width was due to
migrating cells and not proliferating cells. At time 0 (Figure 3.8, first panel from the left) it
was observed that the scratch widths were approximately the same size. 8 hour after
treatment, the scratch width had decreased by +40 % in the cells treated with DMSO,
Mitomycin C, compound 93 and compound 94, where as only a 20 % decrease was
observed in the cells treated with compound 95. At 24 hours, the scratch width for the DMSO
treated cells had come to almost a complete close and the MM treated cell remained more or
less in the same position as observed at 8 hours. A further 10 % decrease in the scratch width
was observed for the cells treated with compound 93, while a +5 % increase in the scratch
width was observed for compound 94 and a similar but opposite effect was observed for

compound 95.
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Figzure 3.8: Cell migration assay.
WHCO] cells were ireated with
DMS0O only or 10 pg/ml of
Mitomycin C (MM} along with
gither 5 pM of compound 93 or 95
and & pM of compound 94, {A) The
seratch width was measured at 0. 8
and 24 hours after treatment. (B)
The results were quantitated by
plotting nommalised data on the
graph. This result is representative



3.7 Discussion

Twelve compounds were synthesised in our laboratory and were tested for anticancer
activity. These compounds were grouped into four categories which are shown in the
schematic diagram below (Figure 3.9). From the cell viability assays, most of the platinum
complexes (85, 86, 87 and 88) were inactive against most of the cell lines tested, as well as
the fibroblast controls. However, compound 84 appeared to have activity against the cancer
cells but was slightly less active against normal fibroblast, suggesting that it would be useful
to carryout further investigations on this compound in the future. The gold complexes seemed
to be much more active than the platinum complexes and the free ligands, with the order of
activity being gold complexes, free ligands and then the platinum complexes, suggesting that
the presence of the gold metal atom may contribute to the activity of the complexes. These
findings are consistent with the reports in literature. Where cytotoxic and
immunoenhancement studies have been conducted on gold complexes and their ligands and it
was observed that the gold complexes were more active than their ligands which showed little
or no activity.”**'** A study which was conducted by Marzano et al. (2007) compared the
activity of two known chemotherapeutic agents, auranofin, a gold (I) compound and cisplatin,
which is a platinum (II) compound. In this study the two compounds were tested on a
cisplatin sensitive cell line (2008) and a cisplatin resistant cell line (C13*) and auranofin was
found to be highly effective, where ICg, values less than 1.5 uM were obtained for both cell
lines. An ICs value of 6.5 pM was obtained for cisplatin in the 2008 cell line and 114.8 uM
was obtained for the C13* cell line.'?? In addition, another study which compared the activity
of gold complexes to cisplatin as well as to Tin and Silver complexes, indicated that the gold

compounds were more active than cisplatin, and less active when compared to some tin



complexes; however they where found to share the same level of activity with the silver

complexes.”

All three gold complexes (93, 94 and 95) displayed similar high levels of activity against
most of the cell lines tested. This suggested that the chemical and the structural nature of the

ligand had very little impact on the activity of the gold complex.

Using WHCO1 cells as our model system, we were able to show that the gold (I) compounds
(compound 93, 94 and 95) inhibit cell proliferation in a time- and dose-dependent manner
(Figure 3.5). However, the gold (I) chloride compounds were found to be equally active
against normal cells, a quality indicative of a certain level of general toxicity. In an article by
El-sayyad et al. (2009), in vivo studies were conducted on cisplatin, doxorubicin and 5-
fluorouracil, where all three compounds were found to contribute to skeletal muscle and
adipose tissue depletion, suggesting that toxicity is a common thread amongst anticancer

therapeutic agents. '’

Although the gold complexes significantly blocked cell proliferation in a wide panel of cells,
they had no apparent effect on cell migration as measured in the wound healing assay.
However, compound 95 on the other hand, significantly reduced cell migration (Figure 3.8).
Although not shown in gold (I) compounds, there is evidence in the literature to suggest that

gold compounds (specifically gold (III) compounds) inhibit cell migration.**
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A dose dependent S phase arrest was observed 12, 24 and 48 hours after treatment for all
three gold (I) compounds, where an increase in the number of cells in the S phase correlated
with a decrease in the number of cells in G1 (Figure 3.7). A review article by M. D. Garrett
(2001), suggested that cell cycle arrest at the G1/S transition is caused by the presence of
double strand breaks (DSBs) in the DNA double helix and the cell cycle arrests at this point

! Normally, when DNA damage is

to prevent damaged cells from entering into S phase.
detected by the cell cycle checkpoints, the cell cycle arrests to allow the damaged DNA to be
repaired, and if the DNA can not be repaired then apoptosis is initiated. However reports in
the literature indicate that when DNA damage is detected at the S phase checkpoint the cell
cycle does not arrest but instead DNA replication is slowed down.'*! Based on this evidence
we may consider the possibility that treating cells with our compounds may cause DNA
damage that is detectable at the G1 checkpoint causing a Gl cell cycle arrest. This
speculation correlates with the observations made in Figure 3.7 at the 48h time point, where
less cells were observed in the S phase and an increase in cell number at G1, suggesting a G1

cell cycle arrest. Thus, to verify these speculations the presence of DNA damage should be

determined.

In summary, based on the observations made in the cell viability assays and the cell cycle
profile, compounds 93, 94 and 95 seem to possess cytostatic effects that are both time and

concentration dependent.

To further establish the anticancer properties for the gold (I) chloride complexes, experiments

to identify the molecular mechanism of action for these compounds, were conducted.
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Chapter 4

Effect of gold (I) complexes on selected biological processes

4.1 Introduction

In their review article, Lord and Ashworth (2010) indicated that understanding normal cell
function has been a vital tool in the attempt to dismantle the biological defects that lead to
tumour development.'*? Furthermore this has led to the identification of several mechanisms
that are used by chemotherapeutic agents to inhibit cell proliferation and induce cell

death 142,143

In the previous section, we had demonstrated that the novel gold (I) complexes (93, 94 and
95) display significant activity against a broad panel of oesophageal cancer cell lines, as well
as in the few breast and cervical cancer cell lines tested. Considering the substantial increase
in activity of the ligands observed subsequent to complexation with gold, and not platinum,
we designed a series of experiments to explore how the gold complexes prevented cancer cell

proliferation.

We determined the effect of the gold compounds on: DNA damage (using the phosphorylated
H2AX as a marker of DNA damage), induction of apoptosis (by monitoring the cleavage of
PARP as a marker of apoptosis), redox systems (by monitoring the thioredoxin reductase
system), and on ROS levels (by measuring ROS levels inside cells using a probe sensitive to

ROS levels).
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4.2 Determining the levels of phosphorylated H2ZAX alter treatment with gold (1)
chloride compounrds

In the literature, there is cvidence o suggest that some metal complexes block the growth of
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cancer cells, in parl by causing DNA  damage.
phosphorylaled H2AX (yH2ZAX). an indicator of DNA damage. was detected by Western blot

analysis. Doxorubicin and DMSO treated cells were used as positive and negative conlrois,

respectively.
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Figure 4.1: Betecting levels of phosphorylated HZAX afier irealment with gold (T)
compounds. vH2ZAX tevels were detected by Western blot analysis at 12 and 24 after treating
the ceils with 1X and 2 X the 1C<, concentrations. Doxorubicin (dox) and the DMSO treated
cells were used as posilive and negative contrals, respectively. This resull is representative of
three independent cxperiments.

From Figure 4.1, it appeared as though for the 12 hour time poinl, phospherylated H2AX
levels were only induced by compound 93 and 95 at 1O pM. However the [i-tubulin levels
indicated that there was uncven loading. But when comparing B-lubutin bevels in the DMSO

treated cetls to thal in the cells treated with compound 93 and 95 {10 uM), the DMSO treated
o9



cells were observed to have higher levels of p-tubulin. This observation suggested that the
intense bands which were observed for compounds 93 and 95 (10 pM), were a true
representation of the levels of phosphorylated H2AX, as low levels of YH2AX were detected
in the DMSQ treated cells. When comparing the p-tubulin levels of DMSOQ treated cells to
those of doxorubicin and compound 94 (6 pM), it was evident that the uneven loading may
have influenced the outcome of the observation made at these treatment points as low levels

of YH2AX seemed to correlate with low levels of f-tubulin and the opposite was true.

In contrast, treatment of cells with the gold (I) compounds for 24 hours resulted in a
noticeable increase in H2AX phosphorylation, particularly at the higher concentrations of the
compounds. A slight increase in YH2AX was observed for the cells treated with 5 uM of
compound 93 and 95 when compared to DMSO treated cells. The B-tubulin levels at this time
point seemed even in the cells treated with gold (I) compounds. However higher levels of f3-
tubulin were observed in the DMSO treated cells, but this did not seem influence the levels of

yH2AX.

In summary, the induction of phosphorylated H2AX levels after treatment with gold (I)
chloride compounds appeared to be time and concentration dependent. However, further

experimentation is required for reproducibility and to solidify the current data.
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4.3 Assessing levels of cleaved PARP after treatment with gold (I) chloride compounds

The data in Fig. 4.1 suggests that the gold (I) complexes do induce DNA damage within 24
hours of treatment. Under normal circumstances, if the damaged DNA can not be repaired,
the cells are forced into apoptosis.*’"'*! To determine if treatment with the gold (I)
compounds drives the cells to undergo programmed cell death, levels of cleaved PARP were
detected by Western blot analysis. PARP is a nuclear protein that is involved in DNA repair
and during apoptosis, PARP is cleaved by caspases 3, 104105,145,146 1y xorubicin treated cells
were used as a positive control and the DMSO treated cells were used as a negative control.
At the 12 hour treatment point, a faint band corresponding to cleaved PARP was only
detected in the positive control (Figure 4.2). Although the loading was uneven at the 12 hour
point based on the intensity of the tubulin bands, this same trend was observed 24 hours after
treatment. Cleaved PARP corresponds to 89 kDa, and not the strong band observed at
approximately 95 kDa in lane 2 at the 12 hour treatment point. At 24 hours, cleaved PARP
was detected at the higher concentrations of 93 and 95, with a very faint band observed for
compound 94. An increase in the levels of cleaved PARP were observed at 48 hour in all the
treated cells, except in the cells treated with10 pM of compound 93, where the cells could be
at a later stage of apoptosis. The results observed suggested that the compounds tested

induced apoptosis.
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Figure 4.2: PARP detection after treatment with gold (I} compounds. WHCOT cells were
treated as described in materials and methods. Doxorubicin {dox) and DMSO treated cells
were used as controls. Uncleaved PARP is 116 kida and cleaved PARP 15 89 kDa. This is

represertative of three mdependent experiments,

The process of apoptosis may be triggered through the activation of several pathways, which

include the mitochondrial pathway or v the activation of the death receptors (1 NFR).™

Caruso ef al. (2007) reported that the phosphine gold (I) compounds induce apoptosis,

primarily through targeting the milochondria of cells."”” However, other studies have

identificd auranofin, a gold (1) phosphine drug. as an inhibitor of Thioredoxin Reductasc

activity in both the mitochondria and the eytoplasm.
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4.4 Determining Thioredoxin Reductase (TrxR) activity in response to treatment with
novel gold (I) chloride compounds

The Thioredoxin Reductase system is one of the most important pathways used by cells to
regulate their redox status, and this process is NADPH dependent. As shown before (Figure
11), NADPH reduces Thioredoxin Reductase (TrxR), which in turn reduces Thioredoxin
(Trx), which then reduces Peroxiredoxin (Prx), which serves as the proximal ROS
scavenger.75’l47’m"5° Because compounds 93, 94 and 95 are gold (I) compounds, we thus
wanted to determine if, like auranofin, these compounds affect the Thioredoxin Reductase
system. Based on the experimental procedures published in most papers, the absorbance for
the TrxR assay is most commonly measured at 412 nm and with a few exceptions at 405
nm 12213813 4815L152 gince the option to measure absorbance at 412 nm was unavailable on
our plate reader, but 405 nm was, an assay was conducted to measure the absorbance
spectrum of the TrxR assay product across a broad range of wavelengths. No dramatic
change in the OD readings was observed between these two wavelengths when we compared
the effects of compound 94 on absorbance in the sample treated with compound 94 in the
presence and absence of NADPH (Figure 4.3). Therefore the 405 nm wavelength was used to

measure the absorbance for the TrxR activity assays.
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Figure 4.3: Absorbance veading optimisation experiment. Three test tubes were prepared
for the Thioredoxin Reductase assay as described in the materials and methods section. Tube
1 {back ling) had DMSO treated protein extract plus DTNB and NADPH, wbe 2 (blue line}
contained a protein extract treated with compound 94 plus DTNB, minus NADPH and tabe 3
{red line} protein extract was treated with compound 94 and contained DTNB and NADPH.
Each sample was aliquoted ieio & 0.5 pl cuvette and the change in absorbance at different
wavelengths was measured using the UV specirophotometer. The zreen vertical lines indicate
the 405 and 412 wavelength positions and the green horicontal lines mark the OD wvalues
observed at those wavelengths.

Auranofin was used as a positive control for the TrxR assay and before the experiment, an
MTT assay was conducted to determing the appropriate concentration of auranofin to be used
for the TrxR assay, An ICsp value of 3 pM was obtained (Figure 4.4) but, mn the lilerature
concentrations of less than 1 M were used when treating cells with auranofin,”>'* In our
preliminary experiment (Figure 4.5) both 1 pM and 3 pM concentrations were tested for their
effects on Thioredoxin Reductase inhibition and were found to have similar levels of
inhibition. Therefore the 1 M auranofin was used as the slandard realment conceniration for

the rest of the experimenis.
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Figure 4.4: 1C5¢ concentration for awranofin, An MTT assay was conducted on the
WHCOI cell line to determine the 1Cg; concentration tor auranofin. Cells were plated in 96
well plates and cullured for 24 hours. Thereafter 10 pl of medium containing varous
concentrations of compounds were added to the wells and incubated fur 48 hours. The linal
DMSO concentration in all the wells was 0.2 %. Atter 48 hours, MTT reagent was added and
incubated [or 4 hour, followed by solubilisation reagent. After 16 hours. the absorbance of
the plates was determined at 395 nm, Data analysis was done on graphpad prism and the data
is presented as the mean with error bars represent the SEM. This data is representative of two
independent experiments conducted in triplicate.
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Figure 4.5: Thioredoxin Reductase inhibition by aurancfin: The effects of auranofin on
Thioredoxin Reductlase activity were assessed. 60 pg of total lysate from untreated and
treated WHCO1 cells was assaved at the time points indicated, This result is representative of
two independent experiments done in duplicate. Mean values were plotied on the graph, The
OD values which were obtained from the first and second experiment are shown on Table 7
in the appendix A,

From the preliminary data we were able to determine and confirm the presence of TrxR
activity in the WHCOL model cell line. We were also able to establish that 405 nm could be
used to monitor TrxR activity and finally, we were able to conlirm that our posilive control

inhibited the aclivity of TrxR, as reported previously.

To determine the effects of the novel gold (I} chloride compounds on TrxR activity, WiHCO
cells were trealed with compounds 93, 94 and 95 and total TrxR activity was measured. The
gold (1) chloride compounds were tound to inhibit TrxR activity in a time dependent manner,

very similar to that observed for auranolin (Figure 4.6).
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Figure 4.6: Determining the effects of the phosphine gold (I) compounds on total TrxR
activity, Total Thioredoxin Reductase (TrxR) was measured (in 60 pg of protein lysate) as
described m matenials and methods. Eneyme achivity was measured at dillerent tme milervals
over a period of 6{ minutgs, This result is representative of two independent experiments
conducted in duplicate. Mean values were plotted on the graph. The OD values which were
ubtained [rom the first and second experiment are shown on Table § in the appendix A,

A fractiomation assay was conducted to separale the cytoplasmic Thivredoxin Reductase
{11}y from the mitochondrial Thioredoxin Reductase (TrxR2) and enzyme aclivity was
then monitored. Similar (o the total TrxR inhibition, TrxR1 inhibition appears to be time

dependent (Figure 4.7).
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Figure 4.7: TrxiR1 inhibition in response to treatment with novel phosphine compounds.
Cyvtoplasnue Thioredoxin Reductase ('mxR1) was measured {10 60 pg ol cyloplasmic protein
lysate) as described in materials and methods. Enzyme activity was measured at dillerent
time intervals over a penod of 2 hours. This result is representative of two independent
experiments conducted in duplicate. Mean values were plotied on the graph. "The 012 values
which were obtained from the st and sceond experiment are shown on “lable 9 in the
appendix A

All the three compounds that were tested, inhibited TrxRI {cytoplasmic TrxR) activity to the

same cxtent as auranofin (Figure 4.7). Similar observations were made after measuring

TrxR2 (mitochondnal TrxR) activity (Tigure 4.8},
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Figure 4.8; TrxR2 inhibition in response to treatment with novel phosphine compounds.
Mitochondrial Thioredoxin Reductase (1rxR2) was measured (in 60 pg of mitochondrial
protein lysate) as described in materials and methods. Enzyme activity was measured at
different tome intervals over a period of 2 hours. This result is representative of two
independent cxpariments conducted in duplicate, Mean values were plolted on the graph. The
OD values which were obtained from the first and sccond experiment are shown on Table 10

i1 the appendix.
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4.5 Determining Peroxiredoxin protein levels in response to treatment with auranofin

As was mentioned above, Peroxiredoxin (Prx) is found downstream of TrxR and is reduced
by Trx and in its reduced form it acts as a ROS scavenger. From our previous result (Fig. 4.6,
4.7 and 4.8) we showed that treatment of WHCOI1 cells with compounds 93, 94 and 95
inhibited TrxR activity. Given this result, we wanted to assess how this inhibition affects the
oxidation state of Prx. Auranofin was used as a positive control for the optimisation of the

assay.

The protein levels of the three Prx isoforms were determined by Western blot analysis, where
the reduction of Prx results in a shift from a dimer to a monomer. Because we had
demonstrated that TrxR activity was inhibited by auranofin and our compounds, we
anticipated that increased levels of the Prx dimer would be observed in cells treated with

auranofin and the gold complexes, relative to untreated cells.

Peroxiredoxin 3 (Prx3), which is found in the mitochondria was monitored to determine its
redox state. WHCO1 cells were treated with 1uM and 3 pM of auranofin for 30 minutes, 2
and 4 hours and the protein samples were subject to non-reducing Western blotting -
conditions. According to the Sigma technical sheet a 31 kDa protein was expected for the
monomer. However two very distinct bands of equal intensity were detected and neither of
the bands was 31 kDa (Figure 4.9). This experiment was conducted four times under different
conditions and the same observations were made under all four conditions. For the first two
experiments the primary antibody was dissolved in 2.5 % milk and electrophoresed on a 10 %
and 12 % gel. For the other two conditions the primary antibody was dissolved in either 5 %
BSA or 5 % milk and subjected to electrophoresis on a 10 % gel. However the same band

pattern of equal intensity (as seen on Figure 4.9) was observed under all four conditions.
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Ficure 4.9: Prx3 detection after treatment with auranofin, WHCOI cells were treated
with | pM and 3 pM of avranetin for 30 minutes, 2 and 4 hours and 20 pg of prolein was
loaded onto a pel. The DMSG treated eclls were used as a negative conlrol. Double bands
{the bottom band is approximately 46 kD, while the top band is 52 kDa) were detected on
the Prx3 blot. This experiment is representative of 4 independent experiments.

The protein levels of the two eytoplasmic Prx isoforms, Prx] and Prs2 were also determined.
According to the Sigma technical shect, the antibody used 1o detect Prx1 should detect a 26
kDa monomer. Therefore the dimer or the oxidised form is expeeted o be approximately 52
kDa. In cells treated with auranofin (1 pM) for various times, no bands corresponding to the
expected sizes of Prxl were observed (Figure 4.10). Hewcever, an intense band which could
possibly represent the oxidised form of the protein was observed at 42 kDa (assuming that the
band detected at 26 kDa is the monomer). However, this seemed unlikely because the same
band was detected in the DMSG treated cells {our negative control). Lven if we assumed that
the proteins were not migrating at the expected maoleeular weight (sinec this is a non-reducing
oel), there is no clear conversion from monomer o ditner because all the bands at all levels
fdimer or monomer) are more or less the same intensity. The results obtained for this
experiment were difficult to interpret since we could not be certain that we could
unambiguously identify the Prxl band. There were also a number of non-specific bands
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located at the 75 — 95 kiDa range that we excluded as possible Prx] bands because of the size

difference,
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Figure 4.10: Effect of Auranofin on Prx1 levels. WHCO! cells were treated with TpM of
aurancfin for 1, 3 and 6 hours. 20 pg of cell lysate was subjecled to non-reducing Western

blotting conditions.

A similar experiment was conducted o detect Prx2 in auranofin treated cells. Although a 25
kDa protein {monomer) was expecled, many non-specific bands were observed (Fipure 4.11).
Furthermare, increasing levels of a 34 kDa protein were also observed. The increase in band
intensity appeared (o be time dependent which was assuring. However because the detected
protein size did nol correspond to the expected band sizes, there was no way of determining
whether the protein detected at 34 kDa was a dimer or a monomer, no conclusion could be
drawn rom this result. In conclusion none of the Prx proteins were conclusively detected

under non-reducing conditions.
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Figure 4.11: Effect of Auranofin on Prx2 levels, WIICO] cells were treated with InM ol
auranofin for 1, 3 and 6 hours and 20 pg of cell lysate was subjected to non-reducing Westem
blotting conditions.

4.6 Detecting ROS levels in response to treatment with gold (I) chloride compounds.

The TrxR system regulates ROS levels through the action of Prx and thus if TrxR activity is
inhibited (as il has been shown with our WHCO!| ccll line). an increasc in ROS levels is
cxpeeted. In order to further define the effects of the novel gold () chloride compounds on
the Thioredoxin Reductase system, a BOS assay was conducted. As part of the initial
optimisation for the experiment, the assay was [irst conducted on two compounds,
doxorubicin {positive control, since we had previously shown in our |aboratory that this
compound induces ROS production in WIHCO1 cells) and compound 93. In Figure 4.12, an
increase in ROS produciion was observed for doxorubicin and compound 93 (reared cells
when compared to DMSQO treated cells. This assay was repeated using high and low

concentrations ol doxorubicin and compound 93 (Figure 4.13). Similar o the first
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experiment, a significant increase in ROS production was obscrved for both concentrations of
doxorubicin. In the cells treated with drug 93, therc appeared to be more ROS production at 5

uM than at 10 ph.
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Figure 4.12: Effect of Doxorubicin and Compound 93 on ROS levels. WHCOH cells were
tregted with 5 pM of doxorubicin (dox) and compound 93. The ROS assay was carried out as
described in materials and methods. NO DCFDA (cclls treated with DMSO only), DMSO
(cells treated with DMSO in the presence of DCFDA), DOX (positive control). One-way

ANOVA analysis was performed using Dunnett’s multiple comparison tests, which compares
all treated cells to DMSO treated cells. p value < 0.0001 (**¥).
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Figurc 4.13: Effeet of Doxorubicin and Compound 93 on ROS levels. A ROS assay was
conducted on WHCOI1 cells as deseribed in materials and methods. Onc-way ANOVA
analysis was performed using Dunmetl’s maltiple comparison tests, which comparcs alfl
treated cells to DMSO treated cells. p value < 0.0001 (%), 0.001< p <0.01 (*¥).

a4



In summary, we had established that the positive control was working and that treatment with
compound 93 induced ROS production. The ROS assay was then conducted on all three gold
(I) chloride compounds but an effect opposite to that obtained for the first two experiments
was observed. This experiment was repeated several times and the same observations were

made on each occasion.

After several unsuccessful attempts at trying to optimise the ROS assay, a different assay
approach was developed, where the whole experiment was conducted in 96 well culture
plates thus eliminating the excess processing of cells. For this experiment the WHCOI cells
were treated with 1X and 2X the ICsq concentrations of compounds 93, 94 and 95. However,
no statistically significant increase in ROS production was observed (data not shown). These
observations suggested that the ROS reagents may have stopped working and new reagents

were required. The ROS assay could not be optimised any further due to time constrains.
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4.7 The ROS scavenger assay

Due to the technical difficulties encountered using the ROS assay, it was not possible to
conclusively determine whether the gold (I) chloride compounds caused ROS generation,
although several experiments suggested this may be the case. Thus to further investigate the
involvement of ROS in the response of cells to the gold (I) compounds, the effects of a ROS
scavenger was tested. This assay involved monitoring cell number using a crystal violet
staining, after treating cells with a combination of various agents for 24 hours. The crystal
violet assay was performed to measure cell number, since we observed that the ROS
scavengers interfered with the MTT assay. From the results it is clear that treatment with
compounds 93, 94 and 95 reduced the number of cells (Figure 4.14) as observed before in the
MTT assays. The effects of the gold compounds were less pronounced in the presence of the
ROS scavenger N-Acetylcysteine (NAC). A concentration-dependent effect of the ROS
scavenger was observed, suggesting that the decrease in cell number correlates with ROS

generation.
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Figure 4.14;: ROS scavenger assay, The WHCO cell line was ireated with 3X the ICz,
concentrations for 24 hours in the presence and absence of ROS scavenger NAC, Cell
number was determined using the erystal violet stain as deseribed in materials and methods.
This result is representative of two independent experiments conducted in triplicate. One-way
ANOVA analysis was performed vsing Dunnett’s multiple comparison tests, which compares
all treated cells 10 DMSO treated cells (no diug), 0.001<p <0.01 (%), 0.01< p <005 (¥).
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4.8 Discussion

In the previous section (Chapter 3), we had demonstrated that the gold compounds
reproducibly blocked the proliferation of a wide range of cancer cells (and normal
fibroblasts) at low concentrations. This was associated with a disruption of the cell cycle
profile, with a significant increase in the S-phase of the cell cycle after 12, 24 and 48 hours of
treatment. In this section we observed that treatment of WHCOI1 cells with the gold (I)
chloride compounds was associated with DNA damage (visualised as increased levels of
phosphorylated H2AX) at 24 hours after treatment for all compounds tested, particularly at
the higher concentrations of the compounds. At 12 hours, DNA damage was observed for the
cells treated with 10 pM of compounds 93 and 95 (Figure 4.1). It has been suggested that the
presence of phosphorylated H2AX is a result of DNA damage caused by DSB.'*! In addition,
treatment with the gold (I) compounds also resulted in the induction of apoptosis (visualised
as PARP cleavage), 24 and 48 hours after treatment (Figure 4.2). Other studies conducted on
gold compounds such as auranofin and Benzimidazol-2-ylidene gold (I) complexes, have
demonstrated that gold (I) compounds induce their anticancer activity through the activation

of apoptosis.'?>'%

In previous studies, the growth inhibitory effects of auranofin (another Gold (I) complex) in
cancer cells were associated with a significant impairment of the Thioredoxin Reductase
(TrxR) activity in treated cells.”>"3%!3% As mentioned previously, the TrxR system in cells
forms part of an important defensive network that protects cells against oxidative stress, and
damaging this system, could lead to cell death.''!'?2!®  Ajthough our plate reader could only
measure the absorbance at 405 nm and not 412 as recommended for the TrxR assay75"48, a
scan of the absorbance spectrum of the TrxR assay product suggested that measuring the

absorbance at 405 nm, would not affect our ability to monitor TrxR activity (Fig. 4.3).
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Auranofin was used as a positive control during the TrxR activity assay, and before the assay
was performed, an MTT assay was conducted to determine the ICsq value for auranofin. In
most studies, ICso Values less than 1 pM have been obtained after treating other cell lines (for
example leukemia culture cells) with auranofin’!8, however an ICrso value of 3 pM was
obtained for the WHCO1 oesophageal cancer cell line, suggesting that the sensitivity of
auranofin may be cell line specific. This is not unexpected. In our experimental system we
observed that auranofin depleted TrxR activity in the oesophageal cancer cells as reported in
the literature for ovarian, lung, osteosarcoma, cervical, luekemia and liver cancer cultured

75122148153 Fyrthermore, similar to auranofin, our gold compounds also severely

cells.
inhibited TrxR activity in WHCO] cells, reducing total, cytoplasmic and mitochondrial TrxR
activity levels (Figure 4.6, 4.7 and 4.8). This suggests that the gold compounds (93, 94 and
95) depleted TrxR activity inside the cells, potentially exposing cells to oxidative stress.
However, we were unable to show increased levels of the oxidised form of the peroxiredoxin
proteins in cells treated with Auranofin as reported in the literature. Factors such as drug
degradation, protein degradation, the possibility that the buffers and stock solution were not
prepared properly as well as problems with protein harvesting, were considered during
troubleshooting. However the possibility of drug degradation was ruled out as other
experiments that were conducted using the same drug stocks were successful, furthermore
treating the cells with fresh stocks of auranofin was not successful. New buffer and stock
solutions were made up, freshly extracted protein was used in some cases and the assay
protocol was modified several times, yet the experiment was not successful. We were unable
to show reproducible elevation of ROS levels in cells treated with the gold complexes,
although our results were very suggestive for compound 93 (Figure 4.12 and 4.13). In

contrast, the ROS scavenger, NAC consistently, partially protected the cells from cytotoxicity

caused by treatment with compounds 93, 94 and 95 (Figure 4.14). Although this protection
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was not complete, these results strongly suggested that the reduction in cell number caused
by the gold (I) compounds was mediated in part through ROS. As mentioned previously,
there is evidence in the literature to suggest that gold (I) compounds induce apoptosis by
inhibiting TrxR activity and this is associated with an up-regulation of ROS.!?>!%13 [ 5
study conducted on a novel gold (I) compound [Au(d2pypp)2]Cl, bis[1,3-bis(di-2-
pyridylphosphino)propane] gold(I) Chloride, the authors demonstrated that this compound
in(iuocd apoptosis via caspase activation which was associated with the depleted membrane
permeability transition (MPT) and the loss of the glutathione (GSH) pool, as a result of
compound built up in the mitochondria. Furthermore, the authors indicated that the TrxR
system is essential fo'r maintaining the redox state in the cells and that compound
[Au(d2pypp)2]Cl inhibited TrxR activity causing mitochondrial dysfunction, leading to the
activation of apoptosis.”*® In addition, a study conducted on auranofin suggested that this
gold (I) compound induced apoptosis through the alteration of pro- and anti- apoptotic
protein levels from the Bcl-2 family, rather than via the MPT pore.'*® Here we have
demonstrated that our compounds inhibit thioredoxin activity and that they seem to induce
apoptosis 24 hours after treatment, as well as that they may potentially have an effect on
ROS. Thus for future work, it may be useful to design experiments to investigate how these
compounds affect the MPT pore, caspase activity and pro- and anti-apoptotic proteins. It will
also be useful to determine the anticancer properties of these compounds on animal models,

as the above experiments were only conducted in cultured cells.

90



Chapter S

Effects of gold (I) compounds on CXCR2 and IGF1R knockdown cells

5.1 Introduction

Cell surface receptor that mediate cell proliferation, survival and cell migration signals such
as epidermal growth factor receptor (EGFR), Insulin-like growth factor -1 receptor (IGFR)
and Interleukin 8 receptor (CXCR2) are over expressed in many cancers, including
oesophageal cancer.2%8215+157 There are many reports in the literature that show that these
receptor systems play an important role in contributing to the survival and proliferation of
cancer cells (over normal cells).'**!**!>? There are a number of studies that have been
conducted which demonstrate that these receptor are valid targets in the treatment of some
cancers.”’ "1 In our laboratory, we have also shown that CXCR2 overexpression
contributes to oesophageal cancer survival.'®® Since CXCR2 and IGFIR are thought to
contribute survival signals to cancer cells, we wanted to determine if oesophageal cancer cells
in which CXCR2 and IGFIR had been knocked down with shRNA, displayed increased

sensitivity to the gold compounds compared to the wild type cells.

5.2 Results

Using IGF1R and CXCR2 stable knockdown cells that were established in our laboratory,
cell viability assays were conducted to determine the effects of phosphine gold (I)
compounds on these cell lines. The presence of knockdown was confirmed by western blot
analysis where reduced levels of IGFIR and CXCR2 protein levels were detected in the
WHCOI1 and WHCO6 (result provided by Dr Luke Esau) knockdown cell lines, compared to

cells where scrambled shRNA had been transfected (Ctrl shRNA) (Figure 5.1 and 5.2).
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Afler stable knockdown had been confirmed. M'T'T assays were conducted on the WIICOT
parentat ¢ctls, WHCO!1 Control (Ctrl) shRNA cells, WICOT CXCR2 shRNA knockdown
cells and WICGT 1GETR shRNA knockdown cells, as well as on the WHCOS parcntal cells

and respective knockdown cells.
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Figure 5.1: CXCR2 and IGFIR stuble knockdown in the WHCO1 cell line. Interleukin 8
receptor {CXCR2) beta and Insulin-like growth lactor -1 receptor (IGF1R) beta knockdown
was determined in the WHCO1 cell line. 20 pg of protein was electrophoresed.
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Figurc 5.2: CXCR2 and IGFIR stable knockdown in the WHCOG cell line. This result
was pblained from a PhD student in our laboratory, Tnterleukin 8 receptor (CXCR2) beta and
Insulin-like growth [actor -1 receptor (IGFIR} beta knockdown was determined in the
WHCO6 cell line.

A slight decrease n the [Cs, concentration was observed in the CXCR2 knockdown cells;
however this decrease was not significant because the 95 % Cl ol the contrel and knockdown
cells overlap (Table 5.1a}. The same observations were made for the CXCR2 knockdown cell

lines treated with compound 94 (Tablc 5.1b) and compound 93 (Fable 5.1¢c}.

An IC., concentration of 15.59 uM was observed lor the WHCO1 cells treated with
compound 93 (Table 5.2a), and in the IGFIR knockdown cells, an increase in the ICsa
conceniration was observed [or hoth the WHCO! and WIHCO6 knockdown cell when
compared Lo the control cells. The same observations were made for the cells treated with

compound 94 (Table 5.2b) and compaound 95 (Table 5.2¢).

23



In principle treating the knockdown cells with the phosphine gold (I) compounds was
hypothesized to cause either a synergistic or additive effect, where knockdown of the
receptors would reduce the cancerous phenotype of the cells and treatment with the
chemotherapeutic agent would thus caused the cells to be more susceptible to apoptosis.

However this was not the case as seen with our data.
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Table 5.1

WHCO1 and WHCO6 CXCR2 shRNA knockdown cells treated with phosphine gold (I)
compounds. MTT assays were conducted on WHCO1 and WHCO6 parental cells, Control
(Ctrl) shRNA cells, and CXCR2 shRNA knockdown cells. Tables show ICgq values obtained
after treatment with (a) compound 93, (b) compound 94, (c) and compound 95. These results
are representative of two independent experiments conducted in triplicate.

Compound 93

Compound 94

Compound 95

Cell line

95 % CI

ICs0 (uM)

o 10.51 to 14.49

WHCO1 Ctrl shRNA

11.05to 15.46

9.05to 14.12

WHCO6

10.24 to 14.96

 WHCOSCulshRNA

9.48't0 20.91

WHCO6 CXCR2B shRNA

8.70t0 15.54

Cell line

95 % CI

846101077

9.73 to 11.12

87210987

9.03t0 12.40

10,23 to 12,93

WHCO6 CXCR2B shRNA

10.21 to 13.64

Cell line

95 % CI

5.27t09.28

7.92t0 11.61

7.52109.55

4.54 10 10.50

. 9571012.08

WHCO6 CXCR2B shRNA

9.65t013.24




Table 5.2

WHCO1 and WHCO6 IGFI1R shRNA knockdown cells treated with phosphine gold (I)
compounds. MTT assays were conducted on WHCO1 and WHCO6 parental cells, Control
(Ctrl) shRNA cells, and IGFIR shRNA knockdown cells. Tables show ICsq values obtained
after treatment with (a) compound 93, (b) compound 94, (c) and compound 95. These results
are representative of two independent experiments conducted in triplicate.

Compound 95 Cell line ICso (uM) 95 % CI
- WHCQ 1559 e 10.04 to 24.21
WHCOI1 Ctrl shRNA 8.16 7.3509.07
| WHCO!'IGFIRBs " 9241017.73
WHCO6 7.64 to 8.85
. WHOO6 Ctrl shRX: 795101134
WHCO6 IGFIRB shRNA 16.16 12.87 t0 20.28
Cell line 95 % CI
Compound 94 943101137
WHCOI Ctrl shRNA 6.96t07.89
- WHCOlfIGF>1‘lf‘ﬁTSHRN?‘:-: o es 7.65 10 9.61
WHCO6 : 7.8809.99
| WHCO6 Ctrl shRN 82310975
WHCO6 IGF1R$ shRNA 10.93 9.99t0 11.97
Compound 95 Cell line 95 % CI
WHCO i 10230 14.49
~ WHCOI Cirl shRNA 7.13 10 10.08
— e —
9.26 to 12.54
856101128
WHCO6 IGFIRB shRNA 11.34 9.96t0 12.91
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5.3 Discussion

When CXCR2 and IGFIR knockdown cells were combined with novel compounds, no
improvement in efficacy was observed. Thus we can conclude that combination treatment
with compound 93, 94 and 95 did not lead to any synergistic or additive effect instead the

compounds were observed to be slightly antagonistic.
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Conclusion

In their review article, Urig and Becker (2006) highlighted several Thioredoxin reductase
(TrxR) inhibitors that have been identified and found to be cytotoxic against a wide range of
cancers.'®! Here we have identified three potential novel inhibitors of TrxR, which could
prove to be therapeutically beneficial in the treatment of squamous cell carcinoma of the
oesophagus. In the same review, the authors summarised various ways in which TrxR
inhibitors could induce their effects and these included, TrxR inhibition, a decrease in tumour
volume, an increase in ROS production, cell cycle inhibition, the induction of apoptosis and
many others.'®! In this study we have shown that the novel gold (I) chloride compounds 93,
94 and 95 inhibit cell growth in a time- and dose-dependent manner (Figure 3.2). Although
we were unable to show that all three compounds induce ROS production, the presence of
ROS was strongly suggested for all three compounds using the ROS scavenger assay (Figure
4.15), where recovery in cell number was observed upon treatment with increasing
concentrations of NAC. From analysing the cell cycle profile we showed that treatment with
the gold (I) compounds causes a Gl cell cycle arrest (Figure 3.3). Furthermore
phosphorylated H2AX, an indicator of DNA damage, was detected after treatment with
compounds 93, 94 and 95 (Figure 4.1). By conducting a PARP assay (Figure 4.2), we were
able to deduce that the gold (I) compounds induce apoptosis in a time- and dose-dependent
manner. Despite the non-selective killing effect observed for these compounds, the wide
spectrum of anticancer properties they present points to their potential as therapeutic agents.
However, it would appear that these novel compounds do not present any advantages over

well know chemotherapeutic agents like auranofin.
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Prospective work

To further explore the relationship between ROS production and the inhibition of
Thioredoxin reductase activity. The Peroxiredoxin oxidation state should be investigated by
Western blot analysis using new antibodies, preferably those that have been used in
publication that look at Peroxiredoxin oxidation state using non-reducing Western blotting
conditions.'?*!*® Furthermore additional optimisation is required for the ROS assay to

conclusively establish the effects of compounds 93, 94 and 95 on ROS levels.

Attempts to detect phosphorylated H2AX at earlier time points (2 — 4 hours) using the FOCI
assay which quantitates levels of phosphorylated H2AX foci caused by DSBs, were made.
Although a slight increase in the number of foci was observed in the treated cells when
compared to DMSO treated cells, this data could not be quantitated because the foci appeared
in clusters and thus individual foci were indistinguishable. Further more some cells had more
staining than other and thus quantitation could have led to obscure and subjective results. The
data was analysed by immunofluorescence. However some publications have shown that this
assay could be conducted by flow cytometry thus further optimisation of this assay by flow
cytometry could be attempted. This would allow for a more sensitive detection of DNA

damage at early time points.

Cyclins and cyclin dependent kinases (CDK) that are involved in the G1/S cell cycle arrest
(for example, CDK2/cyclin A for S phase and CDK2/cyclin E for G1) should be detected by
Western blot analysis to assay for any changes in protein levels, to characterise the

deregulation in the cell cycle that was observed.
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To support the data obtained from the PARP assay and to confirm that the compounds do
induce apoptosis, an independent assay like the Caspase 3/7 activity assay should be

conducted.

Experiments to determine the cancer growth inhibitory properties of these compounds were
conducted in cultured cells and therefore for future work, the anticancer properties of the

compounds should be investigated in animal models.

100



References

1.

10.

11.

12.

13.

14.

Hoyert, Donna L., Mathews, T. J., Menacker, Fay, Strobino, Donna M. & Guyer,
Bernard. Annual summary of vital statistics: 2004. Pediatrics 117, 168-183 (2006).

American cancer society (ACS), Cancer facts & figures. Health Policy (2010).

Yang, G.Y., Ott, K., Yang, G.Y. & Ott, K. Accomplishments in 2008 in the
management of Esophageal Cancer. Gastrointestinal Cancer Research 3, 53-57
(2008).

Pera, M. & Pera, M. Recent changes in the epidemiology of esophageal cancer.
Surgical Oncology 10, 81-90 (2001).

Lu, J., Sun, X,, Dai, D., Zhu, S., Chang, Q., Liu, S. & Duan, W. Epidemiology of
gastroenterologic cancer in Henan Province ,. Journal of Gastroenterology 9, 2400-
2403 (2003).

Parkin, D.M., Bray, F., Ferlay, J. & Pisani, P. Global cancer statistics , 2002. Cancer
Journal of Clinicians §5, 74-108 (2005).

Lambert, R. Epidemiology of oesophagogastric cancer. Best Practice & Research
Clinical Gastroenterology 21, 921-945 (2007).

Heyns, C.F. & Bornman, M.S. Men’s Health in Africa Part 2: Non-communicable
diseases, malignancies and cocio-economic determinants of health. Journal of Men’s
Health §, 127-132 (2008).

Sammon, A.M. Squamous cancer of the oesophagus in Africa. 1-95 (2009).

Sassman, A. Types of cancer prevalent in South Africa. 1-2 (2001).

Max D. Parkin, Paola Pisani, J.F. Global cancer statistics. Cancer Journal of
Clinicians 49, 33-64 (1999).

N. I. M. Somdyala, D. Bradshaw, B. & Curtis, W.C.A.G. Cancer incidence in selected
municipalities of the Eastern Cape Province, 1998 - 2002. PROMEC Cancer Registry
Technical Report 1-20 (2008).

Jones, S.B. Cancer in the developing world: a call to action. British Medical Journal
319, 505-508 (1999).

Key, C. & Meisner, A.L.W. Chapter 3 cancers of the esophagus, stomach, and small
intestine. SEER Survival Monograph 23-32 (2006).

101



15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Botterweck, A.A.M., Schouten, L.J. & Volovics, A. Trends in incidence of
adenocarcinoma of the oesophagus and gastric cardia in ten European countries.
International Journal of Epidemiology 29, 645-654 (2000).

Pickens, A. & Orringer, M.B. Esophageal cancer. Annals of Thoracic Surgery, The 76,
1367-1369 (2003).

Kim, T. A. D., Grobmyer, Stephen R., Smith, R., Ben-david, K., Ang, D., Vogel,
Stephen B. & Hochwald, Steven N. Esophageal cancer — the five year survivors.
Journal of Surgical Oncology 103, 179-183 (2011).

Anderson, T.M.D., Silverman, P.M., Tamm, E.P., Dunnington, J.S. & Dubrow, R.A.
Diagnosis, staging, and follow-Up of esophageal cancer. American jowrnal of
roentgenology 181, 785-793 (2003).

Rankin, S.C., Thomas, S. & Trust, F. Oesophageal cancer: assessment of response and
follow up. Cancer imaging 7, 69-71 (2007).

Burri, R.J. & Lee, N.Y. Concurrent chemotherapy and radiotherapy for head and neck
cancer. Expert review of anticancer therapy 9, 293-303 (2009).

Sharma, V. Carcinoma of the oesophagus - cancer of the oesophagus is a distressingly
common cancer in men and women. Options 25, 55-57 (2007).

Gupta, N.M. Transhiatai versus transthoracic esophagectomy for distal esophageal
cancer. The Asian Cardiovascular & Thoracic Annals 8, 347-352 (2000).

Lerut, T., De Leyn, P., Coosemans, W., Van Raemdonck, D., Scheys, 1. & LeSaffre, E. |
Surgical strategies in esophageal carcinoma with emphasis on radical |
lymphadenectomy. Annals of Thoracic Surgery, The 216, 583-590 (1992).

Seong Hyun Kim, Kyung Soo Lee, Y.M.S. & Kwhanmien Kim, Po Song Yang, T.S.K.
Esophageal resection: indications, techniques, and radiologic assessment. Radio
Graphics 21, 1119-1137 (2001).

Amico, T.A.D. Surgery for esophageal cancer. Gastrointestinal Cancer Research 2, 6-
9 (2008).

Liu, P Y., Barrett III, Rolland J., Stock, Richard J., Monk, Bradley J., Berek, Jonathan
S., Souhami, L., Grigsby, P., Gordon, W. & Alberts, David S. Concurrent
chemotherapy and pelvic radiation therapy compared with pelvic radiation therapy
alone as adjuvant therapy after radical surgery in high-risk early-stage cancer of the
cervix. Journal of clinical oncology 18, 1606-1613 (2000).

Fouche, G., Cragg, G M., Pillay, P., Kolesnikova, N., Maharaj, V J. & Senabe, J. In

vitro anticancer screening of South African plants. Journal of Ethnopharmacology
119, 455-461 (2008).

102



28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

Cragg, G.M., Newman, D.J. & Snader, K.M. Natural products in drug discovery and
development. Journal of Natural products 60, 52-60 (1997).

Newman, D.J., Cragg, G.M. & Snader, K.M. Natural products as sources of new drugs
over the period 1981-2002. Journal of Natural products 66, 1022-1037 (2003).

Bennett, B.Y.R.N. & Wallsgrove, R.M. Secondary metabolites in plant defence
mechanisms. New Phytology 127, 617-633 (1994).

Graham, J.G., Quinn, M.L., Fabricant, D.S. & Farnsworth, N.R. Plants used against
cancer — an extension of the work of Jonathan Hartwell. Journal of
Ethnopharmacology 73, 347 - 377 (2000).

Kinghorn, A D., Farnsworth, Norman R., Soejarto, Djaja D., Cordell, Geoffrey A.,
Swanson, Steven M., Pezzuto, John M. and Wani, Mansukh C. et al. Novel strategies
for the discovery of plant-derived anticancer agents. Pharmaceutical Biology 41, 53-67
(2003).

Cowan, M.M. Plant products as antimicrobial agents. Clinical Microbiology 12, 564-
582 (1999).

Mouli, K. C., Vijaya, T. & Rao, S.D. Phytoresources as potential therapeutic agents for
cancer treatment and prevention. Journal of Global Pharma Technology 1, 4-18
(2009).

Williams, R.B. Medicinal natural products. 215-234 (2002).

Newman, D.J., Cragg, M. & Snader, K.M. The influence of natural products upon drug
discovery. Natural Products Reports 17, 215-234 (2000).

Hamilton, A. Medicinal plants and conservation: issues and approaches. Plant
Conservation 1-43 (2003).

Cheung, William W L., Lam, Vicky W Y., Sarmiento, Jorge L., Kearney, K., Watson,
R. & Pauly, D. Projecting global marine biodiversity impacts under climate change
scenarios. Fish and Fisheries 10, 235-251 (2009).

Newman, D.J. & Cragg, G.M. Natural products as sources of new drugs over the last
25 years. Journal of Natural products 70, 461-477 (2007).

Newman, D.J. Natural products as leads to potential drugs: An old process or the new
hope for drug discovery ? Journal of the American Chemical Society 51, 2589-2599
(2008).

Jung, Y. & Lippard, S.J. Direct cellular responses to platinum-induced DNA damage.
Chemical Reviews 107, 1387-1407 (2007).

103



42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Wiernik, Peter H., Banks, Phillip L C., Jr, Delvyn C C., Arlin, Zalmen A., Periman, P.,
Todd, Mary B., and Ritch, Paul S. et al. Cytarabine plus idarubicin or daunorubicin as
induction and consolidation therapy for previously untreated adult patients with acute
myeloid leukemia. blood 79, 313-319 (1992).

Todd, R.C. & Lippard, S.J. Inhibition of transcription by platinum antitumor
compounds. Metallomics 1, 280-291 (2009).

Teicher, B.A. Newer cytotoxic agents: attacking cancer broadly. Clinical Cancer
Research 14, 1610-1617 (2008).

Cattaruzza, L., Fregona, D., Mongiat, M., Ronconi, L., Fassina, A., Colombatti, A., &
Aldinucci, D. Antitumor activity of gold ( IIl ) -dithiocarbamato derivatives on
prostate cancer cells and xenografts. International Journal of Cancer 1-29 (2010).

Germain, Carly St., Niknejad, N., Ma, L., Garbuio, K., Hai, T., & Dimitroulakos, J.
Cisplatin induces cytotoxicity through the mitogen-activated protein kinase pathways
and activating transcription factor. Neoplasia 12, 527-538 (2010).

Perez, R.P. Cellular and molecular determinants of cisplatin resistance. European
Journal of Cancer 34, 1535-1542 (1998).

Rybak, L.P., Whitworth, C.A., Mukherjea, D. & Ramkumar, V. Mechanisms of
cisplatin-induced ototoxicity and prevention. Hearing Research 226, 157-167 (2007).

Chu, G. Cellular responses to cisplatin. The Journal of Biological Chemistry 269, 787-
790 (1994).

Jordan, P. & Carmo-fonseca, M. Molecular mechanisms involved in cisplatin
cytotoxicity. Cellular and Molecular Life Sciences 57, 1229-1235 (2000).

Eastman, A. Reevaluation of interaction of cis-dichloro(ethylenediamine)platinum( II)
with DNA. Biochemistry 25, 3912-3915 (1986).

Eastman, A. Characterization of the adducts produced in DNA by cis-
diamminedichloroplatinum (II) and cis-dichloro (ethylenediamine) platinum (II).
Biochemistry 22, 3927-3933 (1983).

Eastman, A. Separation and Characterization of Products Resulting from the Reaction
of cis-Diamminedichloroplatinum (II) with Deoxyribonucleosides. Biochemistry 21,
6732-6736 (1982).

Gonzalez, V.M., Fuertes, M.A., Alonso, C. & Perez, J.M. Is cisplatin-induced cell
death always produced by apoptosis ? Molecular Pharmacology 59, 657-663 (2001).

Fichtinger-schepman, A.M.J., Veer, J.L.V.D., Hartog, JH.J.D. & Lohman, P.HM.

Adducts of the antitumor drug cis-diamminedichloroplatinum ( 11 ) with DNA:
Formation, identification, and quantitationt. Biochemistry 24, 707-713 (1985).

104



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Furuta, T., Ueda, T., Aune, G. & Cells, H. Transcription-coupled nucleotide excision
repair as a determinant of cisplatin sensitivity of human cells. Cancer Research 62,
4899-4902 (2002).

Gong, J., Costanzo, A., Yang, H., Melino, G., Jrk, William G. K., Levrero, M., &
Wang, J. Y. J. The tyrosine kinase c-Abl regulates p73 in apoptotic response to
cisplatin-induced DNA damage. Nature 3, 806-809 (1999).

Arany, B.I. & Safirstein, R.L. Cisplatin nephrotoxicity. Seminars in Nephrology 23,
460-464 (2003).

Jamieson, ER. & Lippard, S.J. Structure, recognition, and processing of cisplatin —
DNA adducts. Chemical Reviews 99, 2467-2498 (1999).

Beale, P.J., Rogers, P., Boxall, F., Sharp, S.Y. & Kelland, L.R. BCL-2 family protein
expression and platinum drug resistance in ovarian carcinoma. British Journal of
Cancer 82, 436-440 (2000).

Zhang, K.A.I, Chew, M.AY., Yang, ER.B.LN,, Wong, K.IMP. & Mack, P.
Modulation of cisplatin cytotoxicity and cisplatin-induced DNA cross-links in HepG2
cells by regulation of glutathione- related mechanisms. Molecular Pharmacology 59,
837-843 (2001).

Fuertes, M.A., Alonso, C. & Perez, JM. Biochemical modulation of cisplatin
mechanisms of action: enhancement of antitumor activity and circumvention of drug
resistance. Chemical Reviews 103, 645-662 (2003).

Chu, G. & Chang, E. Cisplatin-resistance cells express increased levels of a factor that
recognizes damaged DNA. Biochemistry 87, 3324-3327 (1990).

Ott, I. & Gust, R. Non Platinum Metal Complexes as Anti-cancer Drugs. Archives of
Pharmacy 340, 117 - 126 (2007).

Ronconi, L., Marzano, C., Zanello, P., Corsini, M., Miolo, G., Macca, C., & Trevisan,
A. Gold ( IIT ) dithiocarbamate derivatives for the treatment of cancer: Solution
chemistry, DNA binding, and hemolytic properties. Journal of Medicinal Chemistry
49, 1648-1657 (2006).

Serafimova, 1. M. & Hoggard, P. E. Synthesis, characterization, and in vitro
antimalarial and antitumor activity of new ruthenium ( II ) complexes of chloroquine.
Inorganic Chemistry 48, 1122-1131 (2009).

Desoize, B. Cancer and metals and metal compounds: Part II — cancer treatment.
Oncology 42, 213- 215 (2002).

Shen, L., Liu, Q., Ni, J. & Hong, G. A proteomic investigation into the human cervical

cancer cell line HeLa treated with dicitratoytterbium (III) complex. Chemico-
Biological Interactions 181, 455-462 (2009).

105



69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

Pricker, S. Medical uses of gold compounds: Past, present and future. Gold Bulletin
29, 53-60 (1996).

Nobili, S., Mini, E., Landini, I., Gabbiani, C., Casini, A. & Messori, L. Gold
compounds as anticancer agents: Chemistry, cellular pharmacology, and preclinical
studies. Medicinal Research Reviews 30, 550-580 (2010).

Coffer, T. Reactions of auranofin and Et3PAuCl with bovine serum albumin.
Inorganic Chemistry 25, 333-339 (1986).

Finkelsteint, A E., Walz, D T., Batista, V., Mizraji, M., Roisman, F. & Misher, A.
Auranofin, new oral gold compound for treatment of rheumatoid arthritis. Annals of
the Rheumatic Diseases 35, 251-257 (1976).

Simon, Timothy M., Kunishima, Dennis H., Vibert, Garry J. & Lorber, A. Screening
Trial with the Coordinated Gold Compound Auranofin Using Mouse Lymphocytic
Leukemia P388 Screening Trial with the Coordinated Gold Compound Auranofin
Using. Cancer Research 94-97 (1981).

Mirabelli, C. K., Johnson, R. K., Sung, C. M., Faucette, L., Muirhead, K. & Crooke, S.
T. Evaluation of the in vivo antitumor activity and in vitro cytotoxic properties of
auranofin, a coordinated gold compound, in murine tumor models. Cancer Research
45, 32-39 (1985).

Rigobello, M. P., Scutari, G., Boscolo, R. & Bindoli, A. Induction of mitochondrial
permeability transition by auranofin, a gold ( I') -phosphine derivative. British Journal
of Pharmacology 136, 1162-1168 (2002).

Shaw, F. Gold-based therapeutic agents. Society 99, 2589-2600 (1999).

Barreiro, E., Casas, J. S., Couce, M. D., Sinchez, A., Sanchez-gonzilez, A., Sordo, J.,
Varela, J. M. &Vazquez, E. M. Dinuclear triphenylphosphinegold ( I )
sulfanylcarboxylates: Synthesis, structure and cytotoxic activity against cancer cell
lines. Journal of Inorganic Biochemistry 104, 551-559 (2010).

Kouroulis, K N., Hadjikakou, S K., Kourkoumelis, N., Kubicki, M., Male, L.,
Hursthouse, M., Skoulika, S., Metsios, A. K., Tyurin, V. Y., Dolganov, A. V.,
Milaeva, E. R. & Hadjiliadis, N. Synthesis, structural characterization and in vitro
cytotoxicity of new Au ( IIIl ) and Au ( I ) complexes with thioamides. Dalton
Transactions 10446-10456 (2009).

Milacic, V., Chen, D., Ronconi, L., Landis-piwowar, K. R., Fregona, D., & Dou, Q. P.
A novel anticancer gold ( III ) dithiocarbamate compound inhibits the activity of a
purified 20S proteasome and 26S proteasome in human breast cancer cell cultures and
xenografts. Cancer Research 66, 10478-10486 (2006).

Evan, G.I. & Vousden, K.H. Proliferation, cell cycle and apoptosis in cancer. Nature
411, 342 - 348 (2001).

106



-81.

82.

83.

74.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

9s.

96.

Sidorova, J.M. & Breeden, L.L. Precocious G1 / S transitions and genomic instability:
The origin connection. Mutation Research 532, 5-19 (2003).

Hanahan, D. & Weinberg, R.A. The hallmarks of cancer. cell Press 100, 57-70 (2000).

Edinger, A.L. & Thompson, C.B. Death by design: apoptosis, necrosis and autophagy.
Current Opinion in Cell Biology 16, 663-669 (2004).

Nair, U. & Klionsky, D.J. Molecular mechanisms and nonspecific autophagy pathways
in yeast. Journal of Biological Chemistry 280, 41785-41788 (2005).

Hait, W.N,, Jin, S. & Yang, J.-ming A matter of life or death (or both): Understanding
autophagy in cancer. Clinical Cancer Research 12, 1961-1965 (2006).

Chen, N. & Debnath, J. Autophagy and tumorigenesis. FEBS Letters 584, 1427-1435
(2010).

Liang, X. H., Jackson, S., Seaman, M., Brown, K., Kempkes, B., Hibshoosh, H. &
Levine, B. Induction of autophagy and inhibition of tumorigenesis by beclin 1. Nature
402, 1-5 (1999).

Debnath, J., Baehrecke, E.H. & Kroemer, G. Does autophagy contribute to cell death ?
Autophagy 1, 66-74 (2005).

Hippert, M.M., Toole, P.S.0. & Thorburn, A. Autophagy in cancer: good, bad, or
both ? Cancer Research 66, 9349-9351 (2006).

Mizushima, N. Autophagy: process and function. Genes & Development 21, 2861-
2873 (2007).

Levine, B. & Yuan, J. Autophagy in cell death: An innocent convict? The Journal of
clinical investigation 118, 2679 - 2688 (2005).

Fulda, S. & Debatin, K.-michael Exploiting death receptor signaling pathways for
tumor therapy. international Journal of Biochemistry and Biophysics 1708, 27 - 41
(2004).

Mignotte, B. & Vayssiere, J.-luc Mitochondria and apoptosis. European Journal of

Biochemistry 252, 1-15 (1998).

Lowe, S.W. & Lin, A.W. Apoptosis in cancer. Carcinogenesis 21, 485-495 (2000).

Kaufmann, S.H. & Earnshaw, W.C. Induction of apoptosis by cancer chemotherapy.
Experimental Cell Research 256, 42- 49 (2000).

Madeo, F., Fréhlich, E. & Frohlich, K.-uwe A yeast mutant showing diagnostic
markers of early and late apoptosis. The Journal of Cell Biology 139, 729-734 (1997).

107



97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Poon, LK.H., Hullet, M. & Parish, C.R. Molecular mechanisms of late apoptotic /
necrotic cell clearance. Cell Death and Differentiation 17, 381-397 (2010).

Prete, M.J.D.E.L., Robles, M.S., Guio, A.N.A., Martinez-A, C. & Garcia-Sanz, J.A.
Degradation of cellular mRNA is a general early apoptosis-induced event. The FASEB
Journal 16, 2003-2005 (2002).

Crompton, M. The mitochondrial permeability transition pore and its role in cell death.
Biochemistry 341, 233-249 (1999).

Kim, J.-sung, He, L. & Lemasters, J.J. Mitochondrial permeability transition: A
common pathway to necrosis and apoptosis. Biochemical and Biophysical Research
Communications 304, 463-470 (2003).

Elmore, S. Apoptosis: A review of programmed cell death. Toxicologic Pathology 35,
(2007).

Rastogi, R.P. & Sinha, R.P. Apoptosis: molecular mechanisms and pathogenicity.
EXCLI Journal 8, 155-181 (2009).

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

Boulares, A.H. et al. Role of Poly ( ADP-ribose ) Polymerase ( PARP ) cleavage in
apoptosis. Journal of Biological Chemistry 274, 22932-22940 (1999).

Rouleau, M., Patel, A., Hendzel, M.J., Kaufmann, S.H. & Poirier, G.G. PARP
inhibition: PARP1 and beyond. Nature Reviews Cancer 10, 293-301 (2010).

Bachawal, S.V., Wali, V.B. & Sylvester, P.W. Enhanced antiproliferative and
apoptotic response to combined treatment of gamma-tocotrienol with erlotinib or
gefitinib in mammary tumor cells. BMC Cancer 10, 1-13 (2010).

Zorov, B.D.B., Filburn, C.R,, Klotz, L.-oliver, Zweier, J.L. & Sollott, S.J. Reactive
oxygen species ( ROS ) -induced ROS release: A new phenomenon accompanying
induction of the mitochondrial permeability transition in cardiac myocytes. Journal of
Experimental Medicine 192, 1001-1014 (2000).

Williamson, J.R. Mitochondrial function in the heart. Annual Reviews of Physiology
41, 485-506 (1979).

Ichas, F. & Mazat, J.-pierre From calcium signaling to cell death: two conformations
for the mitochondrial permeability transition pore. Switching from low- to high-
conductance state. Biochemical and Biophysical Research Communications 1366, 33-
50 (1998).

Lehninger, B.A.L. Mitochondria and calcium lon transport. The Biochemical Journal
119, 129-138 (1970).

108



111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Bindoli, A., Pia, M., Scutari, G., Gabbiani, C., Casini, A. & Messori, L. Thioredoxin
reductase: A target for gold compounds acting as potential anticancer drugs.
Coordination Chemistry Reviews 253, 1692-1707 (2009).

Shimizu, S., Narita, M. & Tsujimoto, Y. Bcl-2 family proteins regulate the release of
apoptogenic cytochrome c¢ by the mitochondrial channel VDAC. Nature 66, 1-5
(1999).

Gross, A., Mcdonnell, JM. & Korsmeyer, S.J. BCL-2 family members and the
mitochondria in apoptosis. Genes & Development 13, 1899-1911 (1999).

Israels, E.D. & Israels, L.G. The cell cycle. Oncology 5, 510-513 (2000).

Ford, HL. & Pardee, A.B. Cancer and the Cell Cycle. Journal of Cellular
Biochemistry 172, 166-172 (1999).

Collins, K., Jacks, T. & Pavletich, N.P. The cell cycle and cancer. Proceedings of the
National Academy of Sciences of the United States of America 94, 2776-2778 (1997).

Schembre, D. Advances in esophageal stenting: The evolution of fully covered stents
for malignant and benign disease. Advances In Therapy 27, 413-425 (2010).

Chiririwa, H. Synthesis and characterisation of palladium, platinum and gold
complexes and their biological activity against oesophageal cancer cell lines. 1 - 218
(2010).

Williams, D.B.G., Traut, T., Kriel, FH. & Zyl, W.E.V. Bidentate amino- and
iminophosphine ligands in mono- and dinuclear gold ( I ) complexes: Synthesis,
structures and AuCl displacement by AuC6F5. Inorganic Chemistry Communications
10, 538-542 (2007).

Veale, R.B. & Thornley, A.L. Atypical cytokeratins synthesized by human
oesophageal carcinoma cells in culture. South African Journal of Science 80, 260-267
(1984).

Rigobello, M. P., Messori, L., Marcon, G., Cinellu, M. A., Bragadin, M., Folda, A.,
Scutari, G. & Bindoli, A. Gold complexes inhibit mitochondrial Thioredoxin
reductase: consequences on mitochondrial functions. Jowrnal of Inorganic
Biochemistry 98, 1634-1641 (2004).

Marzano, C., Gandin, V., Folda, A., Scutari, G., Bindoli, A. & Rigobello, M. P.
Inhibition of Thioredoxin reductase by auranofin induces apoptosis in cisplatin-
resistant human ovarian cancer cells. Free Radical Biology and Medicine 42, 872 - 881
(2007).

Olson, B. & Markwell, J. Assays for determination of protein concentration. Current
Protocols in Protein Science 3.4.14 - 3.4.21 (2007).

109



124.

125.

126.

127.

128.

129.

130.

131.

132,

133.

134.

135.

136.

Brenner, A.J. & Harris, E.D. A quantitative test for copper using bicinchoninic acid.
Analytical Biochemistry 80-84 (1995).

Marx, W.H., Siewert, S. & Rauch, P. Inmunoassay Buffer. AppliChem 1 - 40 (2010).

Kang, S. W., Chae, H. Z., Seo, Min S., Kim, K., Baines, I. C. & Rhee, S. G.
Mammalian peroxiredoxin isoforms can reduce Hydrogen Peroxide generated in
response to growth factors and Tumor Necrosis Factor alpha. The Journal of
Biological Chemistry 273, 6297-6302 (1998).

Rhee, S.G., Kang, S.W., Chang, T.-shin, Jeong, W. & Kim, K. Peroxiredoxin, a novel
family of Peroxidases. Critical Review 52, 35-41 (2001).

Fu, Z., Guo, J,, Jing, L., Li, R., Zhang, T. & Peng, S. Toxicology in vitro enhanced
toxicity and ROS generation by doxorubicin in primary cultures of cardiomyocytes
from neonatal metallothionein-I/Il null mice. Toxicology in Vitro 24, 1584-1591
(2010).

El-sayyad, H. 1., Ismail, M. F., Shalaby, F M., Abou-el-magd, R F., Gaur, Rajiv L.,
Fernando, A., Raj, M. & Ouhtit, A. Histopathological effects of cisplatin, doxorubicin
and 5-flurouracil ( 5-FU ) on the liver of male albino rats. International Journal of
Biological Sciences 5, 466-473 (2009).

Shimada, H., Kitabayashi, H., Nabeya, Y., Okazumi, S., Matsubara, H., Funami, Y.,
Miyazawa, Y., Shiratori, T., Uno, T., Itoh, H. & Ochiai, Takenori Treatment response
and prognosis of patients after recurrence of esophageal cancer. Surgery 133, 24-31
(2003).

Han, M,, Li, J.-F., Tan, Q., Sun, Y.-Y. & Wang, Y.-Y. Limitations of the use of MTT
assay for screening in drug discovery. Journal of Chinese Pharmaceutical Sciences 19,
195-200 (2010).

Riss, T. Cell-based assays for drug discovery. Luminescence 1 -100 (2008).

Wang, X., Ge, J., Wang, K., Qian, J. & Zou, Y. Evaluation of MTT assay for
measurement of emodin-induced cytotoxicity. Assay And Drug Development
Technologies 4, 203-208 (2006).

Laundry de Mesquita, M. et al. Cytotoxic activity of Brazilian Cerrado plants used in
traditional medicine against cancer cell lines. Jowrnal of Ethnopharmacology 123, 439-
445 (2009).

Cai, Z., Wang, Q., Zhou, Y., Zheng, L., Chiu, J. & He, Q. Epidermal growth factor-
induced epithelial — mesenchymal transition in human esophageal carcinoma cells — A
model for the study of metastasis. Cancer Letters
(2010).doi:10.1016/j.canlet.2010.03.020

Tabernero, J., Macarulla, T., Ramos, F.J. & Baselga, J. Novel targeted therapies in the
treatment of gastric and esophageal cancer. Annals of Oncology 16, 1740-1748 (2005).

110



137.

138.

139.

140.

141.

142.

143,

144,

145.

146.

147.

148.

149.

Barnard, P.J. & Berners-price, S.J. Targeting the mitochondrial cell death pathway
with gold compounds. Coordination Chemistry Reviews 251, 1889-1902 (2007).

Rackham, O., Nichols, S.J., Leedman, P.J., Berners-price, S.J. & Filipovska, A. A gold
() phosphine complex selectively induces apoptosis in breast cancer cells:
Implications for anticancer therapeutics targeted to mitochondria. Biochemical
Pharmacology 74, 992-1002 (2007).

Rubbiani, R., Kitanovic, I., Alborzinia, H., Can, S., Kitanovic, A., Onambele, L. A.,
Stefanopoulou, M., Geldmacher, Y., Sheldrick, W. S., Wolber, G., Prokop, A., Wolfl,
S. & Ott, I. W. S. Benzimidazol-2-ylidene gold ( I ) complexes are Thioredoxin
reductase inhibitors with multiple antitumor properties. Journal of Medicinal
Chemistry 53, 8608-8618 (2010).

Measel, J.W. Effect of gold on the immune response of mice. Infection and Immunity
11, 350-354 (1975).

Garrett, M.D. Cell cycle control and cancer. Current Science 81, (2001).

Lord, C.J. & Ashworth, A. Biology-driven cancer drug development: back to the
future. BMC Biology 8, 1 - 12 (2010).

Gibbs, J.B. Mechanism-based target identification and drug discovery in cancer
research. Cancer Research 287, 1969-1973 (2000).

Norbury, CJ. & Zhivotovsky, B. DNA damage-induced apoptosis. Oncogene 23,
2797-2808 (2004).

Tong, W M., Yang, Y G., Cao, W H., Galendo, D., Frappart, L., Shen, Y. & Wang, Z.
Q. Poly ( ADP-ribose ) polymerase-1 plays a role in suppressing mammary
tumourigenesis in mice. Oncogene 26, 3857-3867 (2007).

Vispe, S., Yung, T.M.C,, Ritchot, J., Serizawa, H. & Satoh, M.S. A cellular defense
pathway regulating transcription through poly ( ADP-ribosyl ) ation in response to
DNA damage. PNAS 97, 9886 - 9891 (2000).

Caruso, F., Villa, R., Rossi, M., Pettinari, C., Paduano, F., Pennati, M., Daidone, M. &
Zaffaroni, N. Mitochondria are primary targets in apoptosis induced by the mixed
phosphine gold species chlorotriphenylphosphine-1, 3-bis ( diphenylphosphino )
propanegold ( I ) in melanoma cell lines. Biochemical Pharmacology 73, 773-781
(2007).

Cox, A.G., Brown, K.K., Amer, E.S.J. & Hampton, M.B. The Thioredoxin reductase
inhibitor auranofin triggers apoptosis through a Bax / Bak-dependent process that
involves peroxiredoxin 3 oxidation. Biochemical Pharmacology 76, 1097-1109 (2008).

Zhang, X. et al. Inhibition of Tumor Proteasome Activity by Gold-Dithiocarbamato
Complexes via Both Redox-Dependent and - Independent Processes. Jowrnal of
Cellular Biochemistry 109, 162-172 (2010).

111



150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

Hansen, J.M., Zhang, H. & Jones, D.P. Mitochondrial Thioredoxin-2 has a key role in
determining Tumor Necrosis Factor-a — induced Reactive Oxygen Species generation,
NF-xf Activation, and apoptosis. Toxicological Sciences 91, 643-650 (2006).

Rigobello, M.P., Callegaro, M.T., Barzon, E., Benetti, M. & Bindoli, A. Purification of
mitochondrial Thioredoxin reductase and its involvement in the redox regulation of
membrane permeability. Free Radical Biology and Medicine 24, 370-376 (1998).

Becker, K., Herold-mende, C., Park, JJ., Lowe, G. & Schirmer, R.H. Human
Thioredoxin reductase is efficiently inhibited by (2, 2": 6', 2" -Terpyridine ) platinum (
II ) complexes. Possible implications for a novel antitumor strategy. Journal of
Medicinal Chemistry 44, 2784-2792 (2001). '

Bragadin, M., Scutari, G., Folda, A., Bindoli, A. & Rigobello, M.P. Effect of metal
complexes on Thioredoxin reductase and the regulation of mitochondrial permeability
conditions. Annals New York academy of sciences 1030, 348-354 (2004).

Seger, R. & Krebs, E.G. The MAPK signaling cascade. The FASEB Journal 9, 726 -
735 (1995).

Weathington, N. M., Houwelingen, A. H. V., Noerager, B. D., Jackson, P. L.,
Kraneveld, A. D., Galin, F S., Folkerts, G. Nijkamp, F. P. & Blalock, J. E. A novel
peptide CXCR ligand derived from extracellular matrix degradation during airway
inflammation. Nature Medicine 12, 317-323 (2006).

Luster, A.D. Chemokines - chemotactic cytokines that mediate inflammation. The new
england journal of medicine 338, 436 - 445 (1998).

Tew, W.P., Kelsen, D.P. & Ilson, D.H. Targeted therapies for esophageal cancer.
Gastrointestinal Cancer Research 590-601 (2005).

Newell, D.R. How to develop a successful cancer drug — molecules to medicines or
targets to treatments ? European Journal of Cancer 41, 676-682 (2005).

Atasoy, P. & Bozdogan, 0. Molecular markers in endometrial hyperplasia. Cme
Journal Of Gynecologic Oncology 11, 61-67 (2006).

Wang, B., Khachigian, L. M., Esau, L., Birrer, M. J., Zhao, X., Parker, M. 1. &
Hendricks, D. T. A key role for early growth response-1 and Nuclear Factor- k B in
mediating and maintaining GRO / CXCR2 proliferative signaling in esophageal
cancer. Molecular Cancer Research 1, 755-764 (2009).

Urig, S. & Becker, K. On the potential of Thioredoxin reductase inhibitors for cancer
therapy. Seminars in Cancer Biology 16, 452-465 (2006).

112



Appendix A: Tables and Protein Marker

Table 1 General treatment table: The following treatment table was used to treat cells with
compound 93, 5-fluorouracil, auranofin, novel platinum compounds and ligands. All
compounds were dissolved in DMSO to make 100mM stock solutions which were stored at -
20°C. 5-fluorouracil and auranofin were stored in the dark.

[1x] pM [10x] pM Preparation of 10x pre-stock
A 0 0 98ul DMEM 2ul DMSO No drug
B 0.1 1 98ul DMEM 1ul DMSO tpl  (0.1mM drug dilution)
C 1 10 98ul DMEM 1ul DMSO 1pl  (ImM drug dilution)
D 5 50 98ul DMEM 1.5ul DMSO 0.5ul (10mM drug dilution)
E 10 100 98ul DMEM 1ul DMSO tpl  (10mM drug dilution)
F 50 500 98ul DMEM 1.5ul DMSO 0.5ul (100mM stock)
G 100 1000 98ul DMEM tul DMSO tpl  (100mM stock)
H 200 2000 98ul DMEM No DMSO 2ul  (100mM stock)

Table 2 Treatment table for compound 94 and 95: 50mM stock solutions of compound 94
and 95 were made up in DMSO and stored at -20°C. The following treatment table was used

during MTT assays.

[1x] pM [10x] pM Preparation of 10x pre-stock
A 0 0 98ul DMEM 2ul DMSO No drug
B 0.1 1 98ul DMEM 1pl DMSO Ipl (0.1mM drug dilution)
C 10 98ul DMEM 1pl DMSO 1pl (ImM drug dilution)
D 5 50 98ul DMEM 1.5u1 DMSO 0.5ul (10mM drug dilution)
E 10 100 98ul DMEM 111 DMSO 1pl  (10mM drug dilution)
F 25 250 9811 DMEM 1.5ul DMSO 0.5ul (50mM stock)
G 50 500 98ul DMEM 1ul DMSO Ipl  (50mM stock)
H 100 1000 9811 DMEM No DMSO 2ul  (50mM stock)

Table 3 Treatment table for Doxorubicin: The following treatment table was used to treat
cells with Doxorubicin (Dox) during MTT assays. SOmM stock solution of Dox was made up

in dH,0 and stored in the dark at -80°C.

[1x] pM [10x] pM Preparation of 10x pre-stock
A 0 0 98ul DMEM 2ul DMSO No drug
B 0.1 1 98ul DMEM 1ul DMSO tpl  (0.1mM drug dilution)
C 0.5 5 98ul DMEM 1.5ul DMSO 0.5pl (1mM drug dilution)
D 1 10 98ul DMEM 1ul DMSO 1pl  (ImM drug dilution)
E 5 50 98ul DMEM 1.5ul DMSO 0.5pl (10mM drug dilution)
F 10 100 98ul DMEM 1ul DMSO 1yl  (10mM stock)
G 20 200 98ul DMEM No DMSO 2pul  (10mM stock)
H 50 500 98ul DMEM 1ul DMSO 1yl (50mM stock)
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Table 4

Cisplatin treatment table
The following treatment table was used to treat cells with cisplatin for MTT assays, 1.6mM
stock solution of cisplatin was made up in 1XPBS and stored at 4°C.

Preparation of 10X pre-stock

Table 5

[1a] pME [10x] p¥ 1.6mM stock (ul) DMEM {pl)
A { fl 0 100
B .3 5 0.6 ag.4
C 10 1.25 98,75
D I 100 6.2 938
E 15 150 0.4 90,6
F k0 300 18.8 81.2
G | Bl 600 375 62.5
| G 1500 93.8 6.2

Statistical analysis for cell cycle profile results (first experiment)
Statistical analysis was done on the 8 phase only, where DMSO treated cells were compared
to cells treated with doxorubicin and the gold (I) compounds for 12, 24 and 48 hours. This
experiment was conducted in triplicate and the replicas for each treatment condition were
used to calculate the p-values using the student t-test. The Mean and standard deviation
(Stdev) for each treatment point are also included in the table. * indicates significance p=<0.05

Statisdcal analysis (TTESTY

12h 4dh 48 b
Mean Stdev p-value Mean Stdey p-value | Mean Stdev p-value |

LALS0) 401 14 45 6 6.6 26.1 24
5 uM ¥3 5.6 2.0 0.147354 724 Ry 0.033416% 24.0 17.4 {.864328
10 pM 93 730 3.2 0.048552% R 2.0 0041173 % 8.2 0.9 {1002 53
G bl 04 477 9.8 0.527653 74.0 1.0 {LO1R726* 33.4 13.3 221287
12 uM 94 624 1.7 0.045341% B2 13.4 0.45583] 674 13 0001212
5 pML 95 354 o 0.583247 46,6 07 11 BO3IRDS 41.8 a.5 0063509
140 uM 95 436 1.5 0.696802 031 154 1.293424 43.4 13 (1082236
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Table &

Statistical analysis for cell cycle profile results (second experiment}

Statistical analysis was done on the S phase only, where DMSO treated cells were compared
to cells treated with doxorubicin and the gold (1) compounds for 12, 24 and 48 hours. This
gxperiment was conducted in mplicate and the replicas lor each treatment condition were

used to calculate the p-values wsing the student t-test. The Mean and standard deviation

{Stdev) for each treatment point are also included in the table. * indicates significance p=0.03

Statistical analysis (TTEST)

12h 24h 48 h
Mean Stoey p-value Mean Sidev pP-valu Mean | Sides p-—#’alue
DMSO 352 ie 53.6 1.3 25.1 Q.7

5 pM DOX 55.9 11.1 0. 158280 T0.9 L3 OO 420% s, 6 1.4 {0000 11#

5 phl 93 T3 02 0.004282* 714 1.3 001041 37.1 0.y 0001437+

10y p™ 93 66,4 1.4 0008634 78.2 L3 DOg2335% 693 1.6 O.0008T6*

6 il 94 49 6 (PR 0.043345% THE 2T O1815* 48.1 1. 00022644

12 ph 04 674 0.3 0.007419* 7.5 52 LO031636% T 22 0000461 *

3 uh 95 fi2.4 g3 0075162 59.5 T 02357145 287 5 0271957
IE: 0 ph 95 8.5 3.5 0,001 87a 4.9 Al LO03RH3* J1.5 21 O.002700*
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Table 7

Thioredoxin Reductase inhibition by auranofin

The effects of auranofin on Thioredoxin Reductase activity were assessed on the WHCOI
cell line as described in the materials and methods. This result is representative of two
independent experiments conducted in duplicate (Experiment 1 is highlighted in black and
gxperiment 2 in green).

( min 5 min 10 min

ON(l} | OD(Y) | Average | OD(1}) | OD(2) | Average | OD (1) | OD({I) | Average

4217 (.22 0219 | 026l | 0262 | 0262 .29 0201 | 0.291
DMSO e : D6l

(482 {44 (k534 545 054 A1% (.61

(193 0193 0,183 0.20% 0.21 0200 027 0.219 0218
Aorgnofin 1 pM it e W A4 Y R i

Lo, it } {1.4° [ | [ 3 ! {1 44 [WREE T {1.46:8 U436
019 .19 G150 0.204 0.205 0.205 0.21 e 02t
Aqranofin 3 pil s Saoe A0 T PEETH Py g i
20 min o) min
OB | OD2} | Average | OBD(1) OD(2) | Average
0,329 0328 (L3285 0.527 0.326 (0.5265
PnS0 TS s —

fat 1 s L33 ] LFy 1.U5

0.227 1.229 11278 1.232 1258 0.254

Awranafin 1 pM

T (T RE] | {1 =k iF 5=

Anranctin 3 p¥

ozl | o5 [ ems | e2an | 0225 | 022

[r45 {1 4494 (3. 500
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Tahble 8

Determining the effects of the phosphine gold (I) compounds on total TrxR activity.
Total Thioredoxin Reductase (TrxR) was measured (in 60 pg of protein lysate) as described
in matenals and methods. Enzyme activity was measured at different time intervals over &
period of 60 minutes. This result is representative of two independent experiments conducted
in duplicate (Experiment 1 is highlighted in black and experiment 2 m green).

0 min 5 min 1{_'I _|_11i|1_ )
oD} | OD(2) | Average | OD (1} | OD (2} | Average | OD(1) O 2} | Average -
352 363 .36 4% (rARE n43 ns7 575 LA7
DS e ] e PP e (158075
.313 311 0,31 0.34% (.347 0335 37 0.37 037
Auranofin | pM = _ e — = =i :
e o o T o . oo
03 307 0.3 0334 343 (.24 {1.334 LAGS (.35
93 5 uM o = oo e . 7
[.2a6 [1.250 L2 315 B3lE 132 s 333 e
94 6 pM ol = = e : .
= 294 297 1.3 Q327 1.331] .33 n3q2 543 k55
93 S aM PR _, e % :
A [ [ 3 I
20 min i) min l
OLx (1) O (2} | Average | OD (L} O 2y | Average
rA583 (G580 0.a9 (L8527 (1841 .53
DMS0 : e - _ W E
I3 | i AT (e L]
3946 3946 1.4 AR E 436 0,44
Auranofin 1 pM = ) (F hs 054
03TR .3 AR .41 (d2q 142
935 1M . e T e :
_ 0.342 0.346 .34 0.357 036 136
0 & uMl : T e g :
) {].355; 0,362 (.36 0.371 0,379 (h3%
95 5 pM - = =y v e
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Tahlc @

TraR1 inhibition in respomse to treatment with novel phosphine compounds.
Cytoplasmic Thioredoxin Reductase (TrxR1} was measured (in 60 pg of cytoplasmic protein
lysate) as described in materials and methods, Enzyme activity was measured at different
time intervals over a period of 2 hours. This result is representative of two independent
experiments conducted in duplicate (Experiment 1 is highlighted in black and experiment 2 in

greeny.
N min " 5 min 11 min
O (1} OD {2y | Average | 01 (1) QD) | Average | OD({1) OD (1) | Average
1148 0485 .45 LR 0585 058 .653 [1.F1f<d {166
AN i peer . o s il
(451 dan .4z L] 1,306 0,50 (L3R .544 .34
Aurauglin 1 pM 0.44 ) 4TR & Laq3 053 1 554 S
(466 mad| .47 .51 0,527 (.52 (.549 (503 {1.56
933 uik : - s h F = oy =
| (== o H [ S | &) (= Li f Al Al
435 1403 4z 0472 0.436 045 0512 (h456 048
RS RN | TR — nan T D — 5 man e —
(.453 0.475 0446 0486 4515 0.50 0.515 0.553 .53
95 5 uM o — T e o 050
24 min 60 min ~ 120 min

a1 O {2 | Average | OD (1) OD(2) | Average | O} {L) QD {2y | Average ;

.76 (782 (.77 1.0 1.075 1.05 1.205 1.359 133 |

DMSO = e s TRT — - — e
0597 | 0605 0.60 0,762 0.774 00T 1.945 (.65 0.95
Auranolin 1 uM s = oy i o e ha o Vs
G604 0623 0.61 0,758 0,781 0.77 D036 (065 0.55
35 ukl e S i T T e : B e
0.545 .48l .51 0,504 0.5272 .54 .604 g (344 057
94&-"""1 i1 449 oA A0 i14s iy A6 ATy 4" fia AR PR A
(1.558 (1La0d 58 04636 711 068 0735 813 0.77
i 511 {1559 054 {1 A {1641 (61 V556 &7 (167
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Table 11

TrxR2 inhibition in response to treatment with novel phosphine compounds.
Milochondrial Thioredoxin Reductase {TrxR2) was measured (in 60 pg of mitochondrial
protein lysate) as described in materials and methods. Enzyme activity was measurad at
different time ntervals over a peniod of 2 hours. This result 15 representative of two
independent experiments conducted in duplicate (Experiment 1 is highlighted in black and
experiment 2 in green).

lJ“min 5 nin 1 nain
i) G2y | Average | ODDL) AD {2y | Average | O ONil) | Average
0307 0,00 1130 346 0334 034 0375 RETST 5 037
DMS0) ; i 7 o e
3 332 11, 545 [SRELN 3% ] 34 i1 38
0,334 n3e .32 345 01343 et [n364 LA59 {136
Auranofin 1 pM B SoF Fi EFIT 3 :
3 0303 0313 .31 0.3 {1.342 0134 \ 0341 035 135
03 5 pM s - 0% 0 0o 36n T T
0300 0.325 12,532 03n {1,346 a3 0337 0354 033
94 6 uM I : = :
N 031724 1] {145, e L 1,34 T
.l'.l.3 b 0321 .52 0.3 . {.34s 634 N334 0351 0,36
95 5 uh ; ' = o — =
14 ] | 11313 Ft {141 g, W 13
20 min 60 min E20 min
oD (L) OD {2} | Average | HI(1) OD (1) | Average | OD () OD{2) | Averaze
N4 G412 a4l (L3365 (1525 053 G.654 {1,646 0.5
DMS o 0317 N Gg = A o oA =
0385 038 (135 {1435 Qe 27 0.43 {1,464 .46 .26
Auranofin 1 pM —— T 3 I Ty Pl s T .
0358 072 0 037 039 b5 1) 1.414 0414 G.42
03 5 uM == o = o i i L
{1754 %4 .41 | { i T e {13 oA Gt i
346 364 630 L RETSY 03T 37 0373 .39 0.3
MG’,II\'T = T . 11 voAs i 1} 4 f b 1374 |:.:;.
371 0377 037 394 0.39% 4 34457 0412 0.4
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Figure 1: Spectra™ Multicolour Broad Range Protein Ladder (# SM1841). This protein
ladder was used in Westemn blot analysis and it is suitable for detecting proteins of 10 to 260
kDa on 4 % to 20 % gels.
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Appendix B: Solutions

B.1 Tissue culture

10x PBS 1L

80g NaCl

2g KCl

11.5g Na,HPO47H,0

2g KH,PO,

Make up to 1L with dH,0

Store at room temperature and at 4°C once diluted to 1x PBS

Heat Inactivated Foetal Calf Serum (FCS)

Heat FCS for 30 minutes at 56°C
Store at -20°C for long term storage and at 4°C once opened

Penicillin / streptomycin solution

Add 5 million units of Penicillin G Sodium (Highveld Biological) to 5ml PBS
Add 5g 214S Streptomycin Sulphate (Highveld Biological) to 15ml PBS
Combine the two solutions and make up to 500ml with PBS

Store at -20°C

Complete DMEM

450ml DMEM

50ml FCS

5ml Penicillin and Streptomycin (P/S)
Store at 4°C

Trypsin-EDTA

0.5g trypsin

8g NaCl

1.45g Na,HPO,42H,0

0.2g KCl

0.2g KH,PO4

10mM EDTA (pH 8)

Make up to 1L with PBS

Store at -20°C for long term and at 4°C once in use

Mycoplasm staining solution

0.5ug/ml Hoeschst No. 33258 diluted in Hanks Buffered Saline Solution (w1thout phenol red
or sodium bicarbonate)
Store at 4°C covered with foil
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Hanks Buffered Saline Solution (without phenol red and sodium bicarbonate)

5.4mM KCl
0.3mM Na2HP04
0.4mM KH,PO,
1.3mM CaCl,
0.5mM MgCl,
0.6mM MgSO4
137mM NacCl
5.6mM D-glucose
pH 7.4

Make up to 1L with dH,O
Store at 4°C

Mycoplasma fixative
1 part glacial acetic acid and 3 parts methanol
Mycoplasma mounting fluid

22.2ml 0.1M citric acid
27.8ml 0.2M Na;HPO42H,0
50ml glycerol

pHS5.5

Store at 4°C

B2: MTT assay

MTT reagent Smg/ml

Weigh out 100mg MTT

Add 20ml sterile PBS in TC hood

Vortex the mixture and incubate in the water bath at 37°C for 15 minutes
Filter the solution into another 50ml tube through a 0.2um filter

Wrap the solution in foil and store at 4°C

Solubilisation reagent

Dissolve 50g of SLS in 500ml of dH20
Add 153.2pl of conc. HC]
Store at room temperature
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B3: Cell Cycle

RNAse 10mg/ml

Dissolve pancreatic RNAse (RNAse A) in 10mM Tris.Cl pH7.5 and 15mM NaCl
Heat at 100°C for 15 minutes and cool slowly to room temperature
Make aliquots and store at -20°C

PI (Propidium iodide) staining solution (make up fresh always)

0.1% Triton X100

2mM MgCI2

100mM NaCl

10mM PIPES buffer
10pg/ml Propidium iodide
Make up to 50ml with dH,O

B4: Western blot
RIPA buffer

150mM NaCl

1% Triton X100

0.1% SDS

10mM Tris pH 7.5

1% Na deoxycholate

Make up to 200ml with dH,O

Store at 4°C

Add Protease inhibitor and phosphatase inhibitor fresh every time before use

5x loading buffer

15.1g Tris

72g glycine

Dissolve in 50ml dH,O

pHto 6.8

add 5g SDS

Make up to 100ml with dH,O

Store at room temperature and heat before use

Sx Laemmli dye
200ul 5x loading dye
100p1 B-mercaptoethanol

100p1 0.025% Bromophenol blue
Store at -20°C
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1M Tris pH 8.8

60.5g Tris

Add 300mi dH,0

pH to 8.8

Make up to 500ml with dH,0
Autoclave

Store at room temperature

10% Resolving gel

5.5ml dH20

7.5ml 1M Tris pH 8.8

200u1 10% SDS

6.7ml 30% Acrylamide (Sigma)
400pu1 10% APS

40ul TEMED

15% Resolving gel

2.2ml dH20

7.5ml 1M Tris pH 8.8

200pl 10% SDS

10m! 30% Acrylamide (Sigma)
400p1 10% APS

40pl TEMED

4% Stacking gel

7.3ml dH20

1.25ml 0.94M Tris pH 6.7
100ul 10% SDS

1.3ml 30% Acrylamide (Sigma)
120ui 10% APS

12pl TEMED

10x Running buffer

29g Tris

144g Glycine

10g SDS

Make up to 1L with dH,0
Store at room temperature
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10x Transfer buffer

144g Glycine

38g Tris

Make up to 1L with dH,0
Store at room temperature

10x Tris Buffered Saline (TBS)

60.5g Tris

87.6g NaCl

pH 7.5

Make up to 1L with dH;O
Store at room temperature

Stripping buffer

1.4ml beta-mercaptoethanol
40ml 10% SDS

12.5ml 1M Tris pH 6.7

Make up to 200ml with dH,O
Store at 4°C

BS: Thioredoxin reductase
Mitochondrial isolation buffer

20mM HEPES-KOH

10mM KClI

1.5mM MgCl,

ImM EDTA

ImM EGTA

0.25M Sucrose

Add 100ml of dH,0O

pH7.5

Make up to 200ml with dH,0
Filter sterilise and store at 4°C

NOTE: CHAPS and protease inhibitor should be added fresh on the day of the experiment
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Lysis buffer

40mM HEPES-KOH

50mM NaCl
ImM EDTA
ImM EGTA

Add 100m] dH,0

pH to 7.4

Make up to 200ml with dH,0

Filter sterilise
Store at 4°C

NOTE: CHAPS and protease inhibitor should be added fresh on the day of the experiment

PE buffer

100mM Potassium phosphate

10mM EDTA
pH7

Make up to 200ml with dH;0

Autoclave / Filter sterilise

Store at 4°C

B6: ROS

DCFDA

Make up fresh from primary stock
Molecular weight = 487.26g/mol
Primary stock = 50mM in DMSO (50mg in 2.05ml)

Kreb’s ringer (KR) buffer

Table 5 KR buffer solution table: A stock solution without glucose must be made up, pH to
7.4, filter sterilised and stored at 4°C. Glucose must be added fresh on the day of the

experiment.
. Vol. For | Vol. For
Reagent Molar mass | Final cone. Mass for 1L 500ml 200ml
NaCl (5M) 57.75 110mM 6.35g 11ml 4.4ml
KCl (1M) 74.56 2.6mM 0.19g 1.3ml 0.52ml
| MgSO4 (IM) | 120.36 1.2mM 0.14g 0.6ml 0.24ml
KH,PO4 (1M) | 136.09 1.2mM 0.16g 0.6ml 0.24ml
gﬁcm 84.01 25mM 2.10g 12.5ml 5ml
Glucose 180.08 11mM 1.98¢ 0.99g 0.396g
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Crystal Violet

1% crystal violet
50% Methanol
Store at room temperature
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