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Summary

Polysulfanes from garlic are regarded as potential chemopreventive compounds as
they have proven to be effective inhibitors of cancer cells. Yet, certain aspects of the
triggered inhibitory effects remain unclear.

The aim of this study was, hence, to determine the anti-carcinogenic properties of
novel coumarin and diallyl polysulfides against HCT116 colorectal cancer cells.
These polysulfides inhibited the viability and proliferation of cultured HCT116 cells in
a time- and dose-dependent manner. The mechanism of cell inhibition included cell
cycle arrest and induction of apoptosis.

While polysulfanes are known to cause oxidative stress, little is known about the
underlying signalling cascades leading to antioxidant defence or apoptosis. It was,
thus, hypothesised in this study that polysulfanes may induce ROS generation
and/or regulate cellular thiol, which in turn may regulate signalling pathways leading
to cell survival or apoptosis. The effect of polysulfanes on cellular thiol, ROS and ER
stress signalling pathways was hence analysed. An immediate rise in the level of O,"
, H,O2 and an overall thiol depletion was found. There was also an increase in PERK
and elF2a phosphorylation along with Nrf2, HO-1, and NQOL1 protein levels in a
time- and concentration-dependent manner. Pre-treatment of cells with antioxidants
drastically reduced the high expression levels of these proteins. A direct role of Nrf2

was shown by its interaction with the stress response element of the HO-1 promoter.

Interestingly, however, not only did DATTS fail to induce cell cycle arrest in the G,/M
phase of the cell cycle in normal epithelial ARPE-19 cells, but also apoptosis and ER

stress.

This study, shows for the first time, a parallel but not equal activation of signaling
pathways by DATTS in particular, with a competitive ultimate cellular outcome.
Results also suggest that the inhibitory and apoptotic effects are more prominent in
HCT116 cancer cells than in ARPE-19 noncancer cells.
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Zusammenfassung

Polysulfane sind Inhaltsstoffe des Knoblauchs, die als potentielle pharmakologisch
wirksame Verbindungen betrachtet werden, da sie sich als Hemmstoffe des
Krebszellwachstums herauskristallisiert haben. Zahlreiche Aspekte dieser Hemmung

sind noch unklar.

Das Ziel dieser Studie war es daher, die antikarzinogenen Eigenschaften von
neuartigen Cumarin- und Diallylpolysulfanen in der Darmkrebszelllinie HCT116 zu
bestimmen. Diese Polysulfane hemmen Wachstum und Vitalitat der kultivierten
HCT116 Zellen in einer zeit- und dosisabhéngigen Weise. Der Mechanismus der

Hemmung umfasst einen Zellzyklusarrest und die Induktion von Apoptose.

Wahrend Polysulfane dafiir bekannt sind, oxidativen Stress zu verursachen, ist nur
wenig Uber die Signalwege bekannt, die zur Verteidigung mittels Antioxidantien oder
Apoptose fuhren. Dieser Arbeit liegt die Hypothese zugrunde, dass Polysulfane zu
ROS-Entstehung fiihren und/oder zellulares Thiol regulieren kdnnten, was wiederum
Signalwege regulieren konnte, die iber Apoptose oder Uberleben entscheiden.
Tatsachlich konnte ein unmittelbarer Anstieg von O,"-Radikalen und H,O, sowie
eine Abnahme der Thiolkonzentration gezeigt werden. Es war auch ein zeit- und
dosisabhangiger Anstieg der Expression von ER-Stress Markerproteinen zu
beobachten. Die Vorbehandlung der Zellen mit Antioxidantien reduzierte die
Expression dieser Proteine drastisch. Eine direkte Rolle von Nrf2 auf HO-1 wurde

durch die Interaktion mit dem StRE-Promotorelement des HO-1 Gens gezeigt.
Interessanterweise konnte Diallyltetrasulfan (DATTS) in der normalen Epithelzelllinie
ARPE-19 weder einen G,/M Zellzyklusarrest, noch ER-Stress oder Apoptose

induzieren.

Diese Studie zeigte erstmals eine parallele, aber nicht identische Aktivierung von
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Signalwegen durch DATTS mit kompetitivem Ausgang fir die Zelle. Die Ergebnisse
legen auRerdem nahe, dass die hemmenden und apoptotischen Effekte von DATTS
in HCT116 Krebszellen deutlich starker sind als in ARPE-19 Nicht-Krebszellen.
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1 Introduction

1.1 Polysulfides

According to the International Union of Pure and Applied Chemistry (IUPAC) GOLD
BOOK, polysulfides are defined as, "Compounds R—[S],—R , with a chain of sulfur
atoms (n = 2) and R # H". They are generally divided into two groups, namely,
anions and organic. Polysulfides belonging to the anion group have the formula S,7,
in which n is a number from 3 to 10 or more and are generally prepared by dissolving
sulfur in solutions containing the sulfide ion, S*. Organic polysulfides on the other
hand have the general formula RS,R, where R = alkyl or aryl. These sulfur
compounds have often been used as additives in the chemical industry for the
manufacture of rubbers, adhesives and sealants [1, 2]. Organic polysulfides in
particular have been found as biologically active ingredients in a number of Allium
plant species including garlic and leeks [3, 4, 5]. The chemistry underlying the
biological activity of these polysulfides is currently emerging. This polysulfide
chemistry however, seems to include a combination of several distinct
transformations, such as oxidation reactions, superoxide radical and peroxide
generation, decomposition with release of highly electrophilic sulfur species,
inhibition of metalloenzymes, perturbations of metal homeostasis and membrane
integrity and interference with different cellular signalling pathways. Emerging
evidence is pointing towards major benificial effects of some of these polysulfides in
argiculture and medicine, including antifungal, antibacterial, coronary heart diseases,

cancer chemoprotection and cancer chemotherapy [5].

1.1.2 Sources of polysulfides

A growing body of research is showing that dietary agents such as certain plants,
spices, fruits and vegetables, which are crital to good health, may be sources for
polysulfides {for review, see [6]}. These agents contain essential vitamins, minerals,
fiore and phytochemicals that protect from chronic diseases. Polysulfides in
particular have been found in many plants and lower organisms in addition to Allium

species. Diallyl polysulfides for example, have been forund in garlic (Allium
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sativum), leek (Allium ampeloprasum) and in onion (Allium cepa), whilst coumarins
(from which coumarin polysulfides are made) have been found in tonka beans
(Dipteryx odorata), vanilla grass (Anthoxanthum odoratum) and in cassia cinnamon
(Cinnamomum aromaticum) [7], to name but few (Fig. 1). These coumarins are
joined together by sulfur bridges to make coumarin polysulfides [8, 9]. Other edible
species also contain cyclic polysulfides with significant therapeutic potentials, such
as Shiitake mushrooms (lenthionine and 1,2,3,4,5,6-thiepane, 1,2,4,6-tetrathiepane,
1,2,4-trithiolane) [10, 11], asparagus (1,2,3-trithiane-5-carboxylic acid, a plant growth
inhibitor also suspected to act as contact allergen in dermatitis) [12] and the
Mimosaceae Parkia speciosa. (lenthionine and a range of di- and polysulfides) [13].
Linear polysulfides, such as diallyl trisulfide (Fig. 2) and diallyl tetrasulfide (Fig. 2)
and chemically related methyl-, ethyl- and propyl-based tri- and tetrasulfides also
occur in trees, such as in barks of Scorodophleus zenkeri Harms from which a range
of different di- and trisulfides with anticancer, antibacterial and antifungal activity
have been isolated [14, 15, 16, 17].

Garlic Onion
Allium sativum Allium ampeloprasum Allium cepa

Coumarins

G

Tonka bean Vanilla grass Cassia cinnamon

Dipteryx odorata Anthoxanthum Cinnamomum
odoratum aromaticum

Figure 1. Sources of polysulfides. Adapted from Prasad et al., 2012 [6].
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The chemical structures of some of the polysulfides found in Allium plants and those
of coumarin polysulfides are given in Figure 2. The reaction scheme for the
synthesis of some of these polysulfides is also given in Figure 3. The synthesis of
diallyl tetrasulfide for example was described by Derbesy and Harpp [18], whilst that
of the coumarin polysulfides was described by Valente and colleagues [8, 9].

A) B)
A~S~ Diallyl sulfide s—s s-s—s
/\/S\S/\/ Diallyl disulfide HyCO 07000 OCH;  H,CO 070 070 OCH;3
SV25 Sv29
/\/S\S,S\/\ Diallyl trisulfide g{ s-s- ?D
2 . HACO 070 070 OCH,
/\/S\S/S\S/\/ Diallyl tetrasulfide v

Figure 2. Chemical structures of A) diallyl polysulfides and B) coumarin polysulfides - SV25 -
coumarin disulfide, SV29 - coumarin trisulfide and SV28 - coumarin tetrasulfide

A) Diallyl tetrasulfide
RSH + siC —18C , fRssscl) —=H 5 RSSSSR
ether
Allyl Sulfur Diallyl
mercaptan  chloride tetrasulfide
B) Coumarin polysulfides

00 H,CO HaCO 0770 070 OCH,
SV25

1.2- benzop\/rone
HsC 0 0 OJ\ OCH,

SV29, n= |
SV28.n=2

Figure 3. Reaction scheme for the synthesis of A) diallyl tetrasulfide and B) coumarin polysulfides. a:
1) thiourea, EtOH/Et,0, reflux, overnight ; 2) 2 N NaOH; b: MnO,, dry THF, 70°C, 1 h; c: Et3N, sulfur
dichloride or disulfur dichloride, 0°C, 1 h.
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1.2 Coumarins

Coumarin (2H-1-benzopyran-2-one) (Fig. 4), which owes its class of name to
‘Coumarou’, an amazonian dialect name for the tonka bean (Dipteryx odorata) tree,
is an oxygen heterocyclic crystalline white compound with a sweet aromatic creamy
odour. It has a widespread occurrence in the plant kingdom and plays an essential
role in the realm of natural products (Fig. 1) [7]. The coumarin compound was first
isolated from the tonka bean (Dipteryx odorata) in 1820 by a German scientist known
as A. Vogel [19], and until the late 1890s it was obtained commercially only from this
natural source. Since then, scientist have found substantial amounts of coumarins in
vanilla grass, woodruff, lavender, licorice, strawberries, apricots, cherries, cinnamon,
sweet clover and bison grass [20]. Coumarins may also be found in nature in
combination with sugars as glycosides [21]. These coumarins are of great interest
because they exhibit a broad range of applications: as perfumery; optical brightening
agents; and dyes in laser technology [20]. Coumarin and its derivatives also display
a broad range of biological properties such as coronary vasodilation, anticoagulant ,
anti-cancer, anti-bacterial, anti-HIV [22, 23, 24, 31, 32] and antifungal activities [25].
Some of these biological activities will be briefly discussed in the next section as part
of this PhD thesis.

Figure 4. Structure of coumarin and atom numbering.

1.2.1 Biological activities associated with coumarin and coumarin
derivatives

Over the years, coumarins and coumarin derivatives have generated a huge interest

amongst scientists trying to unravel new natural products for the cure of diseases
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such as cancer. They have proved for many years to have significant therapeutic
potentials [26, 27, 28, 29, 30]. Studies have shown that some coumarins and their
derivatives have multiple biological activities including disease prevention, growth
modulation and antioxidant properties [23]. These compounds are known to exert
anti-tumour effects [33, 34] and can cause considerable changes in the regulation of
immune responses, cell growth and differentiation [35, 36, 37, 38, 39, 40]. In 1998
for example, Weber and colleagues showed that coumarin and its metabolite 7-
hydroxycoumarin can exert antitumour activities against several human tumour cell
lines [41]. Selected reports of the biological effects of coumarins and/or their
derivatives are presented in Table 1, and some of the effects specific to cancer are
discussed below in more detail.

1.2.2 Coumarins induce cell cycle arrest and apoptosis in cancer
cells.

Studies have shown that most coumarins and their derivatives induce cell cycle
arrest and apoptosis in some cancer cells [42]. In 2007, Chuang and colleagues
found out that not only was coumarin able to reduce cell viability, but also caused
reactive oxygen species (ROS) production, cell cycle arrest in the G,/G; phase and
subsequently apoptosis. They reported that coumarin treatment caused decreased
expression of G.,/Gi-associated proteins, which may have led to the G,/G; arrest.
They observed a decrease in the expression levels of anti-apoptotic proteins bcl-2

and bcl-xL, and an increase in the expression of the pro-apoptotic protein bax [42].

Reports also suggest that coumarins are potent against various kinds of cancer,
including gastric [43, 44], malignant melanoma [43, 45], prostate and renal cell
carcinoma [45, 46]. These coumarins come from a wide variety of natural sources
and their vital roles in plant and animal biology have not been fully exploited.
Furthermore, as new coumarin derivatives are being discovered or synthesised, new
biological activities will certainly continue to be discovered, and this will subsequently
help in identifying potential drug candidates from these compounds, which will
eventually help in fighting diseases such as cancer.
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Biological Reference
activity
Anticancer Manojkumar et al., 2009 [48]; Kotali et al., 2008 [52]; Chuang et

al., 2007 [42]; Kostova et al., 2006 [23]; Lopez-Gonzalez et al.,
2004 [55]; Finn et al., 2001 & 2002 [53, 54]; Seliger and
Pettersson 1994 [56].

Antifungal Bisignano et al., 2000 [19].
Anti Sandeep et al., 2009 [49]; Asad et al., 2009 [47].
inflammatory

Anticoagulant | Kostova et al., 2006 [23].

Antimicrobial Mohareb et al., 2009 [50]; Kolancilar et al., 2008 [51]; Bisignano et
al., 2000 [19].

Table 1 Selected biological effects of coumarin and coumarin derivatives reported in literature.

1.3 History of the “stinking rose”

Allium plants such garlic, onions and related plants have had important dietary and
medicinal roles for centuries. There are numerous sketchy evidences of beneficiary
effects of these plants to date but controlled studies have not shown consistent,
long-term effects. That however, does not mean that the Allium plants don’t work;
only that scientific standards have not yet been met. Garlic - whose botanical name
is Allium sativum, and belongs to the Allium genus of the Alliaceae family - is an
Asiatic crop which has spread to other continents and is now broadly cultivated.
Garlic is often referred to as the “stinking rose” because of its pungent odour. It is
one natural product that hah long been used at the beginning of recorded history as
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a medicinal and cooking ingredient in most parts of the world. Its name is derived
from the old English term garleac, which means "spear leek", and its history involves
a lot of ancient cultures. It has been cherished by many for its healing powers and
yet reviled by others for it pungent smell. Garlic was found to not only add flavour to
food but also to boost strength, performance and prevent diseases in workers at
most Egyptian pyramids and ancient Greek temples. The ancient Greek physician
Hippocrates, who was revered and regarded by many as being the father of modern
medicine, prescribed garlic for a variety of conditions; one of which was to treat
cancerous tumours. It was also used in Greece as a “performance enhancing” agent
in most Olympic athletes {for review, see [57]}. In China, it has long been
recommended for fever, headache, cholera and dysentery [5]. In Korea, women
have used garlic to bless themselves with supernatural powers and immortality,
whilst in India it was used to warm the body, improve blood circulation, and cure

digestive problems.

1.3.1 Garlic and its components

We humans are becoming increasingly reliant on natural products for medical
purposes simply because they are the most productive source of leads for the
development of drugs. The cells of living organisms - plants, fungi, insects, and
higher animals - are the sites of intricate and complex synthetic activities that result
in the formation of a remarkable range of organic compounds, several of them of
great practical importance to mankind. Knowing the health benefits of garlic and the
fact that it has been around for such a long time makes one wonder why it is only
now taking centre stage in combating various physiological threats such as cancer,
immune dysfunction and cardiovascular diseases. It wasn’t until the middle of the
19th century that a French chemist first reported the isolation of garlic oil from garlic
plants. Also, in 1892, the German chemist F. W. Semmler reported that garlic oll,
when fractionally distilled at low pressure, contained dially disulfide, diallyl trisulfide
and diallyl tetrasulfide [58]. As modern medicine unearths the wonders of garlic, it is
increasingly becoming evident that the chemical composition of this Allium plant
includes not only the reactive sulphur species such as allicin (Fig. 6) but a host of
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other chemicals such as antioxidants, enzymes and minerals including calcium,

copper, iron, manganese, phosphorus, potassium and selenium [58, 59, 60].

1.3.2 The chemistry of garlic

Of increasing interest to a growing body of research is the investigation of the
chemistry of polysulfides as biologically active ingredients of garlic. Garlic plant -
particularlly garlic bulb, is well known to contain a large number of biologically active
sulfur compounds [59, 60]. These reactive sulfur species are enzymatically
generated as part of binary plant defence system and each exhibits its own chemical
properties and biochemical activity. A typical example is seen in allicin, the
compound commonly associated with the biological activity of garlic. In garlic, allicin
is synthesised and temporarily stored in the vacuoles ‘on demand’, i.e. when the
clove is physically injured (e.g. chopping, crushing) or attacked by microbes [58, 59,
61]. Alliin, a chemically unreactive sulfoxide and precursor for allicin is, however,
produced and stored in the cytosol when the cysteine derivative y-glutamyl-S-
alk(en)yl-L-cysteine is hydrolysed and oxidised [60]. Once the garlic clove is
physically injured, allin gets enzymatically converted to the highly reactive
thiosulfinate allicin by the C-S-lyase enzyme alliinase. Allicin, which has been
associated with cytotoxic effects against several cancer cells [61, 62, 63], is highly
unstable and can be easily decomposed if left at room temperature for a long period
of time or if exposed to higher temperatures (like during cooking for example).
Decomposition and degradation of allicin results in a range of ‘second generation’
products including: diallyl sufide (DAS), DADS, DATS and DATTS. Other
decomposition products of allicin includes: dithiins 3-vinyl-3,4-dihydro-1,2-dithiin, 2-
vinyl-2,4-dihydro-1,3 dithiin and ajoene. Of course, other follow-on reactions of
allicin and polysulfides may occur, especially with intracellular thiols, resulting in
additional sulfur species, such as thiolated cysteine and cysteine residues in
peptides and proteins. The polysulfides can also be reduced, by glutathione for
example, to form allylmercaptan, allyl perthiol and possibly allyl hydrotrisulfide (for a

review, see [58, 63]).
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Another striking area of the chemistry of garlic is to do with formulations of a
network of chemical and biochemical reactions that are geared towards
understanding aspects of the biological activity of polysulfides. This area of garlic is
currently emerging and most of it is only speculative at the moment. The chemistry
seems to involve several distinct chemical reactions that interfere with diverse
cellular signalling pathways (Fig. 7). Some of these chemical reactions include
protein thiolations [62, 63, 65], hydrophobic interactions [65] and generation of
reactive oxygen species [66, 67]. Even more fascinatingly, some of these chemical
reactions seems to trigger others in eliciting response leading to several cellular
signalling pathways. As part of this PhD thesis, therefore, aspects of this polysulfide

chemistry will be explored.

Binding to/interactions Ligand-metal and hydrophobic
with cellular membranes interactions with metalloproteins

\ 7

Screlease | ¢—— [ /\/Sx\/\ }:.

Oxidation and S-thiolation
of proteins (x 2 2)

(x230r4) / ﬂ X
Polysulfide (S,2) | | H2S release and O radical generation
release (x 2 3) cell signalling (x23)

Fig. 5 Chemical properties and reactivity of polysulfides which may explain aspects of their biological
activity. Please note that some parts of this scheme are only speculative. Taking from Schneider et
al., 2011 [68].

1.3.3 Generation of Reactive Oxygen Species (ROS)

Reactive Oxygen Species (ROS) are small, highly reactive molecules that play a vital
role in cell signalling. They can be organic or inorganic and their reactivity is mostly
due to the unpaired electrons they carry. They are normally natural byproducts of
oxygen metabolism, however they can also be formed by exogenous sources such

as ionising radiation. The mechanism through which diallyl polysulfides generate
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ROS is not quite understood at the moment. The general consensus, though, is that
these polysulfides react with glutathione (GSH) in the presence of enzymes such as
glutathione transferase and are reduced to perthiols. The perthiols are easily
oxidized to perthiyl radicals, which can further react with GSH to form polysulfide
radical anions (Fig. 6). These then can reduce molecular oxygen to generate ROS
(for review, see [62, 63, 67, 73]). A schematic representation of how diallyl
polisulfides induce ROS generation is given in Figure 8, and some of the radicals

generated are shown in Table 2.

/\/S\st\/\

/\/S‘ -8\

0,
/\/S\ /S\S/\/ GSSG

S\ /S\

dimerlzatlon
\ /\/S

GSH 0,7, H,0,

Figure 6. Proposed mechanism for polysulfide-induced ROS generation. For example, in the
presence of an enzyme such as glutathione transrerase, diallyl trisulfide will react with intracellular

components such as GSH and O, to generate ROS.

ROS can cause oxidative damages to DNA. The nature of damages includes mainly
base modifications, deoxyribose oxidation, strand breakage and DNA-protein cross-
links. All of these of course may lead to tumour progression, mutation and
metastasis [63, 64, 69]. ROS production may also interfere with normal cell
signalling, resulting thereby in alteration of the gene expression, and development of
cancer by redox regulation of transcription factors/activators and/or by oxidatively

modulating the protein kinase cascade [70, 71, 72].

Furthermore, ROS can cause tissue damage by reacting with sulfhydryl groups in
proteins. They can disrupt key cytoskeleton components (such as microfilaments

10
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and microtubules) of the cell through modifications of specific cysteine residues of
both actin and tubulin [74, 75].

Type Reactive species Chemical formula

ROS

Non-Radical | Peroxide ROOR
Singet oxygen O,

Radical Hydroxyl-radical HO’
Superoxide anion 0,

RSS

Non-Radical | Thiol RSH
Disulfide RSSR
Sulfenic acid RSOH
Thiosulfinate (disulfide-S-monoxide) | RS(O)SR
Thiosulfonate (disulfide-S-dioxide) | RS(O).SR

Radical Thiyl-Radical RS’

Table 2 Reactive oxygen and sulphur species (adapted from Giles and Jacob., 2002 [77]).

1.3.4 Biological activities associated with polysulfides from garlic.

Before delving into this part of the thesis, it should be noted beforehand that the
emerging details of the biological activities of some of these compounds are often
quite sketchy and we have little or no knowledge about, the mechanism through
which the response is elicited. In some cases this knowledge is only speculative.

11
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Therefore, as part of this thesis, aspects of the biological activities associated with
polysulfides will be studied.

Like the coumarins and their derivatives, recently published results of animal and in
vitro studies have shown that active ingredients in garlic have multiple biological
activities including disease prevention, growth modulation and antioxidant properties
[5, 63, 80]. Components of garlic are involved in cholesterol lowering and may also
reduce the risks of atherosclerosis and allied cardiovascular complexities [77]. A
review by Fleischauer and Arab (2001) [81] of the epidemiologic literature in garlic
consumption addressing cancers of the stomach, colon, head and neck, lung, breast
and prostate in a Chinese population, suggests a preventive effect of garlic
particularly in stomach and colorectal cancers. A major breakthrough was made
when polysulfides from garlic were used to treat various types of diseases (for
review, see [4, 5, 63]). Polysulfides can inhibit cell proliferation and they may do so
by targeting members of the cell cycle signalling cascades, leading to growth arrest
[79]. Figure 5 shows some of the cell cycle regulatory proteins that may be targeted
by components of garlic such as polysulfides.
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Figure 7. The cell cycle with its regulatory proteins.
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Furthermore, garlic components such as DADS have been attributed to not only
inhibit cell proliferation, but also to induce oxidative stress and apoptosis in most
cancer cells [69, 70, 76, 78].

From these data, it seems to be clear that garlic - or some of its components -
definitely has an impact on the cell cycle and the cell cycle proteins. It is still unclear
though, whether and how polysulfides from garlic target these cell cycle molecules
directly or whether they act via reactive oxygen species (ROS) and DNA damage
which then induces the downstream pathway with ATR, chkl and cdc25C for
example. It may also be that longer-chain polysulfides such as DATS and diallyl
tetrasulfide (DATTS) may react differently in inducing cell cycle arrest and/or
apoptosis. It also remains an open question which is the key molecule for the switch
from cell cycle arrest to apoptosis. Some of these areas will also be explored as part
of this PhD thesis.

/\/!\/\/

Antibacterial, antifungal A J oene

‘ ‘ Antioxidant, antithrombotic
f\./i\‘/\l)km

Lowers oxidative stress,
anticarcinogenic

S-Allyl cysteine Dia:fl!zl (DAS)
e —: > sulnae
\/\/\’)Lm AN,

" Detoxification,
Cholesterol lowering anticancer
agent

GARLIC
Daillyl
tetrasulfide (DATTS) N N
S, o 3 Anticancer, anti-CHD
S Da"lyl

Anticancer, anti-CHD

trisulfide (DATS)

P N
Anticancer, anti-CHD

Figure 8. Components of garlic and their biological activities.
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1.4 Rationale of the project

A host of natural compounds are today being used in cancer therapy and prevention,
whilst a lot more are still being investigated for their anticancer capabilities. There
have long been indications that coumarins and garlic protect from cancer. Garlic in
particular has a variety of different compounds which increase immune competence;
suppress cell division and cell proliferation or which induce apoptosis [5, 63, 70, 80].
Most importantly, reports suggest that the biological activity of the garlic compounds
in particular increase with the length of the sulfur chain [62]. The purity of some of
these compounds, however, have been questionable. Prof. Claus Jacob from the
Institute of Bioorganic Chemistry, University of the Saarland, synthesised and highly
purified diallyl mono-, di-, tri- and tetrasulfides. He also synthesised control
compounds where sulfur atoms were replaced by carbon and where C=C double-
bonds were replaced by C-C single bonds. Using cancer cell lines, results from
preliminary work in our group suggested that diallyl tri- and diallyl tetrasulfides may
inhibit cell growth and cause them to go into apoptosis [82]. Control experiments
revealed that the sulfur chain of the polysulfides are essential for this activity,
whereas the C=C double bonds are not necessary. Previous studies have already
shown that diallyl mono-, di- and tri-sulfides can cause oxidative stress in a variety of
cancer cells through the generation of ROS [67, 69, 82]. They have also been
shown to cause alterations in intracellular thiol levels which affect cellular functions,
including signalling pathways which may in turn cause cell cycle arrest and induction
of apoptosis [73, 75]. Although diallyl polysulfides cause oxidative stress, little is
known about the underlying signalling cascades leading to antioxidant defence or
apoptosis, and unlike diallyl mono-, di- and tri-sulfides, which have all been well

characterised, the corresponding diallyl tetrasulfide has hardly been used.

Interestingly, in order to find new drugs with anticancer activities similar to or better
than diallyl polysulfides, Dr. Sergio Valente from Université de Lorraine in Metz,
France, made use of both coumarins and polysulfides and synthesised novel hybrid-

type bis-coumarin polysulfides as disulfur, trisulfur and tetrasulfur coumarins.
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1.4.1 The aims of the present study

Cancer research these days is generally focused on the discovery of novel drugs
that are able to prevent cancer cell growth and induce apoptosis. Therefore, not only
is there a new appeal for the highly purified and newly synthesised compounds, but
also investigating for their effects on cancer cells, which may unravel new pathways
or new components within old pathways. This allowed major questions to be asked
in this work, such as, (i) are the newly synthesised coumarin derivates and the more
pure diallyl polysulfides, anticancer agents? If yes, then what is the mechanism
involved? (ii) do the polysulfides have the same effect on normal cells as in cancer
cells? Hence, the aims of the present study were a) to investigate the anticancer
activities of coumarin and diallyl polysulfides on HCT116 colon cancer cells, b) to
identify the most potent (in terms of antigrowth and apoptosis) of these compounds,
c) to unravel the mechanism of action of the potent compounds, d) to focus on the
molecular aspects of interactions with their recognised cellular targets, such as
microtubules and e) to compare the effects of these sulfur compounds on cancer

cells to that on normal cells.
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2 Materials

2.1 Table 3. Instruments

Instrument

Source

96-well microplate luminometer.

Gamma radiation survey monitor LB122.

Berthold Technologies, Bad
Wildbad, Germany

Autoclave Varioklav®400

H+P Labortechnik,

Oberschleissheim, Germany

Bench-top centrifuge Sigma 4K10

Sigma Laborzentrifugen GmbH,

Osterode, Germany

Fixed-angle rotor for Avanti J series centrifuge
JLA 8.1000, JA 10, JA 25.50.

Fixed-angle rotor for Optima series

ultracentrifuge 701Ti.

J2-HS Refrigerated high-speed centrifuge.

Beckman Coulter, Fullerton, USA

Certomat® shaking incubator R & H

Sartorius, Goettingen, Germany

Laboratory balance ALS120-4, EW420

Kern and Sohn, Balingen,

Germany

Laboratory pH meter InoLab pH 537

WTW, Weilheim, Germany

Magnetic stirrer JKA RCT

JKA Werke GmbH & Co. Staufen,

Germany

Microcentrifuge 5415C, 5415R (Cool).

Thermomixer 5436 & Comfort.

Eppendorf, Hamburg, Germany

Mighty Small™ SE250 Mini-Vertical gel

Hoefer Scientific Instruments,

16
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electrophoresis units. Heidelberg, Germany

Mighty Small™ multiple gel casters SE200.

Milli-Q Plus water filtration purification system Millipore, Schwalbach/Ts,
Germany

Nanodrop ND-1000 spectrophotometer Peglab, Karlsruhe, Germany

Pipette PIPETMAN P10, P20, P200, P1000 Gilson, Villiers le Bel, France

Pipetus® pipette controller Hirschmann, Eberstadt, Germany
Platform rocking shaker 3013 GFL, Burgwedel, Germany
Power supply for electrophoresis system Keutz, Reiskirchen, Germany

Consort E455

Sonifier® cell disruptor B15 Branson, Danbury, CT, USA

TECAN infinite M200PRO Tecan Group AG, Mannedorf,
Switzerland

Thermo scientific Heraeus® B6030 Heraeus, Hanau, Germany

microbiological incubator.

Thermo scientific Heraeus® BBD6220 CO,

incubator.

Thermo scientific Heraeus® biological safety

cabinet.

Transonic T460 Elma GmbH, Singen, Germany
UV table Bachofer, Reutlingen, Germany
UV/visible spectrophotometer Ultrospec Amersham Biosciences, Freiburg,
2100pro Germany

Vortex Genie 2 Bender and Hobein AG, Zurich,
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Switzerland

Vacuum gel dryer

Labortechnik Froebel, Lindau,

Germany

Water bath GFL

Julabo, Seelbach, Germany

Zeiss Axiovert 100 inverted microscope.

Zeiss LSM 510 meta spectral confocal

microscope

Carl Zeiss, Goettingen, Germany

2.1.1 Table 4. Experimental materials

Experimental material

Source

1.7 ml micro test tube.

DynaGrad® syringe tip filters 0.22 pm.

Carl Roth, Karlsruhe, Germany

15 and 50 ml Falcon tubes.

60 and 100 mm cell culture dishes.
6- and 24-well cell culture plates.
96 Microwell plates (Cell culture).

Petri dishes 94 mm for bacteria

culture

Greiner Bio-One GmbH, Frickenhausen,
Germany

Blotting paper

Macherey-Nagel, Dueren, Germany

Cover slips 10x10 mm

Marienfeld, Lauda-Koenigshofen, Germany

Fluoro NuncTM 96 Microwell plates

Nunc, Wiesbaden, Germany

Microscope slides 76x26 mm

Gerhard Menzel, Braunschweig, Germany
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P81 lon-exchange filterpaper.

3 MM Filterpaper

Whatman, Kent, UK

Parafilm M all-purpose laboratory film

Pechiney Plastic Packaging, Chicago, USA

Pipette tips, 10, 20, 200, and 1000 pl.

ABIMED, Langenfeld, Germany

PVDF Western blotting membrane
0.45 pm

Roche, Diagnostics, Mannheim, Germany

Semi-micro disposable plastic cuvette

Sarstedt, Nuembrecht, Germany

UV quartz cuvette 10 mm

Hellma, Muehlheim, Germany

2.1.2 Table 5. Experimental Kits

and systems

Kit

Source

Caspase-Glo® 3/7 Assay kit

Luciferase assay kit

Promega GmbH, Mannheim, Germany

EffecteneTM transfection kit

Qiagen, Hilden, Germany

Nucleobond®AX-plasmid-purification kit

Macherey-Nagel, Dueren, Germany

2.2 Table 6. Chemicals

Chemical

Source

Penicillin/Streptomycin

Biochrom K.G, Berlin, Germany

Bio-Rad protein assay

Bio-Rad, Munich, Germany

Nathaniel Edward Bennett Saidu
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Ethidiumbromide (EB)

Boehringer, Ingelheim, Germany

CK2 inhibitor (TBB), Thapsigargin (TG)

Calbiochem, Darmstadt,
Germany

Acrylamide/Bisacrylamide Rotiphorese® Gel30,
Agarose, Ampicillin, ECL Lumi-Light Western blot
detection reagents — Luminol (3-
Aminophthalhydrazide) and PCA (p-Coumaric-
Acid), 37% Formaldehyde, LB-Medium,
Lysozyme, Agar-Agar,
Tetramethylethylenediamine (TEMED)

Carl Roth GmbH, Karlsruhe,

Germany

TritonX-100, Tween20

Fluka, Neu-Ulm, Germany

DMEM and RPMI-1640 cell culture medium

Gibco, Munich, Germany

Skimmed milk powder

J.M. Gabler Saliter,
Oberguenzburg, Germany

Radiochemical [**P]yATP (10 pCi/pl)

Hartmann Analytic,
Braunschweig, Germany

Generuler™ DNA 1kb/100bp plus ladder,
Prestained/Unstained SDS-Molecular weight

standard

Fermentas, GmbH, St. Leon,

Germany

Dimethylsulfoxide (DMSO)

Merck, Darmstadt, Germany

Amplex® Red Hydrogen Peroxide assay kit and

Molecular Probes, Darmstadt,

epigallocatechin-3-gallate (EGCG) Germany
Foetal Calf Serum (FCS), Bovine Serum Albumin | PAA Laboratories, GmbH,
(BSA) Pasching, Austria
PromoCell, Heidelberg,
McCoy’s 5A cell culture medium Germany
20
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4,6-Diamidino-2-phenylindol (DAPI), Complete™,
Protease inhibitor cocktail.

Roche, Mannheim, Germany

Ammonium persulfate (APS), Trypanblue

Serva, Heidelberg, Germany

3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), Ascorbic
acid (ASC), Dihydroethidium (DHE),
Dithiothreitol (DTT), Ethylenediaminetetraacetic
acid (EDTA), Ethyleneglycol bis(2-aminoethyl
ether)-N,N,N',N' tetraacetic acid (EGTA),
Glutathione (GSH), HEPES, N-Acetyl cysteine
(NAC), Nonidate P-40 (NP-40), ortho-
Nitrophenyl-pB-galactoside (ONPG)

Sigma-Aldrich, Munich, Germany

Ellman’s reagent (5,5’ —Dithiobis(nitrobenzoic
acid) ), and Cysteine hydrochloride monohydrate
(CMH)

Thermo Scientific, Schwerte,
Germany

2.3 Buffers and solutions

2.3.1 Table 7. Stock solutions of test compounds

Compound | Stock solution and storage
DAS 80 mM DAS. Dissolved in DMSO. Aliquot and stored at -20°C. Used
within 2 days.
DADS 80 mM DADS. Dissolved in DMSO. Aliquot and stored at -20°C. Used
within 2 days.
DATS 80 mM DATS. Dissolved in DMSO. Aliquot and stored at -20°C. Used
21
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within 2 days.

DATTS 80 mM DATTS. Dissolved in DMSO. Aliguot and stored at -20°C.
Used within 2 days.

SV25 80 mM SV25. Dissolved in DMSO. Freshly prepared.

SV29 80 mM SV29. Dissolved in DMSO. Freshly prepared.

Sv28 80 mM SV28. Dissolved in DMSO. Freshly prepared.

NAC 80 mM NAC. Dissolved in diH,O. Aliquot and stored at -20°C. Used
within a month.

ASC 20 mM ASC. Dissolved in diH,O. Freshly prepared.

GSH 20 mM GSH. Dissolved in diH,O. Freshly prepared.

EGCG 20 mg/ml. Dissolved in DMSO. Freshly prepared.

2.3.2 Table 8. Antibiotics

Antibiotics Component

Ampicillin 50 mg/ml 50 mg Ampicillin. Dissolved in 1 ml diH0O, filtered and
(1000x) stored at -20°C.

Kanamycin 25 mg/ml 25 mg Kanamycin. Dissolved in 1 ml diH,O, filterer and
(1000x) stored at -20°C.

Tetracycline 6.5 mg/ml 6.5 mg Tetracycline. Dissolved in 1 ml ethanol, filtered
(500x) and stored at -20°C.

2.3.3 Table 9. Bacterial buffer

Bacteria

medium

Component
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LB-Broth 1% Bacto-Tryptone, 0.5% Bacto-Yeast extract and 1% NaCl.

medium (pH | Dissolved in diH,0O, autoclaved and stored at room temperature

7.3)

LB-Broth- 1% Bacto-Tryptone, 0.5% Bacto-Yeast extract, 1% NaCl and 2%

Agar plates | Bacto-Agar. Dissolved in diH,O, autoclaved and agar allowed to cool

(pH 7.3) down to about 50°C in a sterilised bacteria cabinet. Added antibiotics
(50 pg/ml ampicillin, 12.5 pg/ml tetracycline or 25 pg/ml kanamycin;
were applicable). Poured component into petri dishes, allowed to
solidify and stored at 4°C.

2.3.4 Table 10. TYM-media

TYM-medium Component

LB-Broth 20 g Bacto-Tryptone, 5 g Bacto-Yeast extract, 5 g NaCland 2 g

medium (pH 7.3) | MgSO,. Dissolved in 1 | diH,O and autoclaved.

TfBI 30 mM K-Acetate, 50 mM MnCl,, 100 mM KCI, 10 mM CacCl,,
and 15% Glycerol. Dissolved in diH,O and autoclaved.

TfBII 10 mM Na-Mops, 10 mM KCI, 75 mM CaCl,, and 15% glycerol.

pH 7.0 Dissolved in diH,O and autoclaved.

2.3.5 Table 11. Buffer for plasmid isolation

Buffer

Component

Solution 1 (pH
8.0)

50 mM Tris-HCI, 10 mM EDTA and 100 pg/ml DNAse free RNAse
A. Dissolve in diH,O and store at 4°C.

Solution 2

200 mM NaOH and 1% SDS. Dissolve in diH,O and store at room

temperature
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Solution 3 (pH | 3 M K-Acetate. Dissolve in diH,O and store at 4°C.

5.5)

2.3.6 Table 12. Buffers for SDS- PAGE Electrophoresis

Buffer

Component

Gel solution A (for both
separating and stacking

gels)
Ready-to-use

Acrylamide 30% and Bisacrylamide 0.8% Stored at
4°C

Gel solution B (for both
separating and stacking

gels)

4 g SDS and 181.5 g Tris-HCI, pH 8.8. Dissolved in
1000 ml diH,O and stored at 4°C

Gel solution C (for
stacking gel)

4 g SDS and 60 g Tris-HCI, pH 6.8. Dissolved in 1000
ml diH,O and store at 4°C

APS

Ammonium persulfate. Dissolved 1 g in 10 ml diH,O

and store at 4°C

3 x SDS sample buffer

195 mM Tris-HCI, 6% SDS, 15% [B-mercaptoethanol,
30% glycerol and 0.03% bromophenol blue. Dissolved
in diH,O and stored at room temperature

Electrophoresis buffer
(pH 8.8)

25 mM Tris-HCI, pH 8.8, 192 mM glycerol and 3.5 mM
SDS. Dissolved in diH,O and stored at room

temperature

2.3.7 Table 13. Buffers for B-galactosidase assay

Solution

Component
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0.1 M Sodium
phosphate solution

pH 7.5

0.2 M Na;HPO4 (41 ml), 0.2 M NaH,PO, (9 ml). Dissolved
in 50 ml diH,O and stored at 4°C.

100xMg solution

0.1 M MgCly, 4.5 M B-mercaptoethanol. Dissolved in
diH>O and stored at 4°C.

4 mg/ml ONPG

pH 7.4

4 mg/ml ONPG. Dissolved in 0.1 M sodium phosphate

solution and stored at 4°C.

2.3.8 Table 14. PBS and protein extraction buffers

Buffer

Component

PBS (pH 7.4)

137 mM NacCl, 2.7 mM KCI, 8 mM Na,HPO, and 1.5 mM
KH>PO,. Dissolved in diH,O and stored at 4°C

Protein binding
buffer (pH 7.6)

20 mM Tris-HCI, 100 mM NacCl, 0.5 mM EDTA, 1 mM DTT,
10% glycerol, 0.1% Tween 20 and 2% skimmed milk powder.
Dissolved in diH,0. Freshly prepared

Cellular protein
extraction buffer
RIPA lysis buffer
pH 8.0

50 mM Tris-HCI, 150 mM NacCl, 0.5% Na-deoxycholate, 1%
Triton X-100 and 0.1% SDS. Dissolved in diH,O and stored at
4°C

2.3.9 Table 15. Buffers for Western blotting

Buffer

Component

Transfer buffer (pH
8.3)

20 mM Tris-HCIl and 150 M glycerol. Dissolved in diH,O and
stored at 4°C

Blocking buffer (pH

0.1% Tween 20 and 5% skimmed milk powder. Dissolved in
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7.5)

PBS and stored at 4°C

Washing buffer 1
(pH 7.5)

0.1% Tween 20 and 1% skimmed milk powder. Dissolved in
PBS and stored at 4°C

Washing buffer 2
(pH 7.5)

0.1% Tween 20 in PBS and stored at 4°C

2.3.10 Table

16. Stock solutions and buffers for

iImmunofluorescence assays

Stock solution | Component

DAPI 5 pg/ml 50 ug DAPI. Dissolved in 10 ml methanol. Working concentration
(50x%) 0.1 pg/ml. Store at -20°C.

Mounting 5% Polyvinylalcohol 25/140 and 10% glycerol. Dissolve in PBS
medium and autoclave. Store at -20°C.

2.3.11 Table 17. CK2 kinase buffer and reaction mixture

Buffer Component

CK2 kinase 50 mM Tris-HCI, 100 mM NacCl, 10 mM MgCl; and 1 mM DTT.

buffer (pH 7.5)

Dissolved in diH>,O and stored at -20°C

CK2 reaction
mixture (pH 8.5)

41.6 mM Tris-HCI, 250 mM NacCl, 8.4 mM MgCl,, 2 mM DTT, 84
UM ATP and 0.32 mM synthetic peptide for CK2. Dissolved in
diH,0 and stored at -20°C

2.3.12

Table 18. Kerbs-Ringer buffer

Buffer

Component

Kerbs-Ringer

142 mM NaCl, 5.5 mM KCI, 1.4 mM MgSOg, 1.4 mM KH2POy,,
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buffer (KRB) -

pH 7.4

3.1 mM CaCl,. Dissolved in diH,O, gased with carbogen,
adjusted to pH 7.4 and stored at 4°C.

2.4 Table 19. Cell lines

Cell type Description ATCC Growing medium Source
Number

p53- Human epithelial CCL- maintained at 37°C Lab

positive colorectal cancer 247™ and 5% CO; in collection

HCT116 cells. Have a McCoy’s 5A medium
mutation in codon (PromocCaell,

13 of the ras Heidelberg, Germany)
protooncogene. with 10% fetal calf
serum (FCS).

ARPE-19 Human Retinal | CRL- maintained at 37°C Prof. Dr.
pigment  epithelial | 2302™ | and 5% CO; in a Berthold
noncancer cells Dulbecco's modified Seitz,

Eagles medium Homburg,
(DMEM) Germany
supplemented with 2

mM L-glutamine, 1

mM gentamicin and

10% FCS.

HelLa Human epithelial CCL-2™ | maintained at 37°C Lab
cervical cancer and 5% CO2in a collection
cells. Dulbecco's modified

Eagles medium
(DMEM)
supplemented with 2
mM L-glutamine, 1
mM gentamicin and

Nathaniel Edward Bennett Saidu
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10% FCS.

C3H10T1/2

Murine  pluripotent

stem cells.

CCL-
226™

maintained at 37°C
and 5% CO2in a
Dulbecco's modified
Eagles medium
(DMEM)
supplemented with 2
mM L-glutamine, 1
mM gentamicin and
10% FCS.

Lab

collection

LNCaP

Androgen-sensitive
human prostate

cancer cells

CRL-
1740™

maintained at 37°C in
RPMI 1640 medium
supplemented with
10% FCS in an
atmosphere enriched
with 5% COs,.

Lab

collection

2.5 Test compounds

The diallyl polysulfides were kindly provided by Prof. Dr. Claus Jacob, whilst the

coumarin polysulfides were from Dr Sergio Valente. To make stock solutions, each

compound was dissolved in the appropriate medium and stored accordingly (see

Table 8).

In the treatment of cells, the appropriate compound stock solution was

diluted in the cell culture medium to the desired concentration and applied to the

cells before incubation.

Nathaniel Edward Bennett Saidu
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Methods

3 Methods

3.1 Cell culture

All of the cells used in this study were grown in the appropriate media that was
supplemented with 10% FCS in an incubator at 37°C and with 5% CO, in a moist
atmosphere. The cell were grown in/on one of the following: 100 or 60 mm culture
dish (Greiner), 6, 24 or 96 well plate (Greiner).

3.1.1 Cell splitting

Before spliting the cells, the cell culture medium and PBS were first pre-warmed in a
water bath at 37°C . Using the microscope, the cells were screened for density,
dead cells or contamination. The medium of the cells was removed from the dish
using a pastuer pipette under vacuum. The cells were washed with pre-warmed
PBS and the PBS carefully removed using a pastuer pipette under vacuum. 1 ml
trypsin/EDTA [0.25% (w/v) Trypsin, 0.1% (w/v) EDTA] was added and then carefully
removed as in above. The culture dish was incubated for 1 min at 37°C for
detachment of cells, new dishes were prepared with 5 ml medium and the cells were

added before been transferred to the incubator again.

3.1.2 Freezing of cells

To preserve cells for longer time periods, cells were trypsinised and fresh medium
added. The suspension was filled into a 15 ml Falcon tube, centrifuged for 7 min at
4°C and 250 g. The supernatant was discarded whilst the sediment was
resuspended in a 0.5 ml culture medium with 40% FCS, and then 0.5 ml medium
with 20% DMSO were added dropwise. Cell suspension was incubated in a
cryogenic atmosphere for 2 h and then transferred to a cryogenic storage dewar of

liquid nitrogen where it was stored until required.
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3.1.3 Thawing of cells

To thaw a frozen cell suspension, the vial containing the suspension was placed for
about 1 min in a water bath at 37°C with gentle agitation by hand every 5 — 10 sec.
The suspension was then immediately transferred to a new 50 ml sterile Falcon tube.
To wash the storage solution off the thawed cells, 10 ml of culture medium was
added dropwise whilst shaking gently. Cells were centrifuged for 5 min at 4°C and
250 g. The supernatant was discarded whilst the sediment was resuspended in a
culture medium with 10% FCS and transferred to a new labelled cell culture dish for

incubation.

3.1.4 Counting of cells

To count the cells, they were first trypsinised and harvested with PBS. An aliquot
from the suspension was mixed with the same volume of trypan blue and subjected
to microscopy analysis. Only dead cells are stained with trypan blue so we could
count the living cells which are not coloured by using a Neubauer-counting chamber
(Fig. 9). A volume of 0.1 mm?is represented by each grid square of the Neubauer-
counting chamber (Fig. 9). In order to avoid counting the same cells more than
once, cells touching only the upper and left lines and within the grid square were

counted and cell number calculated as shown below.

Cells = count x df x (1 x 10% x vol, where,

Cells = total number of cells in original suspension;

count = average cell count per Neubauer-counting chamber square;

df = 2 = dilution factor from cell suspension + dye;

(1 x 10%) = Neubauer-counting chamber square/volume = 1 square/10™ ml;

vol = total volume of original suspension in ml
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Figure 9. Depicts the way cells were counted in a representative grid square of the hemacytometer
slide. Adapted from Tsimbouri et al., 2001 [83].

3.1.5 Treatment of cells

The compounds to be tested were each dissolved in the appropriate solvent. Cells
were generally treated 24 h after seeding them with various concentrations (ranging
from O to 250 uM) of the test compound. For evaluation of antioxidants on the test
compounds, cells were pretreated 0.5 h or 1 h with the appropriate antioxidant (Fig.
10) before incubation with the test compound. Cells were then incubated for various
time periods (ranging from 0 - 96 h) at 37°C and with 5% CO..
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Figure 10. Antioxidants: A) N-acetyl cysteine (NAC), B) ascorbic acid (ASC) and C) glutathione
(GSH).

3.1.6 Cell viability studies

The MTT assay was used to determine the effect of various compounds on either
HCT116 colorectal cells or the ARPE-19 retinal pigment epithelial cells. The MTT [3-
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma] assay is a
colorimetric assay which is able to detect cell proliferation, viability and cytotoxity.
This assay is based on the cleavage of the yellow tetrazolium salt MTT to purple
formazan crystals in the presence of NADH and NADPH by metabolic activity of
viable cells (Fig. 11) [84]. Viable, metabolic active cells produce in the respiratory
chain the pyridine nucleotide cofactors (NADH and NADPH) which are then
responsible for cellular reductions and therefore responsible for the cleavage of
MTT. For this assay, cells were seeded at 1 x 10* cells per well to a final volume of
500 pl in a 24-well plate, and incubated overnight. Cells were then incubated with
the appropriate compound concentration or with 0.05% DMSO solvent control for the
specified time period. Viability of the cells was determined by MTT assay according
to the manufacturer’s instructions. One hour before the end of treatment, 50 yl MTT
(5 mg/ml PBS) were added. The enzymatic reaction took place at 37°C in a
humidified atmosphere. Following 1 h MTT treatment, media was disposed off and
cells solubilised by adding 500 pl solubilising solution (0.05% (w/v) SDS in DMSO
and 0.01% acetic acid) to each well and allowing the crystals to completely dissolve.
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The spectrophotometrical absorbance of the purple-blue formazan dye was
determined in an ELISA reader at 595 nm.

MTT Formazan

N
O1 %
Ny’ X
W'Qléu |
x e N
V4 NAD+ | )
Bre
Figure 11. Reduction of yellow MTT to a purple colour formazan in the presence of NADH and

NADPH by metabolic viable cells. Adapted from Roche molecular biochemicals: Apoptosis and cell

proliferation, 2™ edition [84].

3.1.7 Evaluation of cell morphology

HCT116 or ARPE-19 cells were seeded into a 6 well plate (2 x 10° cells/well) and
allowed to attach overnight before incubation with various concentrations of DATTS,
DATTS + antioxidant, DMSO solvent control or left untreated for the required time
periods. Cells were washed with PBS, fixed with either methanol or 3.7%
formaldeyde in PBS for 10 min at 37°C and washed again 3 x 5 min. The cells were
then subjected to 0.5 pM/ml 4',6-diamidino-2-phenylindole (DAPI) treatment (for 10
min at 37°C) for nuclear staining before being washed 3 x 5 min for the final time and

analysed using an Axiovert fluorescence microscope (Carl Zeiss, Germany)

3.1.8 Immunofluorescence analysis

HCT116 cells were grown on coverslips until they were 50-70% confluent. Media
was changed, and cells washed with pre-warmed PBS, pH 7.4 before being treated
with different concentrations of DATTS or with DMSO. After incubations for the
specified time periods (as indicated in the figures), the cells were washed once with
PBS, pH 7.4 and then fixed with 2% (v/v) formaldehyde in PBS, pH 7.4 for 15 min at
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room temperature. Cells were then washed with PBS, pH 7.4, 3 x 10 min. They
were permeabilised on ice for 5 min with 0.2% (v/v) Triton X-100. Cells were
washed again 3 x 10 min with PBS, pH 7.4 and then blocked with PBS, pH 7.4,
containing 2% (w/v) bovine serum albumin (BSA) 3 x 10 min at room temperature,
on a shaker. They were then incubated with a primary antibody against either
cytochrome c¢ or tubulin for 30 min at 37°C in a humidified chamber. Cells were
washed under the same conditions as above and then incubated with the secondary
antibody (ALEXA-Fluor™ 488 or ALEXA-Flour™ 594) at 37°C for 30 min in a dark
humidified chamber. Cells were then treated with 0.5 pM/ml 4',6-diamidino-2-
phenylindole (DAPI) for 15 min at 37°C and washed again with PBS, pH 7.4, 3 x 10
min on a shaker. The coverslips were finally fixed with a drop of mounting medium

and cells analysed using a Zeiss Axioskop fluorescence microscope.

3.1.9 Cell cycle analysis

Cell cycle analysis was done by flow cytometry using propidium iodide (PI) staining.
The determination was based on the measurement of DNA content of nuclei labelled
with PI [85 86]. The idea is that PI fluorescent probe binds nuclei in proportion to the
amount of DNA present in the cell. Cells in the various stages of the cell cycle can
then be quantified based on the amount of fluorescent dye taken, which is

proportional to the amount of DNA in that particular phase of the cell cycle.

HCT116 or ARPE-19 cells (5 x 10%) were allowed to grow on a 10 cm petri dish
overnight. The medium was changed and cells were treated accordingly before been
incubated for the various time periods. Cells were collected and washed two times
with cold PBS before been resuspended in PBS and fixed with 70% ethanol. The
cells were further incubated with RNase and propidium iodide to label DNA as
previously described at 37°C for 30 min. The incubation step was to ensure that the
RNase has digested all the RNA, which otherwise would interfere with the DNA
signal. Cells were then analysed in a cytofluorimeter (Guava easyCyte HT system,

Millipore) according to the manufacturer’s instructions.
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3.2 Measurement of Reactive Oxygen Species (ROS)

3.2.1 Measurement of ROS using electron paramagnetic resonance
(EPR)

The electron paramagnetic resonance (EPR), also known as electron spin
resonance (ESR) is a technique based on resonance frequencies of unpaired
electrons in the sample. The EPR uses spin probes such as CMH1 (1-hydroxy-3-
methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine). The presence of radical species in
the sample are measured based on signal areas that are produced which are
proportional to the number of excited electron spins. In effect, the EPR intensity of
resonance frequencies increases with an increase in the amount of radicals

detected.

HCT116 cells were seeded in 10 cm cell culture dishes (5 x 10* cells/ml dish) and
grown overnight. Medium was then changed and cells were treated with either
0.05% DMSO or 40, 120, 200, 280, 350 and 440 pM of DATTS for 60 min. After
removal for cell culture medium, cells were washed with Ringer buffer (KRB), pH 7.4
collected and resuspended in 2 ml KRB, and spuned at 7,000 x g and 4°C for 10
seconds. Supernatant was removed and and cell pellet resuspended in 50 pl of pre-
warmed KRB, pH 7.4 and 3 pl CMH1. This sample was then put into the glass EPR
capillary tube (Noxygen Science Transfer & Diagnostics, Germany). The tube was
then placed inside the cavity of the e-scan spectrometer (Bruker, Germany) for data
acquisition. EPR acquisition parameters were: microwave frequency = 9.652 GHz;
modulation frequency: 86 kHz; modulation amplitude: 1 G; center field: 3583 G;
sweep width: 60 G; microwave power: 21.90 mW; number of scans: 20; and
temperature 37°C. In another set of experiments, HCT116 cells were pretreated for
0.5 h with either ASC or with superoxide dismutase (SOD) before being exposed to
500 uM DATTS for another 1 h. Samples were then prepared and subjected to EPR

measurement same way as described above.
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3.2.2 Determination of O, in cell culture

Production of superoxide radical was assessed by oxidation of dihydroethidium
(DHE) to 2-hydroxyethidium (Fig. 12). DHE is a fluorescence dye that is specific for
0O,". It exhibits blue-fluorescence in the cytosol. When it is oxidised, however, it
intercalates within the cell’s DNA, staining its nucleus with a bright fluorescent red,

which can be measured using a fluorescence reader.

Cells were seeded in 96 well plates and grown overnight. Cells were then treated
with 40 uM of DATTS or DMSO (0.5% final concentration) as solvent control for 0, 5,
10, 20, 25 and 30 min. After removal of the cell culture medium, cells were washed
with PBS, and 190 pl of 25 pM DHE dissolved in PBS was added to each well
immediately before the measurement was started. The transient increase in
fluorescence (DHE ex/em: 563/587 nm) was measured using a CytoFluor series
4000 (applied Biosystems) multi-well plate reader. In another experiment, cells were
seeded in 96 well plates and grown overnight. After removal of the cell culture
medium, cells were washed with PBS, and 190 pl of 25 uM DHE dissolved in PBS
was added to each well. Immediately before the measurement was started,
increasing concentrations of DATTS or DMSO (0.5% final concentration) as solvent
control was added. The dosage-dependent increase in fluorescence (DHE ex/em:

563/587 nm) was measured in the same way as above.

Dihydroethidium (DHE) DHE radical 2-Hydroxyethidium (2-OH-E*)
Non-fluorescent Highly fluorescent

Figure 12. Schematic representation of the production and detection of O, by DHE. When O, is
produced in DATTS treated cells, it reacts with DHE to produce 2-hydroxyethidium. Adapted from
Dikalov et al., 2007 [87].
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3.2.3 Determination of H,O, in cell culture

The level of H,O, produced in HCT116 cells following treatment with DATTS was
determined using an Amplex® Red hydrogen peroxide/peroxidase assay kit
(Invitrogen, Darmstadt, Germany), according to the manufacturer’s instructions. In
the presence of peroxidase, the Amplex® Red reagent reacts with H,O, in a 1:1
stoichiometry to produce the red-fluorescent oxidation product, resorufin [87] (Fig
13). Resorufin has excitation and emission maxima of approximately 571 nm and
585 nm, respectively, and because the extinction coefficient is high (58,000 + 5,000
cm*M™), the assay can be performed either fluorometrically or
spectrophotometrically. The reaction can be used to detect as little as 10 picomoles
of H202 in a 100 pl volume or 1 x 10~ U/ml of horseradish peroxidase (HRP). The
electrochemical mediator Amplex® Red reagent and the enzyme HRP were added to
cultured HCT116 cells treated with either DATTS or epigallocatechin-3-gallate (an
inducer of H»O;) as positive control. The release of H,O, was measured
accordingly. H,O, levels were quantified in comparison with a H,O, standard curve.

H3C\(,2"0
o A~ R
HRP
HO (o) OH HO (0] o}
N-Acetyl-3,7-Dihydroxyphenoxazine Resorufin
(Amplex Red) Highly fluorescent

Figure 13. Schematic representation of the production and indirect detection of H,O,. Horseradish
peroxidase (HRP) and Amplex Red are used as enzyme and electrochemical mediator, respectively.
Peroxy radicals formed by the activity of HRP on the peroxide irreversibly oxidize Amplex Red to
resorufin which is subsequently quantified electrochemically by its reduction to dihydroresorufin
Adapted from Dikalov et al., 2007 [87].

3.2.4 Determination of total thiol content

Total intracellular thiol levels were measured using a colorimetric Ellman’'s reagent-
based assay as previously described [88]. Ellman's reagent {5,5 —dithio-bis-(2-

nitrobenzoic acid)}, often referred to as DTNB, is a water soluble compound that
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reacts with free thiols to yield a mixed disulfide and 2-nitro-5-thiobenzoic acid (TNB)
as shown in Figure 14. The product formed is yellow coloured and can be easily

measured and quantified using a spectrophotometer set at 412 nm.

Mixed

Freethiol
DTNB disulfide TNB

Figure 14. Reduction of Ellman's Reagent to a mixed disulfide and 2-nitro-5-thiobenzoic acid (TNB)

HCT116 cells were seeded in 10 cm cell culture dishes (5 x 10* cells/ml dish) and
grown overnight. Medium was then changed and cells were treated with 40 pM of
DATTS for 0, 5, 10, 20, 30, 60, 120 or 240 min. After removal for cell culture
medium, cells were washed with PBS, collected in 250 pyl PBS, and snap —frozen in
liquid nitrogen. Following thawing and removal of cellular fragments by
centrifugation at 12,000 x g for 10 min at 4°C, the total thiol content of cell lysates
was determined using 5,5 —dithio-bis-(2-nitrobenzoic acid) (Ellman’s reagent) and
cysteine hydrochloride monohydrate as a standard. In another experiment, HCT116
cells were seeded in the same way as above. Medium was changed and cells were
treated with increasing DATTS concentrations or with DMSO solvent control (final
concentration 0.5%). After incubation for 2 h, cells were lysed and the total thiol

content of cell lysates was determined in the same way as in the previous step.

3.3 DNA techniques

3.3.1 Plasmid amplification

Mammalian cell transfections and co-transfections required plasmid DNA constructs.
These therefore had to be amplified to ensure there was sufficient amount for the
planned experiments. The amplification of these plasmid DNAs was by
transformation of competent E. coli XL1-blue cells (see section 3.3.4 on how to
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prepare competent E. coli cells) followed by DNA midipreparation using the
Nucleobond®AX-plasmid-purification kit (Macherey-Nagel, Dueren, Germany).
Transformation was achieved by adding about 100 ng of the plasmid to 100 pl
prethawed (on ice) competent cells, followed by heat shock at 37°C for 45 seconds.
The heat-shocked cells were cooled on ice for 2 min before been recovered by
adding 800 pl of LB medium and then incubated at 37°C with shaking for 60 min. To
plate the transformed cells, cells are gently harvested by centrifugation at 1,050 x g
for 1 min. 800 pl of the supernatants was removed and the cells were resuspended
in the remaining 100 pl medium. Resuspended cells were plated on LB plates with

the corresponding antibiotics and incubated at 37°C overnight.

3.3.2 DNA midipreparation

To isolate plasmid DNA from the previous step, a DNA midipreparation which
employs the use of a Nucleobond®AX-plasmid-purification kit (Macherey-Nagel) was
done. Following transformation, a single colony was picked and cultivated by
incubating in 100 - 200 ml LB medium containing antibiotics for about 16 h or until
the O.D.g00 nm = 0.5-1, on a shaking rotor with 250 rpm. The bacteria cells were then
harvested by centrifugation (Beckman J2-HS centrifuge, rotor JA10) at 4°C and
6,000 x g for 15 min. The cell pellet was resuspended in a 4 ml pre-cooled RNase A
buffer. 4 ml of cell lysis buffer (Solution 2) was added and the mixture mixed briefly
by gentle hand-shaking. The mixture was incubated at room temperature for 3 min
before adding 4 ml pre-cooled neutralising solution (Solution 3). The mixture was
briefly mixed by inverting the test-tube several times until an off-white flocculate was
formed, before incubating on ice for a further 5 min. The lysate was passed through
a pre-wet Nucleobond® Folded Filter with AX 100 columns in a small funnel. An AX-
100 binding column was equilibrated by applying 2.5 ml buffer N2 (100 mM Tris-HCI,
15% ethanol, 900 mM KCI, 0.15% Triton X-100; pH 6.3) to the column and allowed
to empty by gravity flow. The cleared cell lysates from the Folded Filter were then
loaded onto this column and allowed to empty by gravity flow. The column was
washed with 10 ml buffer N3 (100 mM Tris-HCI, 15% ethanol, 1.15 M KCI, pH 6.3)
and the flow-through discarded. The plasmid DNA was eluted and collected by 5 ml
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buffer N5 (100 mM Tris-HCI; pH 8.5, 15% ethanol, 1 M KCI). 3.5 ml isopropanol was
then added to precipitate the eluted plasmid DNA. The DNA was pelleted by
centrifugation at 16,000 x g for 30 min at 4°C. The supernatant was discarded and
the DNA pellet washed with 500 pl of 70% (v/v) ethanol. After vortexing briefly, the
mixture was centrifuged at 16,000 x g for 10 min at room temperature. Ethanol was
removed and the DNA pellet was dried at room temperature for at least 10 min and
then redissolved in sterile deionised water. The DNA concentration was measured
and diluted to a final concentration of 1 yg/ul. The DNA was used straight away or

kept at either 4°C for short-term or at —20°C for long-term storage.

Cell strain | Genotype

XL1-blue recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac [F* proAB
lacl9ZAM15 Tn10 (Tet")]

Table 21. Type(s) of E. coli strain

3.3.3 DNA quantification

UV spectrometry was used to quantify the purified plasmid DNA. Since nucleotides
absorb UV light with an absorption peak at 260 nm, the spectrometric measurements
were done at this wavelength and plasmid DNA quantified based on the Lambert-

Beer equation given below:
Absorbance is defined by the Lambert-Beer equationas A=¢ x b x¢
where, € = extinction coefficient, b = pathlength and ¢ = concentration

When the molar coefficient and pathlength are constant, absorbance is proportional
to the concentration. Also, for a standard cuvette reader, the pathlength is usually
defined as 1 centimeter and because dsDNA has an average extinction coefficient of

0.02 (ug/ml)*cm™, it thus mean that an A_ . of 1 corresponds to a concentration of

[260]
50 pg/ml dsDNA. Most samples however contain contaminates such as proteins and
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single stranded DNA/RNA that absorb maximally at 280 nm. Therefore, to make up
for this interference, the equation below was used.

A[ZGO] /A[ZSO] = pure dsDNA

where, A, = the absorbance at 260 nm and Apgg = the absorbance at 280 nm

A plasmid DNA with A / Aol ratio between the ranges of 1.65 and 2 was

considered pure.

3.3.4 Preparation of competent E. coli cells

For plasmid DNA amplification, E. coli cells that have the ability to be transformed
(otherwise known as competent E. coli cells) were required. The protocol for
preparation of these type of cells was modified as described in [89]. The desired
strain was streaked out on an LB plate containing the appropriate antibiotics and
incubated over night at 37°C. A single colony was picked from the plate and grown
over night in 3 ml LB medium. The following day, 100 ul of the culture was
inoculated into a 20 ml pre-warmed TYM medium. The cells were grown at 37°C
until O.D.ggonm = 0.2 - 0.8. Afterwards the culture was diluted into 500 ml fresh TYM
medium and incubated at 37°C until O.D.ggg nm= 0.6-1.0. The 500 ml culture was
then quickly placed into an ice-water bath and swirled gently to ensure fast cooling.
Cells were harvested by centrifugation at 4°C and 4,000 x g for 10 min. The cell
pellet was resuspended in a 100 ml cold TfBI buffer with gentle shaking on ice before
been centrifuged again. The supernatant was poured out and the cells resuspended
again in a 20 ml TfBI buffer by gentle shaking on ice. The cell suspension was then
aliquoted into pre-chilled microfuge test tubes and snap frozen in liquid nitrogen

before being stored at —80°C.

3.3.5 Reporter constructs

p3XATF3-luc, p3xStRE-luc and pCMV-Flag-NLS-Nrf2-DN which have been used
elsewhere [90, 91, 92], were all kindly provided by Prof. Dr. G. Thiel, Medical
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Biochemistry and Molecular Biology, Homburg. The LacZ reporter was readily
available in the our lab. pCDNA3-Myc3-Nfr2 and p3xFLAG-ATF6 were purchased
from Addgene (Cambridge, USA).

3.3.6 Transient transfection and co-transfection of cells

HCT116 colon cancer cells were seeded into a 6 well plate (2 x 10° cells/well) and
allowed to attach overnight. Cells were then transfected using Effectene®
Transfection Reagent (Qiagen, Hilden, Germany) according to the manufacturer's
instructions. In brief, 16 to 24 h after seeding cells, 0.2 ug of LacZ and 0.2 ug DNA
from p3xStRE-luc, p3XATF3-luc, p3XFLAG-ATF6 or the empty vector (pGL3-Basic)
were each separately added to a 3.2 yl "Enhancer”, mixed and incubated 2-5
minutes at room temperature to condensate DNA by interaction with the
“‘Enhancer”. In order to produce condensed Effectene-DNA complexes,10 ul of
Effectene Transfection Reagent was added to the mixture and incubated for a further
10 min at room temperature. Cells were washed with PBS and 1.6 ml fresh
medium was added. The Effectene-DNA complex was mixed with 0.6 ml culture
medium and then directly added to cells and incubated for 24 h at 37°C with 5%
CO.. In another set of experiments, cells were grown overnight as above and then
transfected with 0.4 pug pGL3-Basic or 0.4 pg p3xStRE-luc or co-transfected with 0.2
png each of p3xStRE-luc and pCDNA3-Myc3-Nrf2 or p3xStRE-luc and pCMV-Flag-

NLS-Nrf2-DN using the Effectene® Transfection Reagent as described above.

3.4 Protein methods

3.4.1 Preparation of whole cell extracts

Following incubation of HCT116 cells with DATTS, cells were collected in cold
phosphate buffered saline (PBS, pH 7.4) and centrifuged together with the cell
culture medium at 4°C and 250 x g for 7 min. After one washing step with cold PBS,
cells were lysed with 50 — 150 pl RIPA buffer (50 mM Tris-HCI, pH 8.0, 150 mM
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NaCl, 0.5% sodium desoxycholate, 1% Triton X — 100, 0.1% sodium dodecylsulfate
(SDS) supplemented with the protease inhibitor cocktail Complete™ according to the
manufacturer’s instructions (Roche Diagnostics, Mannheim, Germany). The cell
lysate was left on ice for 15 min, subjected to sonification (3 x 1 min) at 4°C and then
cell debris was removed by centrifugation at 16,250 x g at 4°C for 30 min. The
protein content of the supernatant was determined according to the Bradford method
using the Bio-Rad protein assay reagent (Bio-Rad, Munich, Germany).

3.4.2 Nuclear and cytosolic fractionation

Cytosolic and nuclear fractionation was performed after harvesting the cells for
protein expression analysis. After one washing step with cold PBS as described
earlier, cells were thoroughly resuspended in 50 — 150 pl cytosolic lysis buffer (10
mM Hepes-KOH, pH 7.9, 1.5 mM MgCl,, 10 mM KCI and freshly prepared 0.5 mM
DTT and 0.5% NP40) supplemented with freshly prepared protease inhibitor cocktail
Complete™ according to the manufacturer's instructions (Roche Diagnostics,
Mannheim, Germany). The cell lysate was left on ice for 20 min before being
subjected to centrifugation at 16,250 x g at 4°C for 4 min. After centrifugation, the
supernatant was removed (cytosolic extract) and the pellet was lysed again with 50 —
100 pl nuclear lysis buffer (10 mM Hepes-KOH, pH 7.9, 25% glycerol, 420 mM NacCl,
1.5 mM MgCl;, 0.2 mM EDTA and freshly prepared 0.5 mM DTT and 0.5% Triton X-
100) supplemented with freshly prepared protease inhibitor cocktail Complete ™.

Cytosolic and nuclear extracts were further analyzed by Western Blot.

3.4.3 Cytosolic fractionation for cytochrome c release

Cytosolic extracts for cytochrome c release were generated by resolving treated cells
in cold phosphate buffered saline (PBS, pH 7.4) and centrifuged together with the
cell culture medium at 4°C and 250 x g for 7 min. The pellets were further
resuspended in cold PBS and snap frozen in liquid nitrogen. Cellular fragments were

removed by centrifugation at 12,500 x g at 4°C for 10 min. Extracts were immediately
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used for Western blot analysis or stored at -20°C (for the short term) or -80°C (for the
long term).

3.4.4 Caspase 3/7 assay

Caspase activity was determined with Caspase-Glo® 3/7 Assay [93]. During
apoptosis, members of a family of cysteine proteases with aspartate specificity - the
caspases, undergo proteolytic processing and activation, and then orchestrate the
central apoptotic events [94]. This assay is a two in one method that involves a
fluorometric quantification and immunoblot detection of caspase activation and
cleavage. It is a simple robust luminescent assay that has more sensitivity and
selectivity for caspase 3/7. It measures caspase 3/7 activity based on the release of
a fluorophore from a substrate that contains the tetrapeptide sequence DEVD.
When a cleaved and active caspase 3/7 is present in a cell lysate containing the
caspase activity reagent, it cleaves the substrate (z-DEVD-NH) thereby releasing a
luminescent signal (which is proportional to the amount of caspase activity present),
produced by luciferase (Fig. 15). The assay was modified as described in Ref. [96]:
Cells were harvested and extracted for 5 min on ice in lysis buffer (10 mM Tris-HCI,
pH 7.4, 10 mM MgCl,, 150 mM NaCl, 0.5% NP-40, 10 mM DTT) supplemented with
the protease inhibitor cocktail complete™. Lysates were centrifuged for 10 min at
12,500 x g at 4°C and the supernatants were removed and assayed for protein
content. The protein concentration was set to 1 pg/pl. The lysate was further diluted
1 to 10 in a protein buffer (50 mM Tris/HCI pH 7.4, 10 mM KCI and 5% glycerol). 20
ul of diluted protein extract was incubated with the same volume of Caspase-Glo®

reagent for 1 h at room temperature and measured in a luminometer.
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Figure 15. Showing caspase 3/7 cleavage of the luminogenic substrate containing the DEVD

Z-DEVD- +

sequence. Diagram taken from Promega Technical Bulletio (Caspase—GIo® 3/7 Assay - Part# TB323)
[93].

3.4.5 Protein quantification

It is important to determine protein concentration as not only does it help in
calculating yield, but also ensures that equal amount of protein samples are used in
studies like protein expression, protein thiolation, phosphatase and kinase activity
assays. The method that was employed to do this was a colorimetric reaction called
"Bradford assay" in which unknown samples were compared to a calibration of know
concentrations of bovine immunoglobulin (IgG). The Bradford assay is a rapid
method for microgram protein quantification utilising protein-dye binding [96]. It
involves the use of Coomassie brilliant blue G 250, which, when bound to a protein,
changes from a cationic to an anionic state and the absorption alters from 465 nm
(dark red) to 595 nm (dark blue). This absorption change is proportional to the

amount of protein present in the sample.

The Bradford assay in this study was performed by mixing 1 ul of protein extract with
799 pl of diH,O and 200 pl of Bio-rad Bradford reagent (Bio-rad). The reaction was
incubated at room temperature for 5 min and then measured against a blank (1 pl
extraction buffer + 799 ul diH,O + 200 ul Bio-rad Bradford reagent) at a wavelength
of 595 nm by spectrophotometry. Using the read out absorbance for each unknown
sample, protein concentrations were calculated according to the pre-prepared bovine
IgG-standard curve in pg/ul. The bovine IgG-standard curve was prepared by
measuring absorbance at 595 nm of 0, 1, 5, 10 and 20 ug IgG samples by the
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Bradford method. A standard curve was then drawn with bovine IgG concentrations
as X-axis and absorbance at 595 nm as Y-axis.

3.4.6 Sodium dodecyl sulfate polyacrylamide gel electrophoresis

An SDS PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) Bio-Rad
method developed by Laemmli [97] and Weber [98] was employed in this study to
separate proteins according to their sizes and mobility differences in an electric field.
SDS works by disrupting non-covalent bonds in the proteins, denaturing them, and
causing the molecules to lose their original conformation. This effectively imparts a
negative charge on the protein that is relative to the mass of that protein. Once the
samples, along with a molecular weight marker (protein ladder), are loaded into the
wells on the gel, a current is passed through the gel. This current allows the proteins
to move through the gel with the smaller ones moving faster whilst the larger ones
lag behind. Upon completion of the sample run, the current is stopped and the

protein is transferred to a PVDF membrane and analysed by immunoblotting.

To prepare SDS PAGE gels, the Mighty Small™ SE250 Mini-Vertical gel system
(Hoefer Scientific Instruments) was employed. In this system, a single gel is
composed of a lower part known as the "resolving or separating gel" (see Table 21)
and an upper part known as the "stacking gel" (see Table 22). The percentage of
the stacking gel is 4.3%, and that of the resolving or separating gel varies from 7.5%
to 20%. Whilst low percentage gels are used for separating large proteins, small

proteins are separated in high percentage gels.

The gel rack, including white and transparent glass plates of sizes 73 mm x 100 mm
and 80 mm x 100 mm respectively, and other apparatus {Mighty Small™ multiple gel
casters SE200 (Hoefer Scientific Instruments)}, all designed for preparing 4-5 gels
simultaneously, were cleaned and assembled according to the manufacturer's
instructions. These plates were placed together with a space of 1 mm thickness
between them. The resolving or separating gel constituents (Table 21) were gently
mixed and a layer of approximately 3/4 of the volume of the spaces in the gel rack
was poured in between the plates using a Pasteur pipette. To avoid gel shrinkage
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and air bubbles, which may affect the way the proteins run on the gel, a thin layer of
isopropanol was put on top of the gel in each space and the gel was left to
polymerise. Once the separating gel had polymerised, the isopropanol was removed
with the aid of Whatman filter paper. The stacking gel (Table 22) was then made up
and a layer of this was added on top of the separating gel. A sample well comb was
then inserted into the solution between the plates and the gel left to polymerise at
room temperature. Upon polymerisation, the gel was gently removed from the gel
rack and wrapped in a wet paper towel before been stored at 4°C until required for

use.

Protein samples were then prepared with SDS sample buffer and whilst they were
been incubated at 95°C for 5 min, the gel and the electrodes were assembled in the
SDS PAGE chamber. The chamber was filled with SDS PAGE running buffer.
Using a 50 yl Hamilton syringe, each of the samples were loaded into a sample well
on the gel. A prestained molecular weight marker (Fermentas) was loaded into a
separate well before replacing the lead to the tank. A current of constant voltage (25
V for one gel or 50 V for two gels) was applied to the tank for about 1 to 2 h or until
the tracking dye reached the bottom of the gel. After which, proteins were

transferred to a PVDF membrane (Roche) and detected by immunoblotting.

Separating gel 7.5% | 10% | 12.5% | 15% | 20%

Gel solution A(ml) | 9 12 15 18 |24

Gel solution B (ml) | 9 9 9 9 9
diH,O (ml) 18 |15 |12 9 3
APS (ul) 200 | 200 | 200 |[200 |200
TEMED (ul) 20 |20 |20 20 |20

Table 21. Separating gel solution.
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Stacking Gel 4.3%

Gel solution A (ml) | 2.2

Gel solution C (ml) | 3.8

diH,0 (ml) 9
APS (1) 100
TEMED () 40

Table 22. Stacking gel solution.

3.4.7 Western blot analysis

For tank blotting, polyvinylidene fluoride (PVDF) membrane with a pore size of
0.45 um was used for the protein transfer. The PVDF membrane was first activated
by placing it in methanol at room temperature for about 1 min, followed by rinsing
with transfer buffer. A transfer stack was made by raising in transfer buffer and
putting together the following, from bottom to top (in the direction of the current, i.e.,
negative to positive): a thin layer of sponge; three layers of filter paper; the gel
containing the proteins; the PVDF membrane; another three layers of filter papers;
and a sponge. Air bubbles between the SDS polyacrylamide gel and the PVDF
membrane were expelled before stacking. Proteins were transferred to the PVDF
membrane by running the tank blot system filled with transfer buffer at 120 mA
overnight at room temperature. The PVDF membrane was then removed from the
pack and immunoblotting was performed by blocking non-specific binding regions of
the membrane with 5% skimmed milk in PBS with 0.1% Tween-20 for 1 h at room
temperature. Specific mono or polyclonal antibodies were each separately used in
dilutions given Table 23. The membrane was then incubated in the appropriate
antibody solution (see Table 23) either for 1 h at room temperature or overnight with
gentle shaking at 4°C (or as indicated on the antibody data sheet). After washing
the membrane with PBS-Tween-20 containing 1% skimmed milk (3 x 10 min), it was
then incubated with the appropriate peroxidase-coupled secondary antibody in the
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appropriate dilution at room temperature for 1 h. The membrane was further washed
(3 x 10 min) in PBS-Tween-20. Signals were developed and visualised by the
Lumilight system of Roche Diagnostic (Mannheim, Germany). To ensure equal
loading of samples, the membrane was also incubated with antibodies against either
GAPDH, nucleolin, B-actin or o-tubulin followed by the appropriate secondary

antibody and signals developed as described above.

Antibody Dilution | MW Species | Type Source
monoclonal | )
Sigma-Aldrich,
a-tubulin 1:1000 |55 kDa mouse | antibody Munich, Germany
Santa Cruz
Biotechnology,
polyclonal .
Heidelberg,
ATF3 1:1000 |21 kDa rabbit antibody Germany
Santa Cruz
Biotechnology,
polyclonal .
Heidelberg,
ATF4 1:1000 |50 kDa rabbit antibody Germany
50
(cleaved),
90 (full-
polyclonal
length) Abcam,
ATF6 1:1000 | kDa rabbit antibody Cambridge, UK
Santa Cruz
Biotechnology,
monoclonal )
Heidelberg,
Bax 1:.1000 |28 kDa mouse | antibody Germany
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polyclonal Cell Signaling
bcl-2 1:1000 | 28 kDa rabbit | antibody Frankfurt, Germany
Santa Cruz
Biotechnology,
polyclonal )
Heidelberg,
B-actin 1:1000 |43 kDa goat antibody Germany
17,19
(cleaved
products),
35 (full-
length) monoclonal Cell Signaling
Caspase 3/7 1:1000 | kDa rabbit antibody Frankfurt, Germany
Santa Cruz
Biotechnology,
monoclonal )
Heidelberg,
cdc25C (H6) 1:1000 |55 kDa mouse | antibody Germany
polyclonal | Cell Signaling
cdc25C (Thr48) | 1:1000 |80 kDa rabbit antibody Frankfurt, Germany
polyclonal | Epitomics, Berlin,
CDK1 1:3000 | 34 kDa rabbit antibody Germany
Santa Cruz
Biotechnology,
monoclonal | Heidelberg,
CHOP/GADD153 | 1:1000 | 30 kDa mouse | antibody Germany
Santa Cruz
Biotechnology,
polyclonal | Heidelberg,
c-jun 1:1000 |43 kDa rabbit antibody Germany
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Serum # 26, Lab
CK2a 1:1000 | 46 kDa rabbit antiserum | collection
Serum # 30, Lab
CK2o’ 1:1000 |42 kDa rabbit antiserum | collection
Serum # 32, Lab
CK2p 1:1000 | 28 kDa rabbit antiserum | collection
Santa Cruz
Biotechnology,
monoclonal )
Heidelberg,
Cytochrome ¢ 1:1000 | 15 kDa mouse | antibody Germany
polyclonal | Cell Signaling
elf2a 1:1000 | 38 kDa rabbit antibody Frankfurt, Germany
monoclonal | )
Sigma-Aldrich,
Flag 1:3000 |- mouse | antibody Munich, Germany
Santa Cruz
Biotechnology,
polyclonal | Heidelberg,
GAPDH 1:1000 | 37 kDa rabbit | antibody Germany
polyclonal | Cell Signaling
HO-1 1:.1000 |28 kDa rabbit antibody Technology, USA
Santa Cruz
Biotechnology,
polyclnal _
Heidelberg,
HSP90 1:1000 | 90 kDa rabbit | antibody Germany
polyclnal Santa Cruz
' Biotechnology,
Nrf2 1:1000 | 100 kDa | goat antibody )
Heidelberg,
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Germany
monoclonal | Cell Signaling
NQO1 1:1000 | 29 kDa mouse | antibody Frankfurt, Germany
Serum # 36, Lab
Nucleolin 1:3000 | 90 kDa rabbit antiserum | collection
Calbiochem/MERK,
monoclonal
Darmastadt,
p21 1:1000 |21 kDa mouse | antibody Germany
Santa Cruz
Biotechnology,
monoclonal )
Heidelberg,
p38 1:1000 | 38 kDa mouse | antibody Germany
monoclonal o _
phospho-p38 (p- Epitomics, Berlin,
p38) 1:1000 | 38 kDa rabbit antibody Germany
Santa Cruz
Biotechnology,
monoclonal )
Heidelberg,
p53 (DO1) 1:1000 |53 kDa mouse | antibody Germany
89
(cleaved),
116 (full-
length) polyclonal | Cell Signaling
PARP 1:10000 | kDa rabbit antibody Frankfurt, Germany
Santa Cruz
Biotechnology,
) monoclonal )
Phospho-c-jun Heidelberg,
(p-c-jun) 1:1000 |43 kDa mouse | antibody Germany
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Phospho- elf2a polyclonal | Cell Signaling

(p- elf2a) 1:1000 | 36 kDa rabbit antibody Frankfurt, Germany
Phospho-PERK polyclonal | BioLegend,
(p-PERK) 1:500 170 kDa | rabbit antibody London, UK

Table 23. Antibodies used.

3.4.8 Protein kinase assay

To study in vitro CK2 kinase activity, 30 pg of total protein was mixed with kinase
buffer {50 mM Tris-HCI, pH 7.5, 100 mM NaCl, 10 mM MgCl,, 1 mM dithiothreitol
(DTT)} to a final volume of 20 pl. 30 pl of CK2 mix (25 mM Tris-HCI, pH 8.5, 150 mM
NaCl, 5 mM MgCl,, 1 mM DTT, 50 uM ATP, 0.19 mM (final concentration), CK2
specific substrate peptide with the sequence RRRDDDSDDD and 10 pCi/500 ul [*2P]
yATP) was added and the reaction mix incubated at 37°C for 5 min. The reaction
was stopped on ice and the sample pipetted onto Whatman-P81 cation-exchange
paper and washed 3 x 5 min with 85 mM phosphoric acid and 1 x 5 min with ethanol.
The filter paper was dried and counted for Cerenkov radiation in a scintillation
counter (Liquid Scintillation Analyser 190S AB/LA; Canberra-Packard GmbH,

Dreieich, Germany).

3.4.9 In vitro phosphatase assay for cdc25

The enzymatic activity of the GST-Cdc25 recombinant enzyme was performed in 96-
well plates in a specific reaction buffer (50 mM Tris—HCI, 50 mM NaCl, 1 mM EDTA
and 0.1% SDS, pH 8.1) containing 3-O-methylfluorescein phosphate (500 uM) as
substrate. The GST-cdc25 proteins, diluted in assay buffer, were used at a final
concentration of 1 pg/well. After 2 h at 30°C, 3-O- methylfluorescein fluorescent
emission was measured with a CytoFluor system Perseptive Applied Biosystems;

excitation filter: 475 nm and emission filter: 510 nm.
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3.4.10 Luciferase reporter assay

Luciferase reporter assays are designed to monitor transcription factor binding
activities. These sort of assays involve the construction of a luciferase reporter
vector, containing a specific transcription factor-binding element upstream of the
luciferase gene. In the Promega Firefly luciferase for example, light is produced by
converting the chemical energy of luciferin oxidation through an electron transition,
forming the product molecule oxyluciferin and the reaction is catalysed by Firefly
luciferase, a monomeric 61 kDa protein, which uses ATP+Mg?" as a co-substrate (Fig
16).

Firefly _
HO s NT COOH Luciferase (o} S /NTO
>—< —- —
N sd +ATP:O, o+ N S | +AMP + PP+ CO, + Light
g
Beetle Luciferin Oxyluciferin

Figure 16. Bioluminescent reaction catalysed by firefly luciferase.

Luciferase assays were carried out by cotransfection of a LacZ reporter gene and
the appropriate luciferase-reporter plasmid. The LacZ reporter gene was
incorporated into this assay in order to determine transfection efficiency. Twenty
four hours after transfection, cells were treated with DATTS, thapsigargin, or left
untreated for various time periods. The induction of luciferase activity was then
measured using the Promega Luciferase Assay System, according to the
manufacturer’s instructions. Briefly, 4 volumes of diH,O was added to 1 volume of 5
x lysis to make a 1 x lysis buffer, which was equilibrated to room temperature before
use. Cells were harvested and lysed by adding sufficient 1 x lysis buffer to cover the
cells (e.g., 400 ul/60mm culture dish or 200 ul per well of a 6-well plate). Cells were
incubated in the 1 x lysis buffer for 15 min at room temperature. The resulting cell
suspension was transferred to a microfuge tube and was centrifuged at 12,000 x g
for 15 seconds at room temperature. The cell lysate was then either stored at —80°C
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or for later use or straightaway subjected to a luciferase assay. One hundred micro
litres of the Luciferase Assay Reagent was pipetted into each well of a 96 well plate
and 20 ul of cell lysate were then added to each well containing the Luciferase Assay
Reagent followed by vortexing briefly. To enhance reliability, each sample was
made in triplicates and luciferase activity was then measured using a Tecan

Luminometer.

A B-galactosidase assay to determine transfection efficiency was performed in
parallel to the luciferase assay using the same prepared cell lysates. Thirty micro
liters of lysate were incubated with o-nitrophenyl- -D-galactopyranoside (ONPG)
(Sigma) at 37°C with shaking for 5 min - 4 h until the transparent solution mixture
turned to a bright yellow colour. The absorbance values of the yellow mixture were

then measured at 405 nm.

Reaction mixture for B-galactosidase assay:

Cell lysates 30 wl

0.1 M sodium phosphate solution 201 pl

100 x Mg solution 3.0u
4 mg/ml ONPG 66 ul
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4 Statistical analysis

Results are represented as means £ SD. For statistical evaluation, Student’s t test
was applied using Origin6.1 with p<0.05 considered as significant, marked with one

asterisk or p<0.01 considered as very significant, marked with two asterisks.
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5 Results

5.1 Reduction of cell viability by diallyl polysulfides is dependent
on the length of the sulphur chain.

Previous works in our lab have shown that polysulfanes have the capability to inhibit
cell growth and reduce its viability. Using 1,6-heptadiene and 1,9-decadiene, which
are synthetic carbon-analogues of DADS and DATTS, it was shown that neither 1,6-
heptadiene nor 1,9-decadiene had any significant influence on cell viability as
opposed to DADS and DATTS, which both reduced cell viability in a dosage- and
time-dependent manner. This excludes the question of whether other factors such
as the reactivity of allyl-groups may be responsible for the reduction in cell viability.
Furthermore, since most of these polysulfides harbour two reactive C=C double
bonds, one may argue that they might be responsible for the reduction in cell

viability.

To address this, control experiments were also done in our lab and it was shown that
these C=C double bonds have very little or no influence on cell viability [82]. My first
set of experiments was therefore aimed at identifying the most active diallyl
polysulfide against cancer cells. For this reason, the effect of daillyl mono- (DAS),
diallyl di- (DADS), diallyl tri- (DATS) and diallyl tetrasulfide (DATTS) on cell viability
and DNA damage was analysed using the HCT116 colorectal cancer cell line as a
suitable model system. This cell line was chosen because it has been the gold
standard for performing gene knockout [99]. It has been extensively used in cancer
research because it contains several mutations that inactivate tumour-suppressor
genes or activate oncogenes, which results in disruption of key signalling pathways
and cellular functions [100, 101, 102]. HCT116 cells were treated for 24 h with either
DMSO solvent alone to serve as a negative control or with 50 uM of DAS, DADS,
DATS or DATTS and cell viability was measured with an MTT assay. As shown in
Figure 17 (A), 50 uM of DAS, DADS, DATS or DATTS led to a reduction in cell
viability by about 20%, 25%, 43% and 50% respectively, 24 h after treatment. The
result clearly showed that DATTS is more potent against HCT116 colon cancer cells
than DATS, which in turn is more potent than DADS and DAS. The activity of these
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compounds was explored further at protein expression levels in a second
experiment. Poly-ADP-ribose polymerase (PARP) is a protein known to be involved
in not only DNA damage and repair, but also programmed cell death [82, 103, 105].
Proteolytic cleavage of PARP by caspases is a hallmark of apoptosis in most cell
lines [9, 82, 88,104, 105, 106] and diallyl polysulfides are known to induce its
cleavage [82, 104]. In order to analyse the effect of various polysulfides on PARP
cleavage, HCT116 cells were treated for 24 h with either DMSO or with 50 uM of
DAS, DADS, DATS or DATTS. Cells were then lysed and the whole cell extract
transferred onto a 7.5% SDS-polycacrylamide gel. After transfer to a PVDF
membrane, the filter was incubated with antibodies directed against PARP. PARP
cleavage was observed in all polysulfide treated cells and even more so in DATTS
treated cells, whilst there was little or no cleavage in DMSO control treated cells (Fig.
17B). This result was in agreement with the decreasing cell viability in the first
experiment (Fig. 17A) and it was therefore concluded that DATTS is more active in
killing HCT116 cells than DATS, DADS and DAS. Hence, the focus was on DATTS
in all subsequent experiments in exploring the effects of diallyl polysulfides on

HCT116 colorectal cancer cells.
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Figure 17. The ability of diallyl polysulfides to reduce cell viability and induce apoptosis depends on
the length of the sulfur chain. (A) HCT116 cells were seeded in 24-well plates and treated with 50 uM
DAS, DADS, DATS, DATTS or 0.05% DMSO for 24 h. Afterwards, MTT assay was used to determine
cell viability. Data are depicted as means * SD, (n = 3). (B) HCT116 cells were treated for 24 h with
0.05% DMSO as a control or 50 uM DAS, DADS, DATS or DATTS and cell extracts were analysed for
PARP cleavage using SDS polyacrylamide gel electrophoresis and Western blotting. Total protein
extract (75 pg) was separated on a 7.5% SDS—polyacrylamide gel, blotted on a PVDF membrane and
PARP protein expression was detected using the corresponding antibody. Nucleolin was used as a

loading control.

The next obvious questions that came to mind were 1) does DATTS reduce HCT116
cell viability in a time- and dosage-dependent manner? and 2), since diallyl
tetrasulfide is synthesized from allyl mercaptan and sulfur chloride (S.Cl,) as
described by Derbesy and Harpp [18], does reactivity of the allyl-group of allyl
mercaptan play a role in cell viability? To answer these two questions, two separate
set of experiments were carried out. In the first set of experiments, HCT116 cells
were treated with 0.05% DMSO, 50 pM allyl mercaptan (AlISH) or 50 uM DATTS for
8, 24, 48 and 72 h. In the second set of experiments, HCT116 cells were either left
untreated (0 h) or treated with 25, 50, or 100 uM DATTS for 24 h. Cells in both sets
of experiments were then analysed for cell viability by the MTT assay as previously
described. As shown in Figure 18 (B), 50 uM of DATTS was able to reduce HCT116
cell viability by about 20%, 50%, 62% and 75% for 8, 24, 48 and 72 h, respectively,
whilst AIISH had minimal effect relative to DMSO control. In Figure 18 (A), it can be
seen that cell viability was reduced by about 21%, 49% and 46% with 25, 50, or 100
MM treatment, respectively. Based on results from the two sets of experiments, it
can be safely concluded that DATTS reduce HCT116 cell viability in both a time- and

dosage-dependent manner and that AIISH has very little effect on cell viability.
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Figure 18. DATTS affect the viability of HCT116 cells in both dosage and time dependent manners.
(A) cells were seeded in 24-well plates and treated with either DMSO (0 uM) or with 25, 50 or 100 pM
DATTS for 24 h. Afterwards, MTT assay was used to determine cell viability. (B) cells were seeded in
24-well plates and treated with 50 uM DATTS, 50 puM ally mercaptan (AlISH) or DMSO for 8, 24 and
48 h. Afterwards, MTT assay was used to determine cell viability. Untreated (as in A) or DMSO
control cells (as in B) showed the most viable cells and were set to 100%. The results represent the
mean + SD of three separate experiments.

5.1.1 DATTS treatment leads to changes in HCT116 cell
morphology

To fully understand whether the inhibitory effect of DATTS on HCT116 cell growth
was due to apoptosis, the appearance of typical apoptotic nuclear morphology in
HCT116 cells was explored. Cells were incubated with 0, 25, 50 or 100 uM DATTS
for 24 h. The nuclei of the cells were then stained with 4',6-Diamidino-2-phenylindole
(DAPI) solution and analysed with fluorescence microscopy. As shown in Figure 19
(A), DATTS does indeed affect HCT116 cell morphology. It causes cell death, which
increases with increase in DATTS concentration. The nuclei of all treated cells
showed classical features of proceeding apoptotic events characterised by
significant chromatin condensation, shrinkage, loss of nuclear construction and
formation of apoptotic bodies. As DATTS concentration increases, more and more
cells die and they tend to float in the media suspension with very little of them
attached to the cell culture plate. The cell nucleus swells and disintegrates and
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formation of apoptotic bodies begin to appear as indicated by the red arrows. These
features, however, are not observed in control cells, where cells remain attached to
the bottom of the cell culture plate and continue to grow at their normal rate. The
guestion was then asked, whether cells will return to their normal selves once
DATTS treatment was withdrawn and fresh media applied to the cells. For this, cells
were photographed under fluorescence microscopy before been subjected to 50 uM
DATTS and further photographed after 24, 48 and 72 h. Media was changed, a
fresh one applied, and cells were allowed to grow for a further 48 h. As shown in
Figure 19 (B), DATTS treatment greatly affected cell morphology and proliferation,
which was also time-dependent. This condition, however, was reversed once

treatment was withdrawn and cells were able to fully recover.
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Figure 19. DATTS treatment affects HCT116 cell morphology which can be reversed upon
withdrawing treatment. HCT116 cells were cultured in 6 well plates overnight before incubation with 0,
25, 50 or 100 uM DATTS for 24 h (A) or incubated with 50 uM DATTS for 24, 48 and 72 h before
withdrawing treatment, applying fresh media and incubating for another 48 h. The nucleus was
stained with DAPI (blue). Afterwards, cell morphology and viability was assessed by microscopy at a

scale bar of 50 um.

5.1.2 Treatment of HCT116 colon cancer cells with DATTS induces
cell cycle arrest and apoptosis

Since reduced cell viability may also be due to a range of biochemical processes
such as cell cycle arrest and/or apoptosis, the question of whether DATTS treated
cells arrest in subG1, G;- or G,-phase of the cell cycle and the degree of apoptosis
was addressed. HCT116 cells were therefore either treated with DMSO or 50 pM
DATTS for 8 and 24 h as described in the methods section and cell cycle analysis
was performed by flow cytometry. As indicated in Figures 20 (A), (B), (C) and (D),
the incubation of HCT116 cells in the presence of DATTS resulted in an increased
accumulation of cells in the subG; phase in a manner similar to that observed with
the MTT assays and increased cell arrest in the subG; phase is widely considered a
confirmation of apoptosis induction.  After 8 h, about 55% of DATTS-treated cells
arrested in the G,/M phase and about 9% in subG;. 24 h on, 37% of DATTS-treated
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cells arrested in the G,/M phase of the cell cycle, whilst about 26% were in the

subG; phase.

These findings suggest that HCT116 cells may also undergo cell

cycle arrest at the G,/M phase along with induction of apoptosis after exposure to
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Figure 20. The influence of DATTS on cell cycle distribution. HCT116 cells were treated for 8 (A and
B) and 24 h (C and D) with either DMSO or with 50 uM DATTS and then analysed by FACS. (A and
C) FACS analysis of the treated cells. (B and D) Percentage distribution. One representative of at

least three similar independent experiments is shown here.

5.1.3 DATTS inhibits CDK1 expression and cdc25C
phosphorylation on threonine 48

cdc25C is a protein phosphatase responsible for dephosphorylating and activating
CDK1, which is a vital step in regulating the entry of cells into mitosis [107, 108, 109,
110]. Inactivation of cdc25C and/or CDK1 induces G,/M cell cycle arrest [110, 111,
112, 113]. In response to DNA damage, the checkpoint kinases Chkl and Chk2
phosphorylate cdc25C at the serine 216 (Ser216) residue, thereby creating a binding
site for the 14-3-3 protein. The binding of cdc25C to the 14-3-3 protein sequesters
cdc25C into the cytoplasm thereby preventing untimely mitosis [114, 115]. Other
CDK1-catalyzed phosphorylation sites have also been identified, which includes
threonine 48 (Thr48) and threonine 76 (Thr67). They are required for maximal
biological activity of cdc25C [111, 115]. It was therefore crucial in this study to
analyse the effect of DATTS on both CDK1 and cdc25C phosphorylation. HCT116

cells were seeded and treated as decribed in the methods section. After havesting
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cells at the various time periods, 75 ug of total protein from cell extracts was loaded
on to a 12.5% SDS-polycacrylamide gel and analysed by Western blot for CDK1 and
phospho-cdc25C (Thr48) expression. From Figure 21 (A) and (B), it can be clearly
seen that DATTS inhibited both CDK1 and phospho-cdc25C protein expressions
over the course of 72 h. This inhibition is even more prominent in phospho-cdc25C
after 3 h of treatment indicating deactivation of this protein by DATTS.

A)
DATTS (50 M)
Time (h) 0 2 2.5 3 4 8 24 48 72
S5 BB B BE R TR W - ek
GAPDH
B) DATTS (50 M)
Time (h) 0 2 2.5 3 4 8 24 48 72
- e ; a4 cdc25C (Thra8)
GAPDH

Figure 21. DATTS inhibits CDK1 and phospho-cdc25C (Thr48) protein expressions in HCT116 cells.
HCT116 cells were untreated (0 h) or treated with 50 uM DATTS for 2, 2.5, 3, 4, 8, 24, 48, and 72 h
and protein expression was studied by Western blotting. The proteins (50 pg whole cell extract) were
separated on a 12.5% SDS-polyacrylamide gel, blotted on a PVDF membrane. CDK1 (A) and

cdc25C (Thr48) (B) expressions were visualised with the appropriate antibody on an ECL system.

5.1.4 DATTS induces the mitochondrial apoptotic pathway in
HCT116 colon cancer cells

Apoptosis plays a crucial role as a protective device against tumour. In this study, so
far, cell viability, PARP cleavage, DAPI staining, and cell cycle analysis have
indicated DATTS induced apoptosis. It was therefore imperative to investigate which
apoptotic pathway is triggered by DATTS. The mitochondrial apoptotic pathway is
characterised mostly by caspase activation that is subsequent to cytochrome c
release into the cytosol, which in turn is regulated by pro- and anti-apoptotic bcl-2

family proteins. The expression level of these proteins along with that of p53 (as it is
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implicated in both cell cycle arrest and apoptosis) was therefore examined (as

described in the methods section) following DATTS treatment. As shown in Figure

22 (B) and (C), both Western blot and immunofluorescence indicate an increase in

cytochrome c release into the cytosol. In Figure 22 (A), (D) and (E), there were

increases in p53 and bax protein expressions, and a decrease for that of bcl-2, whilst

in Figure 22 (F), caspase 3 cleavage was observed. All of which suggests that

DATTS does indeed induce the mitochondrial apoptotic pathway.

A) B)

Time (h)
DMSO 24 48 72 DMSO DATTS

e e— w— ) 3

W — — | GAPDH

©) DAPI cytochrome ¢ Merge

DMSO

Nathaniel Edward Bennett Saidu

- - - -

cytochrome ¢

GAPDH

66



Results

D) 5

Time (h) Time (h)

DMSO 24 48 72 DMSO 24 48 72

. --bax o SR M T

e e e mmew | CAPDH | o oy s W | GAPDH

P

DMSO DATTS

full-length caspase 3

cleaved caspase 3 products

GAPDH

Figure 22. DATTS modulates p53, bcl-2 and bax protein expression, induces cytochrome c release
from the mitochondria and activates caspase 3 in HCT116 cells. HCT116 cells were treated with
either 50 pM DATTS or with DMSO. Protein expression was studied by Western Blotting. The
proteins (whole cell extracts) were separated on a 12.5% SDS-polyacrylamide gel, blotted on a PVDF
membrane and p53 (A), cytochrome ¢ (B), bax (D) or bcl-2 (E) was visualised with the appropriate
antibody. For the immunofluorescense assay in (C), HCT116 cells were treated with either DMSO
(control) or with 50 uM DATTS for 24 h. After this time, cells were fixed and incubated with the
appropriate primary and secondary antibody before staining the nucleus (blue) with DAPI.
Cytochrome c release into the cytosol (red) was analysed using a Zeiss Axioskop fluorescence
microscope at a scale bar of 50 um. For (F), HCT116 colorectal cancer cells were treated with DMSO
or 50 uM DATTS for 24 h. Caspase activation was analysed by Western Blot. Cell lysates were
separated by electrophoresis as in (A). Full-length caspase 3 and its cleavage products were detected
with a caspase 3-specific antibody. GAPDH was used as a loading control. One representative of at

least 3 Western blots is shown here.

5.1.5 DATTS-induced apoptosis is reduced by antioxidants

Recently, quite a few studies have indicated that reactive oxygen species (ROS) are
involved in diallyl disulfide (DADS)-induced cell cycle arrest and apoptosis [69, 70,
116]. If that is also the case for DATTS-induced apoptosis, then using potent
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antioxidants such N-acetyl cysteine (NAC) should be able to prevent DATTS-induced
apoptosis. To test this hypothesis and evaluate the contribution of ROS to the
DATTS-induced DNA damage and apoptosis, HCT116 cells were treated with
DATTS in the absence or presence of NAC, ascorbic acid (ASC) or glutathione
(GSH) for microscopy analysis (Fig. 23A) or in the absence or presence of NAC and
ASC for Western blot analysis of PARP cleavage (Fig. 23B) and yH2AX protein
expression (Fig. 23C). Evident from Figure 23 (A), it can be clearly seen that in the
presence of GSH and more in particular in the presence of NAC, DATTS did very
little to the morphology of HCT116 cells. Also, as shown in Figure 23 (B), DATTS
induced PARP cleavage after 24 and 48 h in the absence of NAC and ASC. In the
presence of NAC however, there was only marginal cleavage of PARP, indicating
that this particular antioxidant prevented apoptosis, whereas ASC was not sufficient
to inhibit PARP cleavage indicating that DATTS triggers different pathways that may
be parallel and independent of each other. NAC also reduced yH2AX protein
expression (Fig. 23C). Taken together, it can be assumed with some degree of
certainty that thiols and possibly oxidative stress involving ROS production might be
contributing factors to the DATTS influence on cell viability, cell cycle arrest and the

subsequent apoptotic cell death.
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Figure 23. Antioxidant pretreatment reduce DATTS-mediated cytotoxicity and apoptosis induction.
Pretreatment of HCT116 cells with the antioxidants N-acetyl cysteine (NAC), ascorbic acid (ASC) or
glutathione (GSH) 0.5 h before incubation with DATTS prevents DATTS induced cell damage (A),
DNA damage and apoptosis (A), (B) and (C). DATTS-induced cell damage (A) was analysed using a
Zeiss Axioskop fluorescence microscope at a scale bar of 10 um. One representative of at least 2

independent experiments is shown here.
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5.2 DATTS treatment induces formation of superoxide anion
radicals and hydrogen peroxide in a time- and dosage-dependent
manner

Since it was shown in this study that DATTS-induced apoptosis can be reduced by
antioxidants, which indicates that ROS may be involved in the observed apoptotic
cell death, it became paramount to investigate not only the DATTS-induced ROS
production but also the specific radicals that may be involved and the impact of these
on intracellular thiol levels. A sound knowledge of this will shed more light on
DATTS-induced redox signalling and how these redox balances may affect many
cellular functions in HCT116 cancer cells, including signalling pathways, which in
turn may cause cell cycle arrest and induction of apoptotic cell death. The first task
was to actually show that DATTS does induce ROS production. For this, HCT116
cells where treated either with DMSO or with increasing concentrations of DATTS
(Fig. 24A) for 1 h. In another experiment, the cells were pretreated for 0.5 h with
either ASC or with superoxide dismutase (SOD) before being exposed to 500 uM
DATTS for another 1 h. This high concentration was determined by titration
experiments for the spin probe - electron paramagnetic resonance (EPR), hence the
500 uM DATTS. As shown in Figure 24 (A), there is a linear correlation between
increasing DATTS concentrations and EPR intensity. As the DATTS concentration
increases, so does the EPR intensity. Pretreatment of HCT116 cells with ASC or
SOD, however, lowers the EPR intensity (Fig. 24B), which is more pronounced in
cells that were pretreated with ASC than those pretreated with SOD. This probably
is due to the fact that SOD does not enter the cells [117], as opposed to ASC which
does [118].

The second task was to investigate if DATTS induces superoxide anion radicals and
hydrogen peroxide as these two ROS are implicated in most oxidative stresses
leading to apoptotic cell death [69, 70, 116]. For this, O," generation in HCT116
cells treated with DATTS was investigated using the dihydroethidium (DHE) assay
according to the manufacturer’s instructions. As shown in Figures 24 (C) and (D),
DATTS caused an immediate increase in DHE oxidation to fluorescent 2-
hydroxyethidium in a time and dosage-dependent manner. Next, H,O, generation in

the same cell line was investigated using the Amplex Red assay. From Figures 24
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(E) and (F), it can be seen that DATTS also caused a slight increase in H,O; levels in
both a time- and dosage-dependent manner. Changes in H,O, level observed in
DATTS treated cells, however, is rather small compared to the changes observed for
the O, level in the same cells, indicating that O, plays a more important role than

H205.
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Figure 24. DATTS transiently induces O," and H,O, in a time and dose-dependent manner. (A)
increase in EPR intensity correlates with increase in DATTS concentration. (B) pretreatment of
HCT116 cells with antioxidants reduces the DATTS induced-radical EPR intensity. (C) increase in
DHE oxidation in HCT116 cells, indicative of O, formation following treatment with 40 uM DATTS for
0, 5, 10, 15, 20, 25 and 30 min. (D) dose-dependent increase in O,  formation after 20 min of
treatment with DATTS. Data are expressed as a fold increase in DHE oxidation rate in relation to
solvent control. (E) H,O, produced in HCT116 cells following treatment with 25 uM epigallocatechin-
3-gallate or 40 pM DATTS for 15, 30, 60 and 120 min. (F) dose-dependent increase in H,O,
production after 30 min of treatment with DATTS. Data are expressed as a percentage increase in
H,O, produced in relation to solvent control. The mean of three independent experiments is shown.
**p<0.01 or *p<0.05.
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5.2.1 DATTS treatment leads to thiol depletion in HCT116 cells

In the present study, experiments with NAC and GSH have indicated that thiols may
be targets for DATTS. Furthermore, it has been reported that alterations in
intracellular thiol levels may affect cellular functions, including signaling pathways
which may in turn cause cell cycle arrest and induction of apoptosis [119, 120].
Therefore, using cysteine hydrochloride monohydrate as a standard, total thiol levels
were measured 2 h after treatment of HCT116 cells with increasing concentrations of
DATTS, or at various time intervals after treatment within 40 uM DATTS. As shown
in Figures 25 (A) and (B), DATTS caused a significant time and dose-dependent
depletion of total thiols. In Figure 25 (B), DATTS caused total thiol depletion of about

52% after 2 h treatment.
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Figure 25. DATTS mediates thiol oxidation and depletion. (A), time-dependent oxidation of total thiol
levels measured in HCT116 cells after treatment with DATTS and (B), dose-dependent oxidation of
total thiol levels measured in HCT116 cells 2 h after treatment with DATTS. Data are expressed as a
percentage decrease in thiol depletion relative to solvent control. The mean of three independent

experiments is shown. **p<0.01 or *p<0.05.

5.3 DATTS induces both PERK and elF2a phosphorylation in
HCT116 cells
Diallyl disulfide has been shown to induce apoptosis in human colon cancer cells

(COLO 205) through the induction of reactive oxygen species (ROS) and ER stress
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[70]. In response to cellular stress and in particular to ER stress, PERK kinase is
activated by phosphorylation. In order to study whether PERK becomes
phosphorylated after DATTS treatment of HCT116, cells were extracted and the
proteins analysed by Western blotting using an antibody directed against phospho-
PERK. As shown in Figure 26 (A), a rapid but transient increase in the amount of
phospho-PERK was observed, indicating activation of the PERK kinase. One of the
down-stream substrates of the PERK kinase is the eukaryotic initiation factor 2a
(elF2a), which is inactivated by phosphorylation. This inactivation leads to a down-
regulation of the general translation machinery [122]. Thus, it was an interesting
guestion whether DATTS treatment of HCT116 cells and ROS generation might
induce phosphorylation of elF2a. For this, we either treated the cells with 10 nM
thapsigargin (a compound known to induce ER stress) [122], to serve as a positive
control, or with DATTS for different time periods. Western blot analysis with
antibodies directed against phosphorylated elF2a revealed an immediate increase in
phosphorylated elF2a (Fig. 26B) within 30 min of treatment with DATTS. This
increase persisted until 3 h post treatment. However, as shown in a further Western
blot analysis (Fig. 26C), total elF2a protein level does not seem to be greatly
affected by DATTS in HCT116 treated cells. Furthermore, the DATTS-induced
phosphorylation of elF2a seems to be concentration dependent. Presented in
Figure 26 (D), the increase in DATTS concentration led to an increase in the level of
p-elF2a protein. In order to evaluate the contribution of ROS to the DATTS-induced
elF2a. phosphorylation, HCT116 cells were treated with DATTS in the absence or
presence of glutathione (GSH), N-acetyl cysteine (NAC) or ascorbic acid (ASC). As
shown in Figure 26E, DATTS induced elF2a phosphorylation 2 h after treatment.
The induction of elF2a phosphorylation was slightly reduced in the presence of GSH,
even more so in the presence of NAC and strongly in the presence of ASC.
Reductions in elF2a phosphorylation relative to DMSO control were about 25, 68
and 94% for treatments in the presence of GSH, NAC and ASC respectively. These
data support the idea that ROS was indeed responsible for the phosphorylation of
elF2a. The weak reduction in the phosphorylation of elF2a by GSH and NAC
indicated that DATTS may not be directly implicated in the phosphorylation of elF2a.

74

Nathaniel Edward Bennett Saidu



Results

A)
DATTS (50 M)
Time(h) 0 05 1 15 2 25 3 4 24 TG
' p-PERK
a-tubulin
25
g2 T
£
21.5
z
g 1
2
§o.5
o
0 0.5 1 15 2 25 3 4 24 16
Time (h)
B) DATTS (50 uM)
Timeth) O 05 1 15 2 25 3 4 24 TG
D e e S o SRWD e o
Dm0
4
3.5 -

Fold change (relativeto control)
~N

0.5

25

15 -

1 15 2 25 3 4 24 16

Time (h)

Nathaniel Edward Bennett Saidu

75



Results

0

Time (h)

DATTS (50 uM)

0O 05 1 15 2 25 3 4 24 TG

—— T — o — i —’ GAPDH

o
3

g
=

=
N

-

(=4
>

Fold change (relativeto control)
o o
- -

4
N

o

0 0.5 1 1.5 2 2.5 3 4 24 16
Time (h)
D)
DATTS (uM)
0 25 50 100
W w— — w— | GAPDH
- : > p-elF2a.
4
E 35
S 3
§ 25 I
E
§,1.5
. 0 25 50 100
Concentration (1)

Nathaniel Edward Bennett Saidu

76



Results

E)

T — S — G W G0 DDy
P

DMSO DATTS DATTS + GSH DATTS + NAC DATTS + ASC
GSH NAC ASC
Compound

[ N
S N & >

Flod change (relativeto control)

Figure 26. DATTS activates the phosphorylation of PERK, which in turn induces elF2a
phosphorylation at serine 51 in HCT116 cells. HCT116 cells were untreated (0 h) or treated with 50
UM DATTS for 0.5, 1, 1.5, 2, 2.5, 3, 4, and 24 h. For a positive control, cells were treated with 10 nM
thapsigargin (TG) for 4 h and protein expression was studied by Western blotting. The proteins (100
pg) were separated on a 12.5% SDS-polyacrylamide gel, blotted on a PVDF membrane. p-PERK (A)
p-elF2a. (B) and elF2a (C) expressions were visualised with the appropriate antibodies. (D) cells
were seeded in 6-well plates and treated with 0, 25, 50 or 100 uM DATTS for 2 h. (E) cells were
seeded in 6-well plates and treated with DATTS in the absence or presence of glutathione (GSH), N-
acetyl cysteine (NAC) or ascorbic acid (ASC). Cells were lysed and then the cell extract analyzed by
SDS polyacrylamide gel electrophoresis followed by Western Blot with a p-elF2a specific antibody.
The bar diagrams (A — E) show the mean + SEM of the density of the bands, expressed as a fold
change relative to GAPDH (loading control). One representative of at least 3 independent

experiments is shown here.

5.3.1 DATTS induces Nrf2 nuclear translocation in HCT116 cells

Another cellular factor which might react after ROS stress is Nrf2 [92, 123, 124, 125].
Nrf2 predominantly resides in the cytoplasm where it is complexed to its inhibitor,
Keap-1. Oxidative stress, however, has been proposed to increase nuclear
translocation, DNA-binding and transcriptional activity of Nrf2, among other effects,

leading to up-regulation of HO-1 expression, which provides an adaptive survival
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response against ROS-derived oxidative cytotoxicity. DATTS-induced nuclear
translocation of Nrf2 was therefore evaluated. For this, HCT116 cells were either
treated with 10 nM thapsigargin (control) or 50 pM DATTS for different time periods.
The nuclear fraction from the cell extract was analysed by Western blot with
antibodies directed against Nrf2 (as described in the methods section). Presented in
Figure 27 (A), an immediate increase in nuclear Nrf2 was observed between 0.5 and
1.5 h post treatment. From 2 — 4 h post treatment, a diminishing increase in Nrf2
protein level was observed. Twenty four hours post treatment, Nrf2 protein was
completely abolished. This result indicates that DATTS causes a rapid but transient
Nrf2 translocation from the cytoplasm into the nucleus. Figure 27 (B) also shows that
the DATTS induced nuclear translocation of Nrf2 is concentration dependent. In the
next step, the question was asked whether the increase in nuclear Nrf2 might be
induced by ROS or by DATTS directly. Hence, the experiment described above was
repeated, this time in the presence of GSH, NAC or ASC, as shown in Figure 27 (C),
DATTS induced the nuclear translocation of Nrf2 which was completely abolished in
the presence of all three antioxidants. These results indicated that DATTS, possibly

directly and also via ROS, was responsible for the nuclear translocation of Nrf2.
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Figure 27. DATTS induces nuclear translocation of Nrf2. (A) HCT116 cells were untreated (0 h) or
treated with 50 uM DATTS for 0.5, 1, 1.5, 2, 2.5, 3, 4, and 24 h. For a positive control, cells were
treated with 10 nM thapsigargin (TG) for 4 h and protein expression was studied by Western blotting.
Nuclear proteins were separated on a 10% SDS-polyacrylamide gel, blotted on a PVDF membrane.
Nrf2 expressions were visualised with the appropriate antibody. (B) cells were seeded in 6-well plates
and treated with 0, 25, 50 or 100 pM DATTS for 2 h. (C) cells were seeded in 6-well plates and
treated with DATTS in the absence or presence of glutathione (GSH), N-acetyl cysteine (NAC) or
ascorbic acid (ASC). Cells were lysed and then the nuclear cell extract analyzed by SDS
polyacrylamide gel electrophoresis followed by Western Blot with an Nrf2 specific antibody. The bar
diagrams (A — C) show the mean + SEM of the density of the bands, expressed as a fold change

relative to nucleolin (loading control).

5.3.2 DATTS induces HO-1 expression in HCT116 cells

It has been shown that Nrf2 activation by stress signals leads to the transcription of
the HO-1 gene and subsequently the up-regulation of HO-1 protein expression [92].
The influence of DATTS on HO-1 protein expression was therefore evaluated.
HCT116 cells were treated with DATTS for different time periods and analysed by
Western blot using antibodies directed against HO-1 and GAPDH. As shown in
Figure 28 (A), an increase in HO-1 protein expression was observed 2 h after
treatment with DATTS and this persisted at least until 4 h post treatment. 24 h post

treatment, HO-1 up-regulation was still visible even though at a much lower level,
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which suggests that DATTS has a transient effect on HO-1 induction in HCT116
cells. Next, the question was asked whether the expression of HO-1 might be
dependent on the concentration of DATTS. As shown in Figure 28 (B), the amount of
HO-1, as detected by Western blot, increased with the concentration of DATTS. Also
analysed was whether the expression of HO-1 might be dependent on the redox
state of the cell. Therefore, HCT116 cells were treated with DATTS in the absence
or presence of either GSH, NAC or ASC. As shown in Figure 28 (C), all three agents

reduced the level of HO-1 compared to cells treated with DATTS alone.

Nrf2 contains a potent transcription activation domain [125], and it recognises and
binds to consensus ARE/StRE sequences found in the promoter regions of several
Phase 2 enzymes including HO-1 [125, 127, 128]. In order to explore directly the
role of Nrf2 in up-regulating the HO-1 expression, the activation of the Nrf2 pathway
in HCT116 cells using an StRE driven luciferase reporter assay was analysed.
Treatment of cells with DATTS strongly induced reporter activity (Fig. 28D). This
increase in reporter activity coincided with an increase in HO-1 protein expression
(Fig. 28E), thus indicating activation of not only the Nrf2 pathway, but also
demonstrating that DATTS enhances transcription of the HO-1 gene which might be
responsible for the higher protein levels of HO-1 observed. A similar increase in the
transcription from the StRE promoter was observed when HCT116 cells were treated
with thapsigargin. We also observed an increase in the level of HO-1 protein in cells
treated with thapsigargin. In principle, one will normally expect HCT116 cells
harbouring the dominant-negative form of mutant Nrf2 to be less sensitive to the
DATTS treatment compared to cells without. A reporter construct with the StRE-luc
was therefore used and transfected with either wild-type or a dominant-negative
mutant form of the Nrf2 or an empty vector as a control into HCT116 cells. The
HCT116 cells transfected with the StRE-luc construct along with the dominant-
negative Nrf2 (Nrf2-DN) failed to induce HO-1 expression (Fig. 28G) and to increase
the StRE-luc activity (Fig. 28F) in response to DATTS treatment, compared to cells
co-transfected with StRE-luc construct and the Nrf2 expression plasmid. Treatment
of HCT116 cells co-transfected with StRE-luc construct and the Nrf2 expression
plasmid showed a much higher activity and protein expression (Figs. 28F and G)

compared to cells transfected with the StRE-luc alone or the empty vector. Taken
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together, these findings support the notion that the up-regulation of HO-1 is mediated
via Nrf2 activation.

NAD(P)H: quinone oxidoreductase (NQOL1) is a cytosolic flavoprotein that catalyzes
the detoxification of quinine. NQO1 is implicated in the protection against oxidative
stress [129, 130]. The NQO1l promoter contains several antioxidant response
elements including binding sites for Nrf2. Thus, the question was asked whether Nrf2
might also induce the expression of NQO1. However, as shown in Figure 28 (H),
there was only a minor induction of NQO1 protein expression after 50 uM DATTS
treatment of HCT116 cells. The experiment was therefore repeated with increasing
concentrations of DATTS. As shown in Figure 28 (I), there was a clear dose
dependent increase in the protein level of NQO1 after DATTS treatment. Thus, not

only HO-1 but also NQO1 is induced as an antioxidant defense.
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Figure 28. DATTS induces HO-1 and NQOL1 protein expressions and increases StRE-luciferase
activity in HCT116 cells. HCT116 cells were untreated (0 h) or treated with 50 uM DATTS for 0.5, 1,
1.5, 2, 2.5, 3, 4, and 24 h and protein expression was studied by Western blotting. The proteins (100
pg) were separated on a 12.5% SDS-polyacrylamide gel, blotted on a PVDF membrane. HO-1 (A)
and NQO1 (H) expressions were visualised with the appropriate antibody. (B and I) cells were
seeded in 6-well plates and treated with 0, 25, 50 or 100 uM DATTS for 2 h. (C) cells were seeded in
6-well plates and treated with DATTS in the absence or presence of glutathione (GSH), N-acetyl
cysteine (NAC) or ascorbic acid (ASC). Cells were lysed and then the cell extract analyzed by SDS
polyacrylamide gel electrophoresis followed by Western Blot with either a HO-1 or NQOL1 specific
antibody. The bar diagrams (A — C, H and I) show the mean + SEM of the density of the bands,
expressed as a fold change relative to GAPDH (loading control). (D) cells were seeded into a 6 well
plate and transfected with p3xStRE-luc as described in the materials and methods. Cell extracts of
unstimulated or stimulated cells with either DATTS or thapsigargin (TG) were prepared using the
reporter lysis buffer (Promega, Mannheim, Germany). These were then analysed for luciferase
activities. Luciferase activity was normalized to the protein concentration. (E) 50 pg of proteins from
(D) were separated on a 12.5% SDS-polyacrylamide gel, blotted on a PVDF membrane. HO-1
expressions were visualised with the appropriate antibody. (F) cells were seeded, transfected or
cotransfected and then treated as described in the materials and methods. Cell extracts were
prepared using the reporter lysis buffer (Promega, Mannheim, Germany). These were then analysed
for luciferase activities. Luciferase activity was normalized to the protein concentration. (G) 50 ug of
proteins from (F) were separated on a 12.5% SDS-polyacrylamide gel, blotted on a PVDF membrane.

HO-1 and Nrf2 protein expressions were visualised with the appropriate antibody.
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5.3.3 DATTS induces expression of ATF3 in HCT116 cells involving

calcium ions and some MAP kinases

Activating transcription factor 4 (ATF4) is a downstream target for phosphorylated
elF2o and when activated, ATF4 acts on downstream target genes of its own, which
includes the transcription factors ATF3 [131], CCAAT-enhancer binding protein
(C/EBPB) [132], and C/EBP homology protein (CHOP) [133]. As shown in Figure 29
(A) and (B), DATTS treatment causes a rapid but transient increase in the amount of
ATF3 proteins and a marginal one in that of the ATF4 proteins. ATF3 functions as a
transcriptional repressor when bound as a homodimer to DNA and it has been
shown to regulate cell cycle progression, cell growth, apoptosis, and stress
response, dependent on the cell type [134]. Also, expression of ATF3 has been
shown to be controlled, at least in part, by various components of mitogen-activated
protein kinase (MAPK) family in different models [135]. Among them are the p38
protein kinase, the extracellular-signal-regulated kinases (ERKs) and the c-Jun N-
terminal kinases (JNKs). The activation of these MAPK kinases tend to promote cell
survival. Furthermore, it has been reported that both p38 protein kinase and JNK
can serve as mediators between elevated calcium ions (Ca**) and enhanced ATF3
gene transcription [135]. The questions were therefore asked whether (1) DATTS-
induced ATF3 expression is cell specific, (2) some of these MAPK kinase are
required for DATTS-induced ATF3 expression in HCT116 cancer cells and (3) if so,
does it involve Ca®" ions? To address these questions, pharmacological approaches
were used to assess the activations of some of these kinases and their roles on the
DATTS-induced signalling cascade leading to ATF3 expression.

Firstly, various cell types (HCT116, ARPE-19, C3H10T1/2 and LNCaP) were each
incubated with either 0.05% DMSO or with 50 uM DATTS for 2 h and cell extracts
were analysed by Western blotting. Figure 29 (C) shows that DATTS induced ATF3
expression in both the human epithelial colorectal cancer cell (HCT116) line and the
androgen-sensitive human prostate cancer cell (LNCaP) line. DATTS also induced
ATF3 expression in the human epithelial ARPE-19 noncancer cell but to a much
lower extent and an even marginal one in the murine C3H10T1/2 pluripotent stem
cells, which indicates that DATTS-induced ATF3 expression may not be cell line

specific.
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Secondly, in order to explore the role of DATTS in up-regulating ATF3 protein
expression, HCT116 cells were transfected with an ATF3 driven luciferase reporter
for 24 h and then treated with DMSO, DATTS or thapsigargin as described in the
materials and methods section. Treatment of cells with DATTS slightly induced
reporter activity by about 1.4 folds (Fig. 29D). This increase in reporter activity
coincided with an increase in ATF3 protein expression in both DATTS and
thapsigargin (a calcium ionophore well known to induce ATF3 protein expression)
treated cells (Fig. 29E), thus, indicating that DATTS enhances transcription of the
ATF3 gene, which might be responsible for the higher protein levels of ATF3
observed.

Thirdly, HCT116 cells were either treated with DMSO or with 50 uM DATTS for 2, 4
and 6 h. Cell extracts were prepared and Western blot analysis carried out for
phosphorylated p38 and c-jun protein expressions. As shown in Figures 30 (A) and
(B), DATTS treatment upregulated the protein expression of both phosphorylated
p38 and c-jun in HCT116 cell.

Finally, cells were preincubated with SB203580 (p38-specific inhibitor), PD98059
(ERK-specific inhibitor), BAPTA-AM (intracellular calcium chelator), Nifedipine
(calcium channel blocker) or with A23187 (divalent cation ionophore) before being
incubated with DATTS. Cell extracts were prepared and analysed by Western
blotting. As shown in Figure 30 (C), preincubation of HCT116 cells with the calcium
ionophore A23187 did not block DATTS-induced ATF3 espression but rather
enhances it. Preincubation with acetoxymethyl ester of the cytosolic Ca** chelator
BAPTA-AM, on the other hand, completely blocked DATTS-triggered up-regulation
of not only ATF3 (Fig. 30C), but also phospho-p38 and c-jun (Fig. 30E and F),
suggesting a possible role of Ca®" ions in DATTS-induced ATF3 protein expression.
These Ca®" ions seem to be influxes from internal stores because the DATTS-
induced up-regulation of ATF3 expression was not blocked in HCT116 cells treated
with the calcium channel blocker nifedipine. Therefore, Ca?* influx from outside
(involving L-type voltage gated Ca?* channels) is possibly not involved in this
signalling cascade. Preincubation with the p38-specific inhibitor compound
SB203580 blocked DATTS-triggered up-regulation of ATF3, indicating that p38

protein kinase may be essential to induce the biosynthesis of ATF3 in DATTS-
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stimulated HCT116 cells. Preincubation with the ERK-specific inhibitor compound
PD98059, however, did not block the biosynthesis of ATF3 in DATTS-stimulated
HCT116 cells, indicating that activation of ERK may not be required for the induction
of ATF3 gene transcription. This data suggests that stimulation of HCT116
colorectal cells with diallyl tetrasulfide induces a signalling cascade involving calcium
ions, activation of p38 protein kinase, activation of c-jun, and up-regulation of ATF3
expression.
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Figure 29. DATTS induces ATF3 in HCT116 cells. (A) and (B) HCT116 cells were untreated (0 h) or
treated with 50 uM DATTS for 0.5, 1, 1.5, 2, 2.5, 3, 4, and 24 h. For a positive control, cells were
treated with 10 nM thapsigargin (TG) for 4 h and protein expression was studied by Western blotting.
ATF4 (A) and ATF3 (B) as well as GAPDH expressions were visualised with the appropriate antibody.
(C) HCT116, ARPE-19, C3H10T1/2 and LNCaP cells were each incubated with either DMSO or with
50 uM DATTS for 2 h and protein expression in each cell line was studied by Western blotting. ATF3
and GAPDH (loading control) expressions were visualised with the appropriate antibody. (D) cells
were seeded in a 6 well plate and transfected with p3xATF3-luc as described in the materials and
methods. Cell extracts of unstimulated or stimulated cells with either DATTS or thapsigargin were
prepared using the reporter lysis buffer (Promega, Mannheim, Germany). These were then analysed
for luciferase activities. Luciferase activity was normalized to total protein concentration. (E) 50 ug of
proteins from (D) were separated on a 12.5% SDS-polyacrylamide gel, blotted on a PVDF membrane.

ATF3 and GAPDH (loading control) expressions were visualised with the appropriate antibody.
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Figure 30. Stimulation of HCT116 colorectal cells with DATTS induces a signalling cascade involving
calcium ions, activation of phospho-p38, phospho-c-jun, and up-regulation of ATF3 expression. (A)
and (B) HCT116 cells were untreated (0 h) or treated with 50 uM DATTS for 2, 4, and 6 h and protein
expression was studied by Western blotting. Proteins were separated on a 12.5% SDS-
polyacrylamide gel, blotted on a PVDF membrane. phospho-p38 (A) and phospho-c-jun (B)
expressions were visualised with the appropriate antibody. (C) HCT116, cells were incubated for 2 h
with DMSO, DATTS, DATTS + BAPTA-AM, BAPTA-AM, DATTS + Nifedipine, Nifedipine, DATTS +
A23187 or with A23187 alone. (D) HCT116, cells were incubated for 2 h with DMSO, DATTS, DATTS
+ SB203580, SB203580, DATTS + PD98059 or with PD98059 alone. Protein expression was studied
by Western blotting. Proteins were separated on a 12.5% SDS-polyacrylamide gel, blotted on a
PVDF membrane. ATF3 expressions were visualised with the appropriate antibody. For (E) and (F)
cell lysates from (C) that contains DMSO, DATTS, DATTS + BAPTA-AM or BAPTA-AM alone, were
separated on a 12.5% SDS-polyacrylamide gel, blotted on a PVDF membrane. phospho-p38 (E) and
phospho-c-jun (F) expressions were each visualised with the appropriate antibody. GAPDH or B-actin

was used as a loading control.

92

Nathaniel Edward Bennett Saidu



Results

5.4 DATTS-induced antioxidant response is not able to prevent
apoptosis in HCT116 cells

Having shown that DATTS induced an immediate but transient antioxidant response,
the question was then asked whether this immediate but transient antioxidant
response would be able to protect cell viability and eventually apoptosis over a
longer persist of time. Cells were treated with DATTS for various time intervals and
then analyzed for viability by an MTT-assay. As shown in Figure 31, after 8 h
treatment, only a very little loss in cell viability is observed, whereas after 24 h, and
even more after 48 h, a considerable loss in viability down to about 40% of the
control is observed (Fig. 31A). Next, it was tested whether this loss of viability is
dose dependent. Therefore, the experiment was repeated with 25, 50 and 100 pM
DATTS for 24 h and then viability was tested by an MTT-assay. As shown in Figure
31 (B), there is a dose dependent decrease in cell viability. Morphological analysis of
HCT116 cell after treatment with 0, 25, 50 and 100 uM DATTS also revealed clear
apoptotic bodies with increasing DATTS concentration (Fig. 31C). In order to support
the observation that cells might go into apoptosis, the expressions of the pro-
apoptotic bax, the anti-apoptotic bcl-2 as well as cytochrome c release into the
cytoplasm were analysed as further indications for apoptosis. As shown the Figure
31 (D), after treatment of HCT116 cells with DATTS, an increase in the expression of
bax, a decrease in bcl-2 and an increase in the amount of cytochrome c in the
cytoplasm were observed. As a further indication of apoptosis, cleavage of caspase
3 was detected 24 and 48 h after treatment of the cells with DATTS (Fig. 31E). Poly-
ADP-ribose polymerase (PARP) is a well known substrate of caspase 3/7 and its
cleavage is a signature for DNA damage and in most cases also points towards final
execution of apoptosis. It has been shown that most polysulfides, including diallyl
polysulfides and polysulfides containing coumarin derivatives, induce apoptosis in
cancer cells [20]. The ability of DATTS to induce PARP cleavage was therefore
tested. As shown in Figure 31 (F), the amount of the PARP cleavage product (89
kDa) increased with time. Considerable amounts of the cleavage product occur 48 h
after treatment, confirming the previous results that apoptosis is a late event after
DATTS treatment. In order to study the contribution of ROS to the DATTS induced
apoptosis, HCT116 cells were treated with DATTS in the presence and absence of
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GSH, NAC or ASC. Cells were lysed and then the cell extract analysed by SDS
polyacrylamide gel electrophoresis followed by Western blot with a PARP specific
antibody. As shown in Figure 31 (G), DATTS induced PARP cleavage after 24 h in
the absence of GSH, NAC and ASC. In the presence of GSH and NAC however,
there was no cleavage of PARP, indicating that these antioxidants prevented
apoptosis, whereas ascorbic acid was not sufficient to inhibit PARP cleavage. This
means that DATTS triggers different pathways in parallel and independently of each
other, and that the antioxidant is triggered by ROS while the apoptotic one via

disulfide formation.
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Figure 31. DATTS affect the viability of HCT116 cells in both time and dosage dependent manners.
It also induces apoptosis by modulating bax and bcl-2 expressions, induce cytochrome c release and
activate both caspase 3/7 and PARP cleavages in HCT116 cells. (A) cells were seeded in 24-well
plates and treated with 50 uM DATTS or 0.05% DMSO for 8, 24 and 48 h. Afterwards, MTT assay
was used to determine cell viability. (B) cells were seeded in 24-well plates and left untreated (0 uM)
or treated with 25, 50 or 100 uM DATTS for 24 h. Afterwards, MTT assay was used to determine
viable cells as in (A). (C) HCT116 cells were cultured in 6 well plates overnight before incubation with
0, 25, 50 or 100 uM DATTS for 24 h. Afterwards, cell morphology was assessed by microscopy. (D -
E) HCT116 cells were treated with O or 50 uM DATTS for 24 and 48 h, protein expressions and
caspase activation were then studied by Western Blotting. The proteins were separated on a 12.5%
SDS-polyacrylamide gel, blotted on a PVDF membrane. bax, bcl-2 or cytochrome c¢ (D) was
visualised with the appropriate antibody, whilst full-length caspase 3/7 and its cleavage products (E)
were detected with a caspase 3-specific antibody (8G10). GAPDH was used as a loading control. (F)
HCT116 cells were left untreated (0 h) or treated with DATTS for 2, 4, 6, 8, 24 and 48 h, and protein
expression was studied by Western Blotting. Cell extracts were separated by electrophoresis on a
7.5% SDS-polyacrylamide gel and then blotted on a PVDF membrane. PARP cleavage was
visualised with the appropriate antibody. a-tubulin was used as a loading control. In another set of
experiments (G), HCT116 cells were treated for 24 h with 50 uM DATTS either in the absence or
presence of 20 uM GSH, 5 mM NAC or 100 uM ASC. Cells were also treated for 24 h with 0.05%
DMSO to serve as a control. Cell extracts were then treated for PARP cleavage using SDS-
polyacrylamide gel electrophoresis and Western blotting. Total protein extract (75 ug) was separated
on a 7.5% SDS-polyacrylamide gel, blotted on a PVDF membrane and PARP was detected using the
corresponding antibody. o-tubulin was used as a loading control. One representative of at least 3

Western blots is shown here.

96

Nathaniel Edward Bennett Saidu



Results

5.5 DATTS causes a dosage-dependent disruption of HCT116
cellular microtubule network

Certain antimicrotubule agents such as nocodazole are known to target the cellular
microtubule network, resulting in aberrant formation of the mitotic spindle,
subsequent blockage of the cell cycle in G,/M phase, and apoptotic cell death [138].
Also, since tubulin contains thiol residues, it could well be that DATTS targets these
thiol residues thereby altering the tubulin thiol redox status, which may contribute to
not only the observed cell cycle arrest in the G,/M phase in the previous experiment,
but also apoptotic cell death. It therefore became ideal to test whether DATTS could
directly affect the organisation of the microtubule network of cells. HCT116 cells
were therefore treated with either a DMSO control or a range of concentrations of
DATTS (25 pM, 50 pM and 100 pM). After 24 h of incubation, the microtubule
network was visualized by immunofluorescence. The microtubule network in DMSO
control cells exhibited normal arrangement with microtubules seen to traverse
intricately throughout the cell, these cells displaying a normal compact rounded
nucleus (Fig. 32). In contrast, DATTS caused a dose-dependent loss of microtubule

network, with only a diffuse stain visible throughout the cytoplasm (Fig. 32).
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Figure 32. DATTS treatment affects the organisation of HCT116 cellular microtubule network.
HCT116 cells were cultured in 6 well plates overnight before incubation with 0, 25, 50 or 100 uM
DATTS for 24 h. Cells were fixed with formaldehyde before been incubated with monoclonal anti-a-
tubulin for 30 min at 37°C followed by 30 min incubation at 37°C with the ALEXA-Fluor™ 488
secondary antibody. After three washing steps, the cells were briefly stained with DAPI. The
organisation of the microtubule network (green) and nucleus (blue) was visualised with a Zeiss
Axioskop fluorescence microscope at a magnification of 40 x.

5.6 Influence of DATTS on CK2 expression and kinase activity

Protein kinase CK2 is a pleiotropic enzyme which is ubiquitously expressed in
eukaryotic cells. It is composed of two catalytic a - or o’-subunits and two non-
catalytic B-subunits [137]. Several studies have shown that life without CK2a and/or
CK2p is impossible. The important role of this enzyme in the viability of eukaryotic

cells is further supported by the great number of substrates whose activities are
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regulated by CK2 phosphorylation [137]. Not only is CK2 implicated in the regulation
of the cell cycle, but also has anti-apoptotic properties [138, 139], associates with ER
membrane proteins (such as Sec63) and transcription factors (such as ATF4 and
Nrf2) [140, 141]. It was also recently shown in our lab that the G,/M regulatory
phosphatase cdc25C is a substrate of protein kinase CK2. In spite of these
numerous functions of this important enzyme, it was asked whether diallyl
tetrasulfide will stimulate the kinase activity of CK2 in HCT116 colorectal cancer
cells. To test this possibility, HCT116 cells were either left untreated (0 h) or treated
with 50 uM DATTS. Lysates were prepared and either analysed for CK2 protein
expression or for CK2 kinase activity. The kinase activity in cell extracts was
measured using a synthetic peptide substrate, RRRDDDSDDD, in the presence of
[**PlyATP. As shown in Figure 33 (A), DATTS-induced CK2 kinase activity
increases with increase in time. There was, however, no further increase observed
in the kinase activity beyond 1.5 h of cell incubation with DATTS. The DATTS-
induced CK2 kinase activity seems to correspond with DATTS-induced CK2 protein
expression. As evident in Figure 33 (B), DATTS treatment of HCT116 cells resulted
in a moderate increase in the protein levels of CK2a' and CK2pB in particular,
signifying that DATTS indeed does have an influence on both CK2 kinase activity
and protein expressions. This DATTS effect on CK2, however, is an early event

similar to that of DATTS-induced PERK and elF2a phosphorylations.
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Figure 33. Influence of DATTS on CK2 protein expression and kinase activity. HCT116 cells were
left untreated (0 h) or treated with 50 uM DATTS for different time periods (0 - 1.5 h). (A) cells were
lysed and the kinase activity of CK2 in the cell extract were measured with a synthetic peptide
substrate, RRRDDDSDDD, in the presence of [’PlyATP. (B) cell extracts in (A) were analysed on a
12.5% SDS-polyacrylamide gel, blotted on a PVDF membrane. CK2a, o', B and o-tubulin were
visualised using the appropriate antibody. Result is the means + SD of three individual experiments.
**_significantly different from cells incubated with 0 pM DATTS, p <0.01.

5.7 Effect of DATTS on HCT116 cells compared to ARPE-19 Cells

Diallyl polysulfide-induced cell cycle arrest and apoptosis in cancer cells have been
extensively addressed both in this study and elsewhere. In contrast, the effect of
these polysulfides on normal cells is poorly understood. To address this issue, the
effect of DATTS on human epithelial cells of normal and cancerous origins were
evaluated. For this purpose, the study was focussed on cell viability, apoptosis and
the unfolded protein response/endoplasmic reticulum stress pathways.
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5.7.1 Evaluation of cell viability

A similar question as in previous studies was asked; whether DATTS reduce ARPE-
19 cell viability and if so, how does it compare with that observed in HCT116 cells.
To answer this question, two separate sets of experiments were carried out: one, an
MTT assay and the other, a trypan blue cell count. In the first set of experiments,
HCT116 and ARPE-19 cells were treated with either 0.05% DMSO or 50 uM DATTS
for 8, 24, 48 and 72 h. Cells were then analysed for cell viability by the MTT assay
as previously described. In the second set of experiments, HCT116 and ARPE-19
were seeded (1 x 10* cells/well) and left to attached overnight in the incubator. The
next day, a sample of cells in separate wells were counted using the trypan blue cell
count method. The rest of the cells were then left either untreated or treated with
0.05% DMSO or 50 uM DATTS for 8, 24, 48 and 72 h. The cells were further
counted using the same trypan blue method after each of the time periods of
treatment stated above. As shown in Figure 34 (A), (B), (C) and (D), 8, 24, 48 and
72 h after DATTS treatment, HCT116 cell viability was reduced by about 20%, 52%,
62% and 76%, respectively, whilst that of ARPE-19 was about 2%, 16%, 30% and
18%, respectively. It can be concluded that DATTS has an effect on the viability of
both HCT116 and ARPE-19 cells. This effect, however, is a lot more pronounced in
HCT116 cells than in ARPE-19 cells. Also, ARPE-19 cells seem to adapt to the
DATTS effect after some time, which is evident from the 30% decrease in cell
viability after 48 h but only 18% after 72 h shown in Figure 34 (C) and (D). A similar
pattern was observed with the trypan blue cell count results shown in Figure 34 (E)
and (F), where DATTS inhibited ARPE-19 cell growth for 24 and 48 h but then, going

into 72 h, cells began to grow at their normal rate.
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Figure 34. DATTS affects the viability of both HCT116 and ARPE-19 cells. HCT116 and ARPE-19
cells were treated with either 0.05% DMSO or 50 uM DATTS for 8 (A) 24 (B) 48 (C) and 72 (D) h.
Cells were then analysed for cell viability by the MTT assay as previously described. HCT116 (E) and
ARPE-19 (F) cells were seeded (1 x 10* cells/well) and left to attached overnight in the incubator.
The next day, a sample of cells from each cell line in separate wells was counted using the trypan
blue cell count method. The rest of the cells were then either left untreated or treated with 0.05%
DMSO or 50 uM DATTS for 24, 48 and 72 h. The cells were further counted using the same trypan
blue method after each of the time periods of treatment stated in the materials and methods section.
Data was analysed using Microsoft excel 2007. The results represent the mean + SD of three
separate experiments.
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As in previous experiments, the morphology of ARPE-19 cells was assessed
following DATTS treatment at different concentrations for 24 h. These were then
compared to HCT116 cells that were exposed to the same conditions for the same
amount of time. As shown in Figure 35 (A) and (B), DATTS does affect the
morphology of both HCT116 cancer cells and ARPE-19 noncancer cells. A
significant loss of nuclear construction and formation of apoptotic bodies were,
however, observed in HCT116 cells at higher DATTS concentrations (Fig. 35A) than
in ARPE-19 cells (Fig. 35B), which is in agreement with both the trypan blue and
MTT cell viability assays.

A) B)

DAPI DAPI

HCT116 ARPE-19

Figure 35. DATTS treatment affects HCT116 cell morphology (A) a lot more than it does to ARPE-19
cells (B) HCT116 and ARPE-19 cells were each cultured in 6 well plates overnight before incubation
with 0.05% DMSO, 25 or 50 uM DATTS or in another case, left untreated (Unt) for 24 h (A) The
nucleus was stained with DAPI (blue). Afterwards, cell morphology and viability was assessed by

microscopy at a scale bar of 10 pm.
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Loss of nuclear construction and reduced cell viability is still not enough to confirm
apoptosis in DATTS-treated ARPE-19 cells. In some cases, the observed effect
could be interpreted as cell necrosis. In order to clarify this point, ARPE-19 cells
were therefore either treated with 0.05% DMSO or 50 uM DATTS for 8 and 24 h as
described earlier, and cell cycle analysis was performed by flow cytometry. As
shown in Figure 36 (A - D), DATTS treatment after 8 and 24 h caused a G,/M cell
cycle arrest in both cell lines. Interestingly, however, DATTS failed to influence
apoptosis in ARPE-19 cells, where very little or no subG; peak was observed,

compared to those observed in HCT116 cells.
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Figure 36. The influence of DATTS on HCT116 and ARPE-19 cell cycle distributions. HCT116 and
ARPE-19 cells were each treated for 8 (A and B) and 24 h (C and D) with either 0.05% DMSO or 50
UM DATTS and then analysed by FACS. FACS analysis of the treated cells are shown in (A) and (B),
8 h after treatment and (C) and (D) 24 h after treatment. One representative of at least three similar

independent experiments is shown here.

Normal epithelial cells, under normal physiological conditions, do undergo basal
apoptosis as a part of the normal process of cellular turnover. This however
happens on such a low scale that it is quite often not detected on the expression
levels of both pro-apoptotic and anti-apoptotic proteins [142]. To test this possibility,
the apoptotic response of both the human epithelial HCT116 cancer cells and the
ARPE-19 noncancer cells were assessed by Western blot. Cells were treated with
0.05% DMSO or with 50 pM DATTS for 0, 8, 24, 48 and 72 h and expression of
cytochrome ¢, PARP, caspase 3 or yH2AX were analysed (Fig. 37A, C and D). As
shown in Figure 37 (A - D), DATTS treatment caused an increase in cytochrome ¢
release into the cytosol of HCT116 cells, but not in ARPE-19 cells. It also caused
caspase 3 cleavage and activation along with that of PARP, and an increase in
yYH2AX protein expression in HCT116 cancer cells but not in ARPE-19 noncancer
cells, which is in agreement with the cell cycle analysis results. The results indicate
that DATTS does cause apoptosis in HCT116 cancer cells, but not in ARPE-19
noncancer cells, and that the signs of apoptosis observed in ARPE-19 cells are
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probably not due to DATTS but rather an apoptotic machinery that is a part of the

normal process of cellular turnover in this normal epithelial cell type.
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Figure 37. DATTS induces cytochrome c release and activates caspase 3 in HCT116 cells but not in

ARPE-19 cells. It also modulates yH2AX protein expression and PARP cleavage in HCT116 cells but
not in ARPE-19 cells. HCT116 and ARPE-19 cells were untreated (0 h) or treated with DATTS for 8,
24, 48 and 72 h, and protein expression was studied by Western blotting (A - D). For (B), HCT116
and ARPE-19 cells were each left either untreated (0 h) or treated with 50 uM DATTS for 8, 24 and 48

h. As a positive control, HCT116 cells were treated with 20 pg/ml doxorubicin for 24 h or left

untreated. Caspase 3 cleavage was analysed by Western blot. GAPDH (A and B) or o-tubulin (C and

D) was used as a loading control. One representative of at least 3 Western blots is shown here.
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Since we showed that DATTS induces not only the phosphorylation of elF2a and
Nrf2 in HCT116 cancer cells but also some of their downstream targets, we began to
ask the question of, whether DATTS can, in fact, induce these same oxidative/ER
stress signal proteins in ARPE-19 noncancer cells in a similar manner. To test this
possibility, HCT116 and ARPE-19 cells were cultured overnight and treated the
following day with 50 uM DATTS, or left untreated (O h) for 0.5, 1 and 1.5 h. Nuclear
extracts were prepared separately for Nrf2 expression studies. In some cases, cells
were treated with 10 nM thapsigargin (a well-know ER stress inducer) to serve as a
positive control. Flag ATF6 was also used as a positive control for ATF6 expression
studies. Expression levels of elF2a, p-elF2a, ATF4, Nrf2, HO-1, NQO1, ATF3 and
ATF6 were analysed by Western blotting (Fig. 38A - E). Either GAPDH or a-tubulin
was used as a loading control. As shown in Figure 38 (A - E), DATTS induced the
protein expression of p-elF2a, ATF4, Nrf2, HO-1, NQO1, ATF3 and ATF6 in a time
dependent manner in HCT116 cells. However, unlike in HCT116 cells, DATTS was
unable to induce the expression of most of these proteins, with the exception of
ATF3 and HO-1 (which are involved in oxidative stress response) in ARPE-19 cells.
These results indicate that, unlike in HCT116 cells, the antioxidant response
machinery in ARPE-19 cells is efficient in adapting the cells to the DATTS-induced

oxidative/ER stress and probably preventing them from going into apoptosis.
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Figure 38. DATTS induces oxidative/ER stress protein expressions in HCT116 cells but not in ARPE-
19 cells. HCT116 and ARPE-19 cells were untreated (0 h) or treated with 50 uM DATTS for 0.5, 1 and
1.5 h. For a positive control, HCT116 cells were treated with 10 nM thapsigargin (TG) for 4 h, or in
some cases transfected with FLAG-ATF6 and protein expression was studied by Western blotting.
The proteins (100 pg) were separated on a 12.5% SDS-polyacrylamide gel, blotted on a PVDF
membrane. Nuclear (C) and cytosolic proteins were also prepared and separated on a 10% SDS-
polyacrylamide gel, blotted on a PVDF membrane. elF2a and p-elF2a (A), ATF4 (B), Nrf2 and NQO1
(C), HO-1 and ATF3 (D) and ATF6 (E) expressions were visualised with the appropriate antibody.

GAPDH or a-tubulin was used as a loading control.

5.8 Coumarin polysulfides

Coumarins and coumarin derivatives as well as diallyl polysulfides are well known as
anticancer drugs [37, 40, 142]. In order to find new and possibly better drugs with
anticancer activities, coumarins were combined with polysulfides by Dr. Sergio
Valente (from Université de Lorraine in Metz, France) in the form of di- coumarin
polysulfides. These novel compounds were then tested in the HCT116 colorectal

cancer cell line in a similar way to that of diallyl tetrasulfide.

5.8.1 Evaluation of cell viability

Previous studies on diallyl polysulfides have shown that treatment of tumour cells
with diallyl polysulfides reduced their viability considerably depending on the length
of the sulfur chain (Fig. 39). The newly synthesised coumarin polysulfides (SV25,
SVv28 and SV29) (Fig. 39A) were therefore tested for their effect on HCT116 cells in
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different concentrations (12.5, 25, 50, 100 and 200 uM). As a control, cells were
treated with the solvent DMSO alone. Cell viability was measured with an MTT
assay. As shown in Figure 42 (B), using 25 pM SV25, SV28 or SV29 led to reduction
in cell viability by 30%, 18% or 22%, respectively. At a concentration of 50 pM, cell
viability was reduced to around 50%. At higher concentrations, there was slightly
further reduction in cell viability. Using 50 uM of the coumarin polysulfides, time
dependency of the treatment was also analysed. Cells were incubated with 50 pM
SV25, SV28 or SV29 for 8, 24 and 48 h and then cell viability was measured by an
MTT assay. The values shown in Figure 39 (B) and (C) are the averages of three
independent experiments, and the bars indicate standard deviation. The graphs
shown in Figure 39 (C) demonstrate that cell viability was already reduced to around
50% after 24 h treatment and further reduced to around 20% viability after 48 h.
Thus, these experiments showed a dosage and a time dependent effect of all three

coumarin polysulfides.
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Figure 39. Coumarin polysulfides affect the viability of HCT116 cells in both time and dosage
dependent manners. (A) structures of three of the compounds synthesised - 4,4'-
disulfanediylbis(methylene)bis(2H-chromen-2-one) (SV25), 4,4'-trisulfanediylbis(methylene)bis(2H-
chromen-2-one) (SV29) and 4,4'-tetrasulfanediylbis(methylene)bis(2H-chromen-2-one) (SV28). (B)
Cells were seeded in 24-well plates and treated with 0.05% DMSO, 12.5, 25, 50, 100 or 200 uM SV29
for 24 h. Afterwards, MTT assay was done to determine the amount of viable cells. (C) Cells were
seeded in 24-well plates and treated with 50 uM SV25, SV28, SV29 or 0.05% DMSO for 8, 24 and 48
h. Afterwards, MTT assay was used to determine the number of viable cells as in (B). Data are
depicted as means = SD, (n = 3).

5.8.2 Treatment of HCT116 cells with coumarin trisulfide induces

cell cycle arrest and apoptosis.

Reduced cell viability might be due to cell cycle arrest or apoptosis. Therefore, the
guestion of whether coumarin polysulfide-treated cells might arrest in G- or G-
phase of the cell cycle was addressed. For this, HCT116 cells were treated with O,
25 or 50 pyM SV29 for 24 h. Cells were harvested and incubated with propidium
iodide to label DNA. Cells were then analysed in a cytofluorimeter. As shown in
Figure 40, SV29 treated cells clearly accumulated in the G,-phase arrest. A subG;
peak confirmed that cells go into apoptosis. Untreated HCT116 cells showed a
normal cell cycle profile with about 63% of the cells in Gi;-phase, around 5% in S-

phase and about 24% of cells in G,-phase.
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Figure 40. The influence of SV29 on cell cycle distribution. HCT116 cells were treated for 24 h with
0, 25 or 50 pM SV29 and then analysed by FACS. (A) FACS analysis of the treated cells. (B)
Percentage distribution. (C) Data for (B). One representative of at least three similar independent

experiments is shown here.

Reduced cell viability can also be an indication of apoptosis. In order to analyse
whether coumarin polysulfides might indeed induce apoptosis, HCT116 cells were
treated with the two coumarins (SV25 and SV29) for different times. Cells were
lysed and the cell extract analysed on a 7.5% SDS polyacrylamide gel. After transfer
to a PVDF membrane, the filter was incubated with antibodies directed against
PARP. Starting at 24 h after treatment of the cells with the coumarin polysulfides,
PARP cleavage was observed; from a molecular weight of 116 KDa into the 89 KDa
cleavage product (Fig. 41). In agreement with these data, increase in the level of
yH2AX, which detects DNA double strand breaks and is a further indication of
apoptosis (data not shown) was also observed. In order to support the conclusion
about apoptosis induction, the experiment described above was repeated. However,
since no significant difference between the cells treated with SV25 and SV29 was

found, further experiments were performed with only SV29.

112

Nathaniel Edward Bennett Saidu



Results

DMSO Sv25 Sv29 DMSO Sv25 Sv29 DMSO Sv25 Sv29

PARP 116 kDa

B e — — . s | PARP 89 kDa

—
— T S | nucleolin

Figure 41. Coumarin polysulfides induce PARP cleavage. HCT116 cells were treated for 24, 48 and
72 h with 0.05% DMSO as a control or 50 uM SV25 or SV29 and cell extracts were treated for PARP
cleavage using SDS polyacrylamide gel electrophoresis and Western blotting. Total protein extract
(75 pg) was separated on a 7.5% SDS—polyacrylamide gel and blotted on a PVDF membrane. PARP

was detected using the corresponding antibody. Nucleolin was used as a loading control.

HCT116 cells were again either untreated (0 h) or treated with SV29 for 0.5, 1, 1.5,
2, 2.5, 3,4, 8 and 24 h, and protein expression was studied by Western blotting as
described above. After protein transfer to a PVDF membrane, the membrane was
analysed with antibodies against bcl-2 and bax. As shown in Figure 42, a decrease
in the level of the anti-apoptotic bcl-2 protein (Fig. 42A) was found along with an
increase in the level of the pro-apoptotic bax protein (Fig. 42B) in a time dependent
manner. An antibody against GAPDH was used as a loading control. Since
mitochondrial cytochrome c release is regulated by a decrease in the bcl-2 level,
cytochrome c release into the cytosol after treatment of the cells with coumarin
polysulfides was analysed. Accordingly, an increase in cytosolic cytochrome ¢ was
detected after treatment with SV29 (Fig. 42C). Finally, caspase 3 activation after
treatment of HCT116 cells with coumarin polysulfides was also analysed. After 24
and 48 h treatment, activation of caspase 3 (Fig. 42D) was detected. Thus, from
these results, it is quite credible that apoptosis is induced in HCT116 cells after
treatment with coumarin polysulfides. Furthermore, the reduction in bcl-2, the
increase in bax, cytochrome c release and caspase 3 activation all clearly argue for

the induction of the intrinsic pathway of apoptosis.
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Figure 42. SV29 modulates bcl-2 and bax expression, induces cytochrome c release and activates
caspase 3/7 in HCT116 cells. HCT116 cells were untreated (0 h) or treated with SV29 for 0.5, 1, 1.5,
2,25, 3,4, 8and 24 h, and protein expression was studied by Western blotting. The proteins (50 ug)
were separated on a 12.5% SDS—polyacrylamide gel, blotted on a PVDF membrane and bcl-2 (A),
bax (B) or cytochrome ¢ (C) was visualized with the appropriate antibody. For (D), HCT116 cells were
treated with 0 or 50 pM SV29 for 24 and 48 h. As a positive control, LNCaP cells were treated with 20
pg/ml doxorubicin for 24 h or left untreated. Caspase activation was analysed by Western blot. Cell
lysates were separated by electrophoresis as in (A). Full-length caspase 3 and its cleavage products
were detected with a caspase 3-specific antibody. One representative of at least 3 Western blots is
shown here. NAC pretreatment reduces coumarin polysulfide-mediated apoptosis in HCT116 cells.
(E) pretreatment of HCT116 colon cancer cells with NAC at a concentration of 5 mM for 0.5 h before
treatment with 50 uM SV29 prevented PARP cleavage (E). HCT116p53wt cells were treated for 24,
48 and 72 h with 0.05% DMSO, or 50 uM SV29 following NAC treatment and cell extracts were
treated for PARP cleavage using SDS—polyacrylamide gel electrophoresis and Western blotting. Total
protein extract (75 pg) was separated on a 7.5% SDS—polyacrylamide gel, blotted on a PVDF
membrane and PARP was detected using the corresponding antibody. Nucleolin or GAPDH were
used as a loading control.

Coumarin polysulfides like other polysulfides might induce reactive oxygen species
(ROS). In order to evaluate the contribution of ROS to the coumarin polysulfide-
induced apoptosis, HCT116 cells were with SV29 either in the absence or presence
of N-acetyl cysteine (NAC). Cells were lysed and then the cell extract analysed by
SDS polyacrylamide gel electrophoresis followed by Western blot with a PARP
specific antibody. As shown in Figure 42 (E), SV29 induced PARP cleavage already
after 24 h and also after 48 h and 72 h. In the presence of NAC, however, there was
no cleavage of PARP, indicating that NAC prevented apoptosis. Thus, these results
strongly indicated that ROS contribute to the coumarin polysulfides induced

apoptosis.
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In order to evaluate the potential of the coumarin polysulfides, their activities were
compared to those of the well characterised diallyl polysulfides (Fig. 43A). HCT116
cells were therefore treated with the coumarin disulfide (SV25), or with the diallyl
disulfide (DADS), and in a second set of experiments with coumarin tetrasulfide
(SVv28) or with diallyl tetrasulfide (DATTS). After 24 h or 48 h, cell viability was
measured with an MTT assay. As shown in Figure 43 (B) and (C), SV25 reduced cell
viability more efficiently than the corresponding diallyl disulfide, whereas the
corresponding tetrasulfides exhibited nearly the same activity. Thus, this result
indicated that the activity of the coumarin derivates is not dependent on the length of
the sulfur chain as it is the case for the diallyl polysulfides. This result also supports
the observation shown in Figure 43 (B). To analyse whether this behaviour might
also lead to a more efficient apoptosis induction, we treated HCT116 cells with SV25
or with DADS. After 24 or 48 h of treatment, cells were extracted and the cell extract
analysed on a SDS polyacrylamide gel followed by Western blot analysis for PARP
cleavage. As shown in Figure 43 (D), the PARP cleavage product was clearly
detectable for SV25 after 24 h and even more after 48 h. In contrast only a very faint
protein band for the cleavage product was found for DADS. This result supported the
observation that the coumarin disulfide was more active inducing apoptosis than the
corresponding diallyl disulfide.
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Figure 43. Coumarin polysulfides compared with diallyl polysulfides. (A) structures of two of the newly
synthesised compounds 4,4'-disulfanediylbis(methylene)bis(2Hchromen-2-one) (SV25), and 4,4'-
tetrasulfanediylbis(methylene)bis(2H-chromen-2-one) (SV28) with their corresponding well
characterised diallyl polysulfides - diallyldisulfide (DADS) and diallyl tetrasulfide (DATTS). (B) Cells
were seeded in 24-well plates and treated with 0.05% DMSO as a control, 50 uM SV25 or 50 uM
DADS for 24 h or 48 h. In a second set of experiments, cells were treated with 0.05% DMSO as a
control, 50 uM SV28 or DATTS for 24 h or 48 h. Afterwards, MTT assay was carried out to determine
the number of viable cells in both set of experiments as in Figure 41 (B) and (C). Data are depicted as
means * SD, (n = 3). (D) HCT116 cells were treated for 24 or 48 h with 0.05% DMSO as a control or
50 uM SV25 or DADS. In a second set of experiments, cells were treated with 0.05% DMSO as a
control, 50 pM SV28 or DATTS for the same time periods (E). Cell extracts were treated for PARP

cleavage (D) and (E) as in Figure 41. Nucleolin was used as a loading control.

p53 is known to be a key player in the regulation of life and death of a cell.
Therefore, the question was asked whether an increase in p53 protein expression
could be detected after incubation of the cells with SV25 and SV29. After incubating
the cells for different time periods, ranging from 8 to 48 h with SV25 and SV29, cells
were lysed and p53 analysed by SDS—polyacrylamide gel electrophoresis followed

by Western blot with a p53-specific antibody (DO1). GAPDH was used as a loading
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control. Figure 44 shows an increase in the level of p53 over the indicated time

periods following treatment.

DMSO sv25 Sv29
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Figure 44. Coumarin polysulfides induce p53 expression in HCT116 cells. HCT116 cells were treated
for 8, 24 and 48 h with 0.05% DMSO as a control or 50 uM SV25 or SV29, and p53 protein
expression was studied by Western blotting. Total proteins (50 pg) from the cell extract were
separated on a 12.5% SDS-polyacrylamide gel, blotted on a PVDF membrane and p53 was
visualized with the mouse monoclonal p53 (DO-1) antibody. One representative of at least 3 Western

blots is shown here.

Since cdc25C is one of the key enzymes responsible for G,/M phase transition [144],
it was tested whether the coumarin polysulfides might influence the level of cdc25C
and its activity. HCT116 cells were incubated for various time periods with SV29.
Cells were extracted and the cell extract analysed on a 10% SDS polyacrylamide
gel. Proteins were transferred to a membrane and blotted with the cdc25C specific
antibody H6. As shown in Figure 45 (A), a time dependent decrease in the level of
cdc25C was found. In the next step, the question of whether coumarin polysulfides
might also influence the phosphatase activity was addressed. For this type of
analysis, the human glutathione-S-transferase (GST)-cdc25 recombinant enzyme
which was prepared as previously described [146] was used. This experiment was
actually carried out by one of my colleagues (Emilie Bana, University of Metz,
France). The inhibitory potential of the coumarin polysulfides, SV25, SV28, SV29,
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was tested and compared to BN82002 (Sigma—Aldrich), used as reference inhibitor
drug. The inhibitory activity was also compared to that of DMSO (i.e., expressed as a
percentage relative to DMSO control). As shown in Figure 45 (B), these compounds
were able to inhibit cdc25 phosphatase activity. Specifically, the disulfide (SV25) and
the trisulfide (SV29) were able to inhibit cdc25A and cdc25C. However, the
progressive introduction of sulfur atoms increased the inhibiting activity of such
molecules, showing the tetrasulfide to be more potent than the trisulfide, and the
trisulfide more potent than the disulfide. All three polysulfides were less active than
the established cdc25 inhibitor BN82002 (Fig. 45B). Nevertheless, this study was
able to show that the coumarin polysulfides down-regulated the level cdc25C and
also the phosphatase activity of cdc25C and cdc25A, both of which might be

responsible for the G,-arrest of the cells.
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Figure 45. Coumarin polysulfides down-regulate cdc25C expression in HCT116 cells and inhibit the
phosphatase activity of recombinant cdc25C phosphatase. (A) HCT116 cells were treated with 50 pM
SV29 and cdc25C protein expression was determined by Western blotting. Total protein extract (50
pg) was separated on a 12.5% SDS polyacrylamide gel, blotted on a PVDF membrane and cdc25C
was detected using anti-cdc25C (H6) antibody. GAPDH was used as a loading control. (B) Residual
activity of cdc25 phosphatases was measured by a dephosphorylation assay with 3-O-methyl
fluorescein phosphate following incubation with 100 pM SV25, SV29 and SV28. DMSO treated cells

were set at 100%.
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6 Discussion

Organosulfur compounds (OSCs) including diallyl polysulfides are well known for
various possible beneficial properties regarding human health. Recent studies even
point to a potential role of these compounds as chemopreventive and therapeutic
agents in the treatment of cancer due to their selective anti-proliferative effects [69,
70, 79, 146, 147]. Most of the experiments published up to now are performed with
diallyl sulfide (DAS), diallyl disulfide (DADS) and diallyl trisulfide (DATS) (all of which
occurs naturally in garlic), whereas, the corresponding tetrasulfide (DATTS), which
also occurs in garlic, is more difficult to obtain and use, and therefore has rarely
been studied in more detail. Furthermore, most studies have focused on either
antioxidant or pro-apoptotic pathways, which leads to partially conflicting results
regarding polysulfide activity and toxicity. In fact, the vast majority of the molecular
mechanisms underlining the biological activities of these compounds remain elusive.
There is increasing evidence, however, that parallel induction of multiple signal
transduction pathways regulating cell cycle progression and induction of apoptosis
by diallyl polysulfides occurs, which is, in fact, linked to their ability to oxidize
essential thiols either directly or by generating ROS [59, 61, 69, 116]. Despite their
rather simple chemical structure, such compounds are able to participate in a
network of different redox reactions as described by Jacob [148]. These reactions
include: participating in thiol/polysulfide exchange; reactive radical generation; one-
or two-electron transfers; radical reactions; and coordination of metal ions. Available
evidence indicates that oxidative mechanisms in particular are involved in most cell
deaths [70, 79]. ROS are unstable, partially reduced forms of oxygen, and are
generated in respiring cells. ROS damage the cell, including membrane lipid
peroxidation, oxidative modification of proteins, and DNA strand breaks, resulting in
the impairment of cellular integrity and function [87].

The aim of the present study was to identify the most active biological polysulfide

from the various coumarin and dially polysulfides we had in the lab, and to
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demonstrate its efficiency in both normal and cancer cells. | wanted to test the ability
of the most active polysulfide (in terms of cell viability and apoptosis) to generate
ROS and to cause polysulfide stress, and | also wanted to further elucidate
downstream events of polysulfide-induced ROS or disulfide stress. Special
reference was given to certain transcription factors and detoxifying enzymes that are
associated with oxidative stress.

In the present study, dealing with the anticancer activities of polysulfides with a chain
length from one to four sulfur atoms, toxicity against HCT116 colorectal cancer cells,
which was determined by an MTT assay and Western blot analysis (Fig. 17), is
particularly pronounced for the tri- and tetrasulfide. Using a concentration of 50 pM
for all four diallyl sulfides, only the di-, tri- and tetrasulfides showed a significant
influence on HCT116 cell viability, with diallyl tetrasulfide been the most potent (Fig.
17). The mono sulfide in particular, had only a slight if any effect at all on HCT116
cancer cells. Minchberg et al., (2007) [58] however, have reported that the redox-
and metal-binding chemistries of the thiol-disulfide pair may provide the basis for
many different biological events from which the monosulfide is excluded. This is
because monosulfides do not act as oxidants, and therefore cannot be reduced to
thiols. There is no obvious sulphur-sulphur-bond chemistry associated with the
monosulfides and the redox conditions provided by the sulphur chain appears crucial
for activity of the compound. On the other hand, disulfides, along with other higher
polysulfides, are oxidants and can form thiols. A contribution of such redox
processes was supported by cell culture studies employing the antioxidants
glutathione (GSH), N-acetyl-cysteine (NAC) and ascorbic acid (ASC) (Fig. 10).
Whilst morphological indications for apoptosis were inconclusive in cells that were
pretreated with NAC and GSH (Fig. 23A), YH2AX protein expression was significantly
reduced in cells that were pretreated with NAC (Fig. 23C). Also, in agreement with
studies reported by Busch et al., (2010) [82], pretreatment of cells with either NAC or
ascorbic acid (ASC), prevented PARP cleavage (a late event of apoptosis) (Fig.
23B).
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Apoptosis - or programmed cell death - is an evolutionarily highly conserved
physiological process for the regulation of cellular homeostasis and cell
differentiation and defense [149]. Apoptosis can be initiated by the activation of the
extracellular pathway, which involves Fas and TRAIL receptors that can then form a
death-inducing signaling complex called DISC (death inducing signaling complex).
DISC contains Fas and FADD (Fas-associated via death domain), which recruit
procaspase 8 to the complex. Procaspase 8 is activated by proteolysis to generate
caspase 8, which then activates the down-stream caspases 3 and 7. Caspase 3
cleaves the DNA fragmentation factor ICAD (inhibitor of caspase-activated DNAse)
in complex with CAD. CAD dissociates from ICAD, which leads to the activation of
the DNAse activity of CAD. Alternatively, caspase 3 can activate procaspase 9 to
induce apoptosis. Apoptosis can also occur via an intrinsic pathway, which can be
induced by oncogenes, DNA damage, growth factor deprivation or hypoxia. One
important player for the induction of the intrinsic pathway of apoptosis is the growth
suppressor protein p53 [150]. DNA quality control proteins such as the ataxia
teleangiectasia mutated protein ATM and the checkpoint regulator 2, chk2, can
directly phosphorylate and stabilize p53. p53 induces apoptosis by transcriptionally
activating the pro-apoptotic bcl-2 family members and by repressing the anti-
apoptotic bcl-2 family members. Other p53 targets are bax, bid, Noxa, Puma, PTEN,
p53AIP1 and other genes that lead to an increase in reactive oxygen spezies (ROS).
ROS induce a generalised oxidative damage of the mitochondria. Following this
mitochondrial damage, pro-apototic bcl-2 family proteins are activated, allowing them
to interact with and inactivate anti-apoptotic bcl-2 family members. Furthermore,
mitochondrial damage leads to a release of cytochrome c from the mitochondria,

which then activates caspase 9, followed by apoptosis.

Studies have shown that diallyl disulfide and diallyl trisulfide cause a decrease in the
protein expression levels of the anti-apoptotic bcl-2, an increase in the pro-apoptotic
bax, p53 and activation of the caspases [9, 82, 104]. These seem to be in strong
agreement with the findings of the present study with diallyl tetrasulfide (DATTS).
DATTS was solely used in all subsequent experiments as it was deemed the most
biologically active (based on cell viability and apoptosis studies) out of all four dially
polysulfides (Fig. 17). DATTS treatment of HCT116 cells resulted in a decreased
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level of bcl-2, an elevated level of p53, bax, cytochrome c release into the cytoplasm
and activation of caspases 3/7 (Fig. 22A - F), all of which are events in the apoptotic
pathway as shown in Figure 46. Moreover, there were clear morphological
indications for apoptosis when DATTS was employed, such as blebbing of the cells,

formation of apoptotic bodies, nuclear disintegration and DNA degradation.
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Figure 46. Scheme of a generalised DATTS-induced signalling cascade leading to apoptosis. Figure

adopted from Montenarh and Saidu [151].
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In the study presented, apoptosis and cell cycle arrest appear to be closely related.
Eight and even more so, 24 h after DATTS treatment, an increase in both subG; and
G, phase population of cells were observed; pointing towards a G,-cell cycle arrest
and subsequent apoptosis (Fig. 20). It is known that p53 can act as a transcriptional
suppressor of cdc25C, and therefore p53 induction might be responsible for the
down-regulation of cdc25C [152]. cdc25C is a member of the cdc25 family of
phosphatases, which are implicated in cell cycle check point control [144]. In
particular, cdc25C is responsible for G,/M transition by dephosphorylation of CDK1.
In agreement with a G,-arrest of cells after DATTS treatment, a marked decrease in
the amount of both CDK1 (a p53 target) and cdc25C were also observed (Fig. 20A
and B). Furthermore, a G,/M cell cycle arrest and timely associated bcl-2 down-
regulation are reported to occur in apoptosis induced by microtubule-interfering
agents [136]. Diallyl polysulfides such as DATTS may alter the redox system in
cancer cells by directly targeting tubulin thiols, which may result in cell cycle arrest
and or apoptosis. In the present study, DATTS caused a dose-dependent loss of
microtubule network, with only a diffuse stain visible throughout the cytoplasm (Fig.
32). It inhibited tubulin assembly and destabilised spindles within 24 h of cell
treatment, which probably is responsible for the mitotic block and cell death
observed in this study. In stark contrast, DMSO-controlled cells exhibited normal
arrangement, with microtubules seen to traverse intricately throughout the cell, and
these cells displayed a normal compact rounded nucleus (Fig. 32). A hypothetical
scheme of the apoptotic signal transduction pathway activated by DATTS, involving
inhibition of microtubule dynamics is given in Figure 47.

In the present study, it is demonstrated that treatment of the colon carcinoma cell
line HCT116 with DATTS, resulted in a very rapid induction of ROS production in a
transient and dose-dependent manner. DATTS-induced superoxide anion (O;")
production in HCT116 cells was observed as early as 5 min following treatment and
it increases with time (Fig. 23C and D). DATTS also induced hydrogen peroxide
(H>O,) production in a similar manner, but at a lower level compared to the O,"
induction (Fig. 23E and F).
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Figure 47. Proposed mechanism of other apoptotic signal transduction pathways activated by

DATTS, involving inhibition of microtubule dynamics.

In contrast, intracellular thiol levels are depleted rapidly in response to DATTS
treatment. Following treatment of the colon carcinoma cell line HCT116 with
increasing concentrations of DATTS or with the same concentration of DATTS for
various time intervals a significant time and dose-dependent depletion of total thiols
could be observed (Fig 25A and B). Intracellular thiol depletion has been reported
as an early hallmark in the progression of cell death in response to different
apoptotic stimuli [119, 120, 153]. Several studies have shown a correlation between
cellular thiol depletion and the progression of apoptosis [119, 120]. Evaluating the
relationship between thiol depletion, the generation of ROS, and the progression of
apoptosis, Rodriguez-Ramiro and colleagues [154] have recently demonstrated that
loss of intracellular thiol was paralleled with the generation of different ROS including
hydrogen peroxide, superoxide anion, hydroxyl radical, and lipid peroxides. They
found that thiol depletion was necessary for ROS levels to increase and also for the
progression of apoptosis activated by both the extrinsic and intrinsic signalling
pathways [154]. In the present study, it is demonstrated that DATTS-induced thiol

depletion and ROS production occurs at almost similar times (Figs. 24C and 25A),
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suggesting a possible relationship between the two processes as proposed by
Rodriguez-Ramiro and colleagues [154].

Oxidative stress can disrupt protein folding in the endoplasmic reticulum (ER), and
this protein misfolding contributes to the pathogenesis of many diseases [73, 155].
Studies have shown that ROS can exacerbate protein misfolding in the ER lumen by
oxidising amino acids in folding proteins or modifying chaperone and/or ERAD
functions, thereby amplifying the unfolded protein response (UPR) signalling [156,
157]. In addition, accumulation of unfolded protein in the ER lumen may signal ROS
production as a second messenger to activate the unfolded protein response [154].
This response is an adaptive signalling pathway designed to prevent the
accumulation of unfolded protein in the ER lumen [158, 159]. In most cells, the
antioxidative stress response is put in place in order to limit ROS accumulation and
protein misfolding, and this is particularly important for the function and survival of
the cell. Recent studies suggest that during oxidative or ER stress, both the elf2a
and Nrf2 signalling pathways become activated by a coordinated process which
involves upstream kinases such as PERK. PERK phosphorylates elF2a at serine 51
which then allows the activation of ATF4 and its downstream targets [160]. Nrf2 also
becomes activated by PERK or other kinases and is released from its repressor —
Keap-1 residing in the cytoplasm. Nrf2 is then translocated into the nucleus where it
binds to ARE/StRE in the promoter region of the Phase 2 genes such as HO-1,
thereby stimulating transcription [161] as depicted in Figure 48. In 2004, it was
reported that diallyl di- and trisulfide dramatically increase both the Nrf2 and HO-1
protein levels [71]. Here, it is shown for the first time that DATTS also induces the
up-regulation of phosphorylated PERK, elF2a, Nrf2 and HO-1 proteins in both a
time- and dose-dependent manner (Fig. 26, 27 and 28). More importantly, pre-
treatment of HCT116 cells with the ROS scavengers GSH, NAC or ASC partly or in
some instances completely blocked the DATTS induced up-regulation of all the
proteins. This strongly suggests that a pathway involving p-elF2a and Nrf2
signalling is dependent on ROS and that DATTS does indeed cause oxidative and/or
ER stress by increasing the production of ROS in HCT116 cells. It is also possible
that DATTS simply oxidises cellular thiols and the resulting increase of ROS is a
secondary event as suggested [154].
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Figure 48. Proposed mechanism of the endoplasmic reticulum signal transduction pathway activated
by DATTS. Figure adopted from Montenarh and Saidu [151].

What is even more interesting, is that glutathione may be consumed during reduction
of unstable and/or improper disulfide bonds in misfolded proteins [119, 120, 153].
Consistent with this hypothesis, GSH levels were depleted in response to DATTS
treatment (Fig. 26E and 27C). It is further shown here that DATTS promotes the
nuclear translocation of Nrf2 in HCT116 cells leading to the up-regulation of HO-1
expression (Fig. 28A). Furthermore, it is demonstrated that DATTS increases
ARE/StRE promoter activity, which corresponds with an increase in HO-1 protein
levels (Fig. 28D and E). By using a wild-type and a dominant negative form of Nrf2,
the observation is further supported that Nrf2 is indeed responsible for the HO-1

induction (Fig. 28F and G). It is shown in this study that diallyl tetrasulfide induces
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ROS in HCT116 tumour cells, which leads to or parallels a significant depletion of
cellular thiols, and furthermore, that DATTS induces the elF2a, Nrf2 pathway leading
to an upregulation of the oxidative protection factor HO-1 and NQO1 (Fig. 28H and
[). Time course experiments showed, however, that the signalling leading to
antioxidant defense is a rapid but transient event. Obviously, this antioxidant
defense is not sufficient to protect cells from cell death over a longer period of time.
A reduction in cell viability which is accompanied by morphological changes of cells
treated with DATTS was observed (Fig. 31A - C). An increase in the level of the pro-
apoptotic bax protein and a decrease in the level of anti-apoptotic bcl-2 protein, as
well as an elevated level of cytochrome c in cytoplasm support the idea that DATTS
treated cells do eventually go into apoptosis (Fig. 31D and E). Poly (ADP-ribose)
polymerase (PARP) was originally identified as a repair enzyme, which acts when
DNA is damaged by oxidative stress and which can cleave or modify DNA [82, 104,
105, 106]. PARP activation or PARP cleavage also occurs at late stages of
apoptosis. In the presence study, the timing of DATTS-induced PARP cleavage did
not correspond with that of ROS production. PARP cleavage was rather late,
occurring after 24 h of DATTS treatment of the cells (Fig. 31F). This observation,
together with previously published data [82, 104], indicates that cells treated with
DATTS finally do go into apoptosis. Thus, the induction of the oxidative stress
response is not sufficient to prevent apoptosis in these tumour cells over a longer
period of time. Figure 49 is a hypothetical scheme that demonstrates this kind of
DATTS effect in HCT116 cancer cells.

Polysulfides, like many other stress inducers, may trigger a host of other signalling
pathways leading to cell cycle arrest and subsequently apoptosis. The Mitogen-
activated protein kinase (MAPK) signalling pathway for example may be activated by
some polysulfides leading to the phosphorylation to certain transcription factors,

which may play vital roles in adaptive response mechanisms.

Mitogen-activated protein kinases are a family of serine/threonine kinases that
comprise three major subgroups, namely extracellular signal-regulated kinase
(ERK), p38 MAPK and c-Jun N-terminal kinases (JNKs). Despite the diversity in
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function and upstream signaling events, all MAP kinases are activated by
phosphorylation of either a threonine or a tyrosine residue.
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Figure 49. Proposed mechanism for DATTS-induced ROS generation, elf2o. phosphorylation, Nrf2
and HO-1 inductions. DATTS can induce ROS generation, which then induces elf2a phosphorylation,
Nrf2 and HO-1 inductions. It may also bind to and modify Keap-1 cysteine residues thereby allowing
Keap-1/Nrf2 dissociation. Nrf2 is then translocated into the nucleus where it binds to stress-response
elements leading to HO-1 expression. Sufficient HO-1 expression may allow cell survival. An

insufficient adaptive response, however, may facilitate cell death.

Members of the p38 MAP kinase subgroup play important roles in cytokine

production, stress response, cell cycle regulation, developmental processes and
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differentiation. These family members are activated by cellular stress such as UV
irradiation, heat shock, osmotic stress and certain cytokines and growth factors.

The JNK cascade is activated by UV irradiation, heat shock or inflammatory
cytokines. The various signalling cascades converge on MAP kinase/ERK kinase
kinases (MEKK1, MEKK 4/7) which directly phosphorylate JNKs. The
phosphorylated and activated JNKs translocate to the nucleus where they
phosphorylate transcription factors such as c-Jun or c-Fos. Activation of the JNK
signaling cascade generally results in apoptosis although under certain conditions

other outcomes are possible.

The ERK pathway is mainly implicated in the regulation of cell growth and
differentiation. The signalling cascade leading to ERK activation is induced by a wide
variety of growth factors, hormones, cytokines, integrins and ion channels and their
corresponding receptors. The signalling cascades finally converge on ERK which is
phosphorylated by MAPK/ERK kinases 1/2 (MEK 1/2). An activated ERK dimer can
regulate targets in the cytosol but it can also translocate to the nucleus where it
phosphorylates a variety of different transcription factors, which regulate gene
expression (Fig. 50) [162, 163, 164, 165, 166, 167].

In the present study, it has also been shown that DATTS treatment triggers the
biosynthesis of the transcription factors ATF3 and ATF4 (Fig. 29A and B). ATF3is
a downstream target for ATF4. During the course of this study, ATF3 was
considered for further investigation because lots of studies have suggested that the
ATF3 gene is involved in a host of cellular activities such as cell proliferation,
apoptosis (pro- and anti-apoptotic), and invasion, and its expression is down-
regulated in colorectal tumours [134]. The expression of ATF3 is modulated by a
variety of compounds including diallyl disulfides [72], and its induction is believed to
occur at the promoter level as well for most of these compounds. Furthermore,
numerous gene regulatory pathways are known to regulate ATF3 which includes
p53, p38, mitogen-activated protein kinase 1, c-jun-N-terminal kinase, and of course
its own promoter [168, 169, 170, 171, 172]. In 2010, Spohn and colleagues also
reported that thapsigargin which is known to empty intracellular Ca®** stores and
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increase cytoplasmic Ca®" concentrations, can induce the expression of ATF3 in
human keratinocytes involving Ca** and c-jun-N-terminal kinase [135]. Now it is
shown that DATTS induces ATF3 protein expression, raising the question of whether
DATTS does indeed increase ATF3 promoter activity as well as it was reported for
DADS, and if the DATTS-induced ATF3 process involve specific MAPK kinases and
Ca”" ions. Interestingly, it was found that not only does DATTS induce ATF3 in a
number of cell lines, but also that it increases its promoter activity, which correlates
with its DATTS-induced protein expression (Fig. 29D and E). This indicates that
DATTS enhances transcription of the ATF3 gene, which might be responsible for the
higher protein levels of ATF3 observed. This result agrees well with the DADS effect
on ATF3, which was reported by Bottone et al., [72]. This study has also shown that
the signalling cascade leading to ATF3 expression in HCT116 colorectal cells
involves not only Ca?* ions, but also p38 and phospho-c-jun. Preincubation with the
ERK-specific inhibitor compound PD98059, however, did not block the biosynthesis
of ATF3 in DATTS-stimulated HCT116 cells, indicating that unlike p38 and c-jun,
activation of ERK may not be required for the induction of ATF3 gene transcription.
In summary, these data suggest that stimulation of HCT116 colorectal cells with
diallyl tetrasulfide induces a signalling cascade involving calcium ions, activation of
p38 protein kinase, activation of c-jun, and up-regulation of ATF3 expression.
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Figure 50. Scheme of the MAP kinase signalling pathway activated by DATTS. Figure adopted from
Montenarh and Saidu [151].

Protein kinase CK2 is another enzyme besides the MAPKs that is involved in
numerous cellular processes. CK2 is an ubiquitously expressed serine/threonine
kinase consisting of two catalytic a/a' and two regulatory B subunits. Expression of
CK2 is highly elevated in tumour cells where it protects cells from apoptosis.

Hessenauer and colleagues reported in 2011 that inhibiting CK2 with 4,5,6,7-
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tetrabromobenzotriazole (TBB), induces apoptosis via ER stress response in
prostate tumour cells [173]. There have also been further suggestions that CK2
might inhibit PERK-mediated elF2a phosphorylation at basal conditions [174].
Besides ER stress and apoptosis, protein kinase CK2 is also implicated in diverse
processes such as transcriptional/translational control, splicing, DNA replication and
repair, proliferation and cell cycle regulation [175]. However, several reports point to
a specific role for protein kinase CK2, especially in the control of G,/M transition,
where it plays a crucial role in mitotic progression. It has been shown in our lab that
inhibiting CK2 activity leads to a down-regulation of the level of cdc25C in prostate
cancer cells [176]. Inhibition of CK2 activity by transfecting the dominant-negative

CK2a subunit also resulted in a down-regulation of the level of cdc25C.

Since it was shown in the present study that not only does DATTS inhibit cdc25C in
HCT116 colorectal cancer cells, but also induces the phosphorylation of both PERK
and elF2a leading to an antioxidant response, it became imperative to investigate
whether DATTS have any influence on CK2 activity. Interestingly, it is shown here
for the first time that DATTS induces both CK2 activity and protein expression (Fig.
33A and B) in a timely manner that coincides with DATTS-induced PERK
phosphorylation (Fig. 26A). DATTS treatment seems to have little or no effect on
both CK2 protein expression and kinase activity beyond 1.5 h. Whether the
observed early increase in CK2 activity has an influence on PERK phosphorylation
and its downstream targets, and/or cdc25C, opens more avenues for investigation.
It could also be that the increase in CK2 activity and protein expression along with
that of phopho- PERK and elF2a protein levels, observed upon DATTS treatment,
signifies an early attempt of the cells to cope with ER stress. This study has shown
that the DATTS-induced apoptosis was time-dependent, and also stronger at later
time points between 8 h to 72 h. One could therefore argue that at these late times,
it is likely that the pro-death pathways prevail over the compensatory mechanisms
seen in CK2 and phospho-PERK.

One of the major goals of this study was to evaluate the effect of DATTS on both
cancer and normal cells. To do this, HCT116 and ARPE-19 cell lines were used.
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Both of these cells are epithelial and of human origin, which makes them good
choices for comparison. One of the most important feature of the ARPE-19 cell line
is its apparent normal karyology. This cell line retains many of the characteristics of
RPE cells, including cell morphology, functional tight junctions and expression of
CRALAB and RPEG65, both of which are synthesised by differentiated RPE in vivo
[177, 178]. Furthermore, like HCT116 cells, it has an increased growth potential
relative to other primary RPE cell cultures [179].

Here, it was shown that DATTS inhibited cell viability (Fig. 34A - F) and induced
apoptotic cell death in HCT116 cells, and that the apoptotic cell death is caspase-
dependent (Fig. 37C). This, however, is not the case with ARPE-19 cells, where
DATTS seems to have very little effect (Fig. 37A - D). In ARPE-19 cells, DATTS
failed to induce cytochrome c release into the cytosol (Fig. 37C) and also failed to
cleave and activate caspase 3 (Fig. 37C) and its substrate PARP (Fig. 37B), which is
involved in DNA damage and repair. DATTS also failed to up-regulate H2AX
phosphorylation in ARPE-19 cells (Fig. 37D). This is particularly important as
phosphorylation of H2AX plays a key role in DNA damage response, and is required
for the assembly of DNA repair proteins at the sites containing damaged chromatin,
as well as for activation of checkpoint proteins which arrest the cell cycle progression
[180]. The result does suggest that in ARPE-19 cells during the DATTS-induced cell
cycle arrest, the cell cycle checkpoint proteins put in place to check DNA damage
and repair are sufficient and able to reverse the cell damage inflicted by DATTS,

whereas in HCT116 cells this is not the case.

Of course, this is only one explanation for the difference in DATTS-induced cell
death in these two cell lines. Another explanation for the difference will probably
point towards caspase mediated cell death reported by Yang and colleagues in 2007
[181]. In their study, they measured and compared human RPE cell caspase-8
MRNA and protein levels to that in cancer cells. They found out that RPE cell
caspase-8 mRNA and protein levels were much lower than those in HCT116 cancer
cells, which they suggest may be regulated postranscriptionally [181]. They were
able to use tumour necrosis factor (TNF)-a (which is known to activate the extrinsic
apoptotic pathway) to induce apoptosis in HCT116 cancer cells but not in RPE

normal cells. However, when they overexpressed caspase 8 in RPE cells, they
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noticed a significant decrease in cell number followed by activation of caspase-8 and
caspase-3, decreased full-length bid, caspase-9, and caspase-7, and significantly
increased DNA fragmentation similar to those observed in honneoplastic ocular cells
and cancer cells, including HCT116 cells. One could therefore assume that
caspases may in part be responsible for the DATTS-induced apoptosis observed in
HCT116 cell but not in ARPE-19 cells.

Redox modulations may also count for the differential DATTS effect in the two cell
lines. Cancers in general are rich in ROS and are associated with a disturbed
intracellular redox balance and oxidative stress [59, 182]. Therefore, using a ROS
inducing agent such as DATTS on these cancer cells will turn the oxidising redox
environment present in cells into a lethal cocktail of reactive species that pushes
these cells over a critical redox threshold and ultimately kills them through apoptosis.
Whereas normal cells naturally have low levels of oxidising species, applying a ROS
inducing agent such as DATTS on these cells will produce little effect as shown in

Figure 51.

S, S.
I N ~F
Diallyi tetrasul fide

Cancer cell under
Normal cell oxidative stress

e e e
3 \ o CF 27, HG
) ey . Il
: 2o (ff of = "
2 o ’ AR Og-
/= 00 o 5 L=

- /oii il
- - 4 4 tatrasul Anad v bis (mathylena)bis(7-mathoxy-H <hromen-2-cas) .| 1,0,
= % / o | \ = A

=N

Antioxidant e = =
Apoptosis VO
> ”i _ e

Fig. 51. Influence of polysulfides on cancer cell and norman cells.
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We do know that most dially polysulfides can act both as pro-oxidants, where they
stimulate intracellular ROS production leading to apoptosis induction, and as an anti-
oxidant, where they can directly or indirectly scavenge ROS. In the present study,
this phenomena is presented in the two cell lines. Here, it is shown that DATTS up-
regulated the oxidative stress defence enzyme HO-1 in a time-dependent manner in
both human epithelial HCT116 cancer cells and ARPE-19 noncancer cells (Fig.
38D). DATTS-induced ATF3 expression may serve different purposes in these two
cell lines. The DATTS-induced up-regulation of this oxidative stress defence
enzyme was, however, slightly higher in ARPE-19 cells than in HCT116 cells. These
results indicate that DATTS may in fact cause oxidative stress in both of these cell
lines leading to an antioxidant response. That is, DATTS influences the stimulation
of signal transduction pathways influencing genes controlled by the antioxidant
response elements in these cells. In HCT116 cancer cells, though, the pro-death
pathways seem to prevail over the compensatory antioxidant response, whilst in
ARPE-19 cells, rather than a harmful role, DATTS seems to protect ARPE-19 cells
from oxidative stress through induction of sustained cellular antioxidant genes.
These are just few of the possible reasons for the differences in DATTS-induced cell
cycle arrest and apoptosis in these two different cell lines, and there may well be
other contributing factors.

Most of the discussion so far has been focused on diallyl polysulfides. However,
another key area which mustn't be left out is the effect of the newly synthesised

coumarin derivatives on HCT116 cells.

Coumarins have a long history as anticancer agents (for review see: [37]). On the
other hand, diallyl polysulfides are among the most studied organosulfur compounds
from garlic, which are known to be highly effective in affording protection against
various cancers in animal models [183]. As mentioned earlier, most of the
experiments published up to now are performed with diallyl sulfide, diallyl disulfide
and diallyl trisulfide, whereas the corresponding tetrasulfide was almost recently
used. Beside allyl groups, propyl groups were also attached to the sulfur chain [184].

Now, Dr. Sargio Valente has combined the power of coumarins with those of
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polysulfides and has come up with novel coumarin polysulfides. Treatment of the
colon carcinoma cell line HCT116 with coumarin polysulfide resulted in reduced cell
viability as shown in Figure 39, (B) and (C). The coumarin disulfide (SV25), trisulfide
(SV29) and the tetrasulfide (SV28) were nearly equally active, whereas in the case
of the diallyl polysulfides, the trisulfide (DATS) is more active than the disulfide
(DADS) and the tetrasulfide (DATTS) is more active than the trisulfide (DATS).
These differences in the activities were shown in a direct comparison of the
corresponding disulfides and tetrasulfides. The coumarin disulfide was considerably
more active than the corresponding diallyl disulfide, whereas the activities of the
coumarin tetrasulfide and that of the diallyl tetrasulfide are comparable (Fig. 43B -
E). All three coumarin derivatives acted in a time and concentration dependent
manner (Fig. 39B and C).

A decrease in cell viability may be caused by apoptosis which may be induced via an
extrinsic or an intrinsic or mitochondria-mediated pathway. As discussed before, the
intrinsic pathway is regulated by the anti-apoptotic bcl-2 family of proteins and by the
pro-apoptotic bax protein. Here, we show a decrease of the level of bcl-2 (Fig. 42A)
and an increase in the level of bax (Fig. 42B) after incubation of HCT116 cells with
coumarin-polysulfides, indicating that the coumarin polysulfides act via the intrinsic
pathway of apoptosis. Moreover, we observed a cytochrome c release (Fig. 42C)
from the mitochondria after treatment of HCT116 cells with coumarin polysulfides,
further supporting the idea of the induction of the intrinsic pathway of apoptosis.
Apoptosis was further documented by PARP cleavage (Fig. 41) as well as by the
upregulation of the level of yH,AX. Furthermore, as in the case of diallyl polysulfides
discussed earlier, pretreatment of cells with NAC prevented coumarin polysulfide-
induced apoptosis (Fig. 42E). These observations are in agreement with the results
showing that bcl-2 overexpression confers protection against diallyl polysulfide-

induced apoptosis [185] at least in prostate cancer cells.

There are contradictory results concerning the role of p53 in diallyl polysulfide-

induced apoptosis in human colon cancer cells. Song et al., (2009) reported no
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change in the expression level of p53 by less than 12 h post-exposure [186],
whereas Busch et al., (2010) found an increase in the p53 level [82]. Furthermore,
down-regulation of p53 siRNA prevented apoptosis after diallyl polysulfide treatment.
Here, it is shown that coumarin polysulfides induced a rapid increase in the p53 level
within 24 h after treatment (Fig. 44). On the other hand HCT116 cells lacking p53
were also stimulated to apoptosis by diallyl polysulfides, indicating that p53 might be
implicated in apoptosis induction but it also seems to be dispensable [82].

Knowles and Milner were the first to show that diallyl disulfide caused an
accumulation in the G,/M phase of the cell cycle [187, 188]. Here, it is shown that the
coumarin polysulfides also caused a growth arrest in the G,-phase of HCT116 cells
(Fig. 40). The results further show that the growth arrest was accompanied by a
decrease in the level of the cdc25C phosphatase (Fig. 45A), which is in agreement
with data published for diallyl disulfide [82, 188]. In addition to the down-regulation
of the level of cdc25C, it is also shown here that coumarin polysulfides directly
inhibited the phosphatase activity of purified cdc25C and also the other family
members, namely cdc25A and cdc25B (Fig. 45B). This inhibitory activity increased
with the length of the sulfur chain [189]. cdc25C phosphatases contain an active-site
cysteine. It has been shown that redox reactions of active-site cysteines serve as a
form of reversible regulation of cdc25s. Furthermore, it has been shown that the
active-site cysteines of cdc25s are highly susceptible to oxidation [190]. Thus, it
might well be that coumarin polysulfides directly target the active centres of the
cdc25 family of phoshatases. Down-regulation of the cdc25s as well as inhibition of
the phosphatase activities are probably both responsible for the observed growth
arrest of the cells in G,-phase of the cell cycle. A hypothetical scheme of the

signalling pathway activated by coumarin polysulfides is shown in Figure 52.
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Figure 52. Proposed mechanism of cell growth inhibition and apoptotic signal transduction pathway

activated by coumarin polysulfides in HCT116 colon cancer cell. Figure adopted from Saidu et al., [9].

In conclusion, the findings from the present study suggest that both coumarin and
diallyl polysulfides reduced HCT116 cell viability in a time- and concentration-
dependent manner. Cells tested with these sulfur compounds accumulate in the
G./M phase of the cell cycle before finally going into apoptosis. A decrease in bcl-2
level and increase in the level of bax, cytochrome c release into the cytosol,
activation of caspase 3/7and PARP cleavage and an increase in the level of yH,AX
suggested that these compounds induced the intrinsic pathway of apoptosis. These
compounds regulated the phosphatase activity of the cell cycle regulating cdc25
family members, indicating that these phosphatases are implicated in the induction
of cell cycle arrest and possibly in apoptosis induction as well. In addition, these
polysulfides also down-regulated the level of cdc25C, which also contributed to the
arrest in the G,-phase of the cell cycle. These findings also suggest that DATTS in
particular is a potent agent that augments cellular antioxidant defence capacity
through activation of the PERK, elF2a and Nrf2 signalling pathways, that
subsequently leads to the induction of HO-1, thereby protecting HCT116 cells from
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ROS-induced oxidative stress. This DATTS-induced HO-1 expression, however,
runs in parallel to pro-apoptotic events, and the ultimate fate of the cell seems to
depend on the outcome of the competition between these two activated signalling
pathways. A hypothetical scheme for this signalling pathway triggered by DATTS is
shown in Figure 50. As this outcome may differ from cell type to cell type, one may
speculate that this competition adds some selectivity as observed for polysulfides on
the context of antioxidant activity and cancer cell selectivity. Finally, findings from
this study suggest that the cell inhibitory and apoptotic effects of DATTS are more
pronounced in the human epithelial HCT116 colorectal cancer than the ARPE-19

noncancer cells.

Despite the advances made in understanding the effect of coumarin and diallyl
polysulfides on HCT116 cancer cells in this thesis, a number of questions still remain

to be answered.

To begin with, findings from this study suggest that DATTS induces protein
misfolding in the ER lumen, which may cause Ca”" leak from the ER. The major
question, therefore, is what effect does this Ca®* leak have on cell cycle arrest and
apoptosis? Studies have already shown that protein misfolding in the ER lumen can
cause Ca** leak from the ER and uptake into the mitochondria to disrupt the electron
transport chain [191]. This, in turn, may cause disturbances to the mitochondria
membrane potential, which subsequently leads to cytochrome c release, activation of
the caspases and finally apoptosis. It is not yet quite clear whether this is in fact the
turn of events leading to the observed apoptosis in this study. Further studies are
therefore required to elucidate the impact of DATTS on not only protein misfolding
and how this protein misfolding in the ER lumen produces ROS, but also Ca®" leak

from the ER and how this may contribute to apoptotic cell death.

Following the point mentioned above, it has also been shown in this study that dially
tetrasulfide may target tubulin directly, and the outcome of this may be a contributing
factor to the observed inhibitory, cell cycle arrest and apoptotic effects. Microtubules
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are vastly dynamic cytoskeletal fibers that are made of o and B tubulin and play a
vital role in many physiological processes, especially mitosis and cell division. Their
importance in mitosis and cell division makes microtubules a key target for
anticancer therapy [192]. This makes the findings of this study particularly important,
as cancer cells are developing resistance against most of the antispindle drugs
known to date. There is, therefore, an urgent need for compounds targeting
alternative mitotic targets. What is still, however, not clear from this study is whether
polysulfides in general cause microtubule polymerisation or depolymerisation in both
cancer and normal cells. A better understanding of the molecular mechanisms
underlying the apoptotic effects of these polysulfides is therefore absolutely essential
for them to fulfil this role. It would be interesting to see whether DATTS actually
binds tubulin in vitro, and whether the binding causes microtubule polymerisation or
depolymerisation in both cancer and normal cells. This is essential, as it will either
confirm or cross out coumarin and diallyl polysulfides as novel candidates for

antineoplastic therapy.

It was shown in this study that DATTS induces an antioxidant response by up-
regulating both Nrf2 and HO-1 expressions in HCT116 cancer cells. This antioxidant
response is however not sufficient to prevent cells from going into apoptosis. It will
therefore be interesting to use stable Nrf2 or HO-1 positive cell lines to check for
DATTS-induced apoptosis. This will not only throw more weight on the findings of
the present study, but will also help in designing drugs that will specifically target
either the transcription factor Nrf2, or its downstream target, the HO-1 enzyme, all of

which will aid in our fight against cancer.

The question - "are there other targets for polysulfides in HCT116 cancer cells?" will
be another fascinating area to explore. The antitumor effect of coumarin and diallyl
polysulfides has been established in the present study. However, only a handful of
targets for these compounds have been identified in this study. Therefore, a gene
expression profiling study to identify more novel targets will be a fundamental step

forward. One way of doing this will involve the construction of a cDNA array
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comprising of numerous probes. These can then be compared to RNA extracted
from polysulfide-treated and untreated cells for differential gene expression. The
identification of some of these putative, novel molecular targets of polysulfides may
help in understanding how these compounds induce cell cycle arrest, ER and/or
oxidative stress and apoptosis. Other proteomic methods may involve using
guantitative real time RT-PCR along with 2D electrophoresis and Mass
Spectrometry, all of which will help in studying the responses of protein expressions
in either HCT116 cancer cells or in ARPE-19 cells induced by polysulfides. Western
blot analysis can then be employed to confirm the polysulfide-induced expression of

some of these proteins.

Other areas that can be exploited include overexpression or downregulation of CK2,
cdc25C, and caspases in these HCT116 colorectal cancer cells, and studying the
effects of polysulfides on them. Measurement of both intracellular and extracellular
Ca”! ions in polysulfide treated cells may help in shedding more light of their role(s)

(if any) in polysulfide-induced apoptosis.

Furthermore, it may well be that the longer penta and hexasulfides are more potent
than the shorter diallyl polysulfides in HCT116 cells, which will be another area of
exploration. In addition, the use of nano-particle technology might help in optimising
the uptake of these diallyl polysulfides, which will subsequently help to reduce the

optimal dosage use in treatment.

Lastly, although a few studies have been conducted to evaluate the effect of diallyl
sulfide, diallyl disulfide and diallyl trisulfide in animals [193, 194], not a lot has been
done for the corresponding diallyl tetrasulfide or the coumarin derivatives. It would
be interesting to conduct animal experiments with some of these compounds, as it
would give us an idea on how their effects observed in cell culture differs from that in
animals. This will not only shed more light on the various signalling pathways that
are triggered by these polysulfides, but also aid in planning and implementing future

clinical trials involving humans.
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