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Abstract

Cisplatin is one of the most widely used chemotbeusic anti-cancer drugs due
to its ability to effectively damage DNA and caus# death. Despite this, cisplatin still
suffers from two main drawbacks: toxicity and druggistance. Many cisplatin-like
compounds have been synthesized via traditionahadst of drug design but very few
have been able to enter clinical trials or everapproved for clinical use. The reason
why so many compounds have been rejected is thatrgmction mechanisms are rarely
understood. By observing and studying the reactimechanisms of a drug at the
molecular level, the reaction can be optimized nbaace its therapeutic effects. The
powerful technique of time-resolved pump-probe fesatond laser spectroscopy was
performed by Lu et al. to reveal the extremely highctivity of cisplatin with weakly-
bound electrons, thus providing a deeper undersigraf this drug’s therapeutic effects.
Taking advantage of this reaction mechanism, a cotde promoter can be identified to
amplify the therapeutic efficacy of cisplatin byngbination in a synergistic manner.
Through cell survival rate measurements, fluoreseenicroscopic studies to view cell
death, cell cycle analysis and DNA fragmentatiorasaeements via flow cytometry, as
well as absorption spectroscopic studies, the gystér effects between cisplatin and a
new molecular promoter (PM2A) were measured. Tl ©chemotherapeutic regimen,
which was designed based on the electron-trangéation mechanism of cisplatin, can
be used to decrease the required doses of cispkthin the clinic (to effectively reduce
its toxic side effects), to circumvent the drugisesce and to improve targeting to

cancer cells.
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Chapter 1. Introduction

Although the use of chemotherapeutic drugs to taaters is so vast, patients still suffer
from extremely poor prognosis. Chemotherapy is @apig used for advanced cancer
patients and is also often combined with radiotpgi@ surgery. Ironically, many

patients die from the toxicities of the drug(s) mbefore the cancers completely take
over their bodies. To try to increase their effieacchemotherapeutic drugs are often
combined in regimens that allow the drugs to beiatered at lower doses, but at the
expense of spreading the toxicities to severas sifehe body [1,2,3]. Even though many
research groups have tried to form combinationahubtherapeutic regimens to combat
extreme drug toxicities, they have been unsucckssfaaching clinical uses. These
disappointing results have led us to believe thava approach to designing

combinational regimens is severely needed.

Section 1.1: General Cancer Treatment

The three main modalities of cancer treatment argesy, radiation therapy and
chemotherapy. The type of treatment a patient vesalepends on the location and type
of the cancer, as well as the physical and emdtwab-being of the patient. Surgery is
used to physically remove as much of the tumor magsossible. Radiation therapy is
the use of ionizing radiation to kill cancer cddisdamaging their DNA, thus disabling

the cells from growing and further dividing. Canchemotherapy is the use of drugs to



kill the cancer cells. In general, surgery andattirapy provide localized treatments to
the tumor, whereas chemotherapy is less speciflasanon-localized. It is also quite
common for a patient to receive a combination ekthtreatment modalities. For
example, a patient may receive radiation beforafter their surgery either to shrink the
tumor or to get rid of residual cancer cells, resipely [4].

New treatment methods have emerged over the yaahsgding immunotherapy,
photodynamic therapy and gene therapy. Althougbketimeethods are rarely used,
immense efforts are being put forth to make thesthads more clinically relevant and

effective [4].

Section 1.2: Chemotherapy

The first anti-cancer agent introduced into clihical was the nitrogen mustard (methyl-
bis[chloroethyllamine hydrochloride), which was igted from the sulfur mustard that
was used during World War | as an offensive weafiomas found that at low
concentrations, the mustard gas could incapaditatenemies by causing irritation to the
respiratory tract and the eyes. It was then redilikat the mustard gas had strong effects
on rapidly dividing cells such as the gastrointestiract and blood-forming organs.
Through further research, it was determined in 193%the mustard gas could inhibit the
growth of chemically induced tumors in animals. @htdinately, it was not known
whether or not the toxic gas would kill the anirbafore it killed the tumor. Thus, Alfred

Gilman and Louise Goodman conducted animal studi@s/estigate the toxicity and



pharmacokinetics of the gas and showed that itdcsighificantly lessen lymphoma in
mice [1]. The potential impact of chemotherapyiti-aancer applications was then
solidified to the scientific community and usedactice.

Chemotherapeutic agents are administered to pat@mhoderate to severe
toxicities. The toxic hazards of chemotherapy aneegally tolerated because of the belief
that the higher the dose given, the more likelintheade is a favourable therapeutic
response. The major life-threatening toxicitieg thpatient may exhibit include:
gastrointestinal, bone marrow, hepatic, renal,ioge$cular, neuromuscular and
respiratory toxicities. Other toxicities that a@nrife-threatening but can affect the
quality of life include nausea, vomiting and alojdd].

There are several ways to classify anti-cancertagensome agents also belong
to more than one group. The classes of anti-caagemts include [1,2,3]:

» alkylating agents
» platinum-based anti-cancer drugs
* bioreductive alkylators
» anthracyclines
» topoisomerase inhibitors
* antimetabolites

* tubulin-interactive drugs

1.2.1: Alkylating Agents

Alkylating agents are those that interact with DNRNA or proteins by forming covalent
chemical adducts [2]; however, it is commonly bedig that DNA is the most important

target for alkylating agents. Alkylation of thegelbgical molecules may occur when the



electrophilic agent reacts covalently with theicleophilic atoms; for example, amino,
carboxyl, phosphate and sulfhydryl groups in necéaids, proteins, amino acids or
glutathione. Since the nitrogen atom at the 7-pmsih guanine is highly nucleophilic, it
is believed to be the main target for alkylationfilyogen mustards as well as cisplatin
[5].

Alkylation of DNA molecules can have biochemicatlarellular consequences
such as activation of enzymatic DNA repair processdich can lead to single-strand
breaks if there is a failed attempt at DNA repéhe two strands of the DNA helix may
also become cross-linked by covalent reaction eflkylator with two bases either on
the same or opposite strands, which corresponata-iand interstrand cross-linking,
respectively. Alkylators may also alter the DNA éasructures, which can cause
miscoding during the replication process and |leagenetic mutations. These
interactions with alkylators can effectively leadcell death. Alkylating agents may be
classified further as platinum-based, anthracyslitoreductive alkylators, or

topoisomerase inhibitors [2].

1.2.1.1: Platinum-Based Drugs

Platinum-based anti-cancer drugs have been grieatgtigated. Other metal-based
compounds have also been synthesized and testedsuercury and gold, but
platinum-based compounds have shown the greatestssl The first prototype was
cisplatin, which was discovered by accident in 1Bg®r. Barnett Rosenberg [6].
Rosenberg was interested in the effects of elefitiids on the growth of bacteria. His
experimental setup consisted of two platinum ebelds, in which he assumed were inert,

a water bath anH.coli. Remarkably, he observed that the growtk @bli was greatly



inhibited. Further analysis and testing confirmieat it was the formation of cisplatin
from the platinum electrodes that was responstniehiis inhibition of growth.
Fortunately, Rosenberg realized the potential giflatin in cancer therapy. Today,
cisplatin is one of the most widely-used chemotheusic drugs. Other cisplatin analogs
have been derived and tested, including carbopdetthoxaliplatin. The trans-isomer,
transplatin, has also been tested, but has notfbeed to be therapeutically effective

[1,2,3]. Cisplatin will be discussed in more detaiSection 1.4.

1.2.1.2: Anthracyclines

The mechanism of action of anthracyclines on cacels is controversial. The
compounds may: 1) intercalate into DNA to inhilié tsynthesis of macromolecules,

2) form oxidative free radicals that can damage Do¥Ave involved in lipid

peroxidation, 3) bind and alkylate the DNA, 4) @disk with the DNA, 5) interfere with
the DNA unwinding or DNA strand separation and ¢ese activity, 6) affect the lipid
membrane, 7) inhibit topoisomerase Il activity torthge DNA and 8) induce apoptosis
in response to topoisomerase Il inhibition [7]. $&e&ompounds appear to be more toxic
to cycling cells than resting cells [1,2,3]. Theshcommon anthracyclines are

daunorubicin, doxorubicin (marketed as Adriamyany epirubicin.

1.2.1.3: Topoisomerase Il Inhibitors

Topoisomerase | and Il are enzymes that breakegothrone or both strands of DNA
molecules, respectively. It is thought that topoiscase Il is the more important
biochemical target compared to topoisomerase loiBomerase Il is able to form a

temporary gate through both strands of DNA molexst@that one double-strand DNA



segment can pass through another. Topoisomerasggditors bind to and trap the
covalent complex formed between DNA and the topum@se. This effectively causes
the formation of protein-associated single- or detdtrand DNA breaks. Interestingly,
free radicals can also be formed, which can darbad® and other macromolecules.
These complexes also block other important prosdgse DNA replication, which can
lead to cell death [2]. Some anthracyclines suathoa®rubicin are also considered to be
topoisomerase Il inhibitors. Other topoisomera$dhitors include camptothecin and

etoposide [1,2,3].

1.2.1.4: Bioreductive Agents

One main characteristic of tumor cells is theirdwip environment (lacking oxygen). In
the early 1950s, Gray et al. exploited the fact tlypoxia reduces the effectiveness of
radiation treatments [8,9]. In fact, tumor cellshwlow oxygen levels are up to three
times more resistant to radiation than those coimgioxygen. In the early 1970s,
Sartorelli et al. proposed the use of a prodruigtget the tumor cells in the hypoxic
environment [10]. The prodrug can be made so thatmetabolized to a cytotoxic
compound only in hypoxic cells; otherwise, it woblel inactive and would not cause any
or very little systemic toxicity.

Bioreductive drugs may also enhance the effectadiftion and standard
chemotherapeutic drugs since bioreductive drugpr@ominantly specific to hypoxic
cells and radiation and chemotherapeutic drugsnare effective at killing aerobic cells.
In order for bioreductive drugs to be effectives tamor needs to be hypoxic and there

needs to be an enzyme(s) that is able to reduadrtigeto its cytotoxic counterpart [8].



The leading bioreductive agent is tirapazamine (T32@mino-1,2,4-benzotriazine
1,4-dioxide), a heteroaromatic n-oxide compound.[ibt only does it exhibit excellent
hypoxia-selective cytotoxicities, but it has bebown that it can greatly enhance the
efficacies of radiotherapy as well in combinatiomhvwarious chemotherapeutic ageimts
vivo, including cisplatin, cyclophosphamide, etoposkidepmycin, doxorubicin,
carboplatin, paclitaxel and 5-FU [12]. Its cytoto=ction is attributed to the one-electron
reduction by cytochrome P450, P450R and nitric @sghthase [13,14], generating a
nitroxide radical intermediate. In the presencexafgen, the intermediate back-oxidizes
to the non-cytotoxic parent compound. In the abserioxygen, the loss of water causes
the radical intermediate to form an oxidizing radithat is able to cause DNA damage
through hydrogen abstraction [15]. TPZ does notleiany bystander effects since the
one-electron product is short-lived. Unlike otherbductive agents, TPZ also has
cytotoxicities at intermediate oxygen levels; ihetwords, TPZ is also able to target
cells that are radioresistant but are not quiteokigpfor other bioreductive drugs to act
upon [16]. Since the cytotoxic radical is shorelily this broadened oxygen selectivity
can be beneficial. On the contrary, the reductiohRY to its cytotoxic radical at
intermediate oxygen tensions could prevent it flmeng delivered to chronically
hypoxic tumor cells [17]. Thus, others have sugegeshhat TPZ analogues be derived

with improved diffusion characteristics [18,19,20].

1.2.2: Antimetabolites

Antimetabolites mimic metabolites that are impottarthe functioning of the
biosynthesis of nucleic acids. Because they aredadly similar to endogenous

metabolites, they use similar cellular uptake madms and metabolic pathways, but



due to small differences in their structures, aatabolites can disrupt nucleic acid
synthesis. Key enzymes may be inhibited or celliulaction may be altered after the
antimetabolites are incorporated into RNA or DNApically, antimetabolites affect
cells in the S phase of the cell cycle since theyugt nucleic acid synthesis. The most
common antimetabolite, 5-Fluorouracil (5-FU), iumropyrimidine antimetabolite that
metabolically activates to fluorodeoxyuridine mohopphate (FAUMP), which inhibits
thymidylate synthetase. It is then activated torftwridine triphosphate (FUTP), which
is able to incorporate into RNA molecules. Gemgital{2’,2’-Difluorodeoxycytidine) is
also another common antimetabolite. After celluiptake, the active metabolite
(gemcitabine triphosphate) inhibits DNA chain elatign, which can lead to DNA

fragmentation and thus, cell death [21].

1.2.3: Tubulin-Interacting Agents

Tubulin is a protein that polymerizes to form cklumicrotubules, which are structural
units involved in the formation of mitotic spindldaring mitosis. Vinca alkaloids such as
vincristine and vinblastine bind to tubulin, whithibits microtubule formation and
effectively prevents the cell from dividing. Althgh the antitumor effects are primarily
from the interaction with tubulin, other biochemnlieffects include the inhibition of RNA
and DNA synthesis. Taxanes such as paclitaxel {drgeh also interact with tubulin
molecules, but unlike the vinca alkaloids, packtexverstabilizes the microtubules
instead of inhibiting their assembly [2,22]. It kelso been reported that paclitaxel can

cause cell cycle arrest in the G2/M phase [22].



Section 1.3: Combinational Chemotherapy

One method to limit the lethal toxicity of anti-a@r drugs while maintaining the highest
therapeutic effect is by giving drugs in combinatidlthough the toxic effects are spread
amongst different organs and there is a wider rafigale effects, the lethal effects are
minimized. One objective of administering drugeambination is that the combined
effect of the drugs is synergistic (greater thaditace). The widely-accepted criteria used
to design combinational drug regimens is the follmpy[1,2,3]:

* Each drug should be active when used alone

* Drugs should have different mechanisms of antituaobion

* The toxic side effects of the drugs should not ageso that each drug can be

given at or near their maximum tolerated dose

* Drugs should have different resistance profiles

* Drugs may target different cell cycle phases
As will be shown in this work, this criterion istnmecessary to form an effective drug
regimen. In fact, this criterion shoutet be followed if one desires to design a regimen
where one drug can synergistically potentiate i@ of another. Even up until now,
drug regimens are being designed using this asiterithis may be one main reason why
many combinations have failed and even those tieatleically used do not produce
satisfactory clinical outcomes.

There are many combinational therapy regimens a@biai] depending on the type

of cancer being treated, as well as the stageeofdincer. Typically, it requires many

years for a certain regimen to become a gold stdrfda a specific type of cancer since



many clinical trials must be conducted to determunat the side effects are as well as
the safe levels of dosages.

Combinational chemotherapy has been found to bexéae superior than single-
agent therapy in many types of cancer; for exantpteresponse rates and overall
survival rates of breast cancer patients have besatly improved. The prognosis of
these patients has been greatly increased witimtiteeluction of anthracycline-based
chemotherapeutic combinations [23]. A well-estdidi regimen is FEC (5-FU +
epirubicin + cyclophosphamide), which is commorded to treat patients with both
early- and late-stage breast cancer [23,24,25] FH regimen has produced response
rates of approximately 50% [23], with epirubicinrmeconsidered as the main
contributor to the cytotoxic treatment of metastatieast cancer. The FAC (5-FU +
doxorubicin + cyclophosphamide) regimen is also wmmly used to treat breast cancer
patients since epirubicin and doxorubicin are $tnad analogs [23]. The FAC regimen
also produced some efficacy (response rate of 35%p treatment of advanced
pancreatic cancer, although the responses werelsreat and often not complete [26].

In hopes of finding a combination regimen that lddae more effective than the
FEC combination but without any additional toxie#tj the gemcitabine, epirubicin and
paclitaxel (GET) regimen was tested on patienth wietastatic breast cancer [23,27].
This combination was formed from previous phassudies that showed gemcitabine
having high efficacy towards metastatic breast eapatients [28]. A phase Il study of
the GET regimen showed promising results (respaates of 92%) [29]. On the

contrary, a multicenter phase Il study conductedhe Central European Cooperative
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Oncology Group showed that the GET regimen is npesor to the FEC regimen in
metastatic breast cancer patients [23].

5-FU is also used in combination with doxorubian patients with advanced
pancreatic cancer [26,30]; however, there is noiggnt improvement in the survival of
the patients and many patients experience greater side effects [30]. These findings
are similar for metastatic pancreatic cancer ptigeated with 5-FU, doxorubicin and
cisplatin. A phase Il clinical trial done in 199hs®rved a response rate of only 15% for
non-pretreated patients, which was also accompdmyiegvere gastrointestinal toxicities

[26].

Section 1.4: Cisplatin

Since its approval by the FDA in 1978, cis-diammdickloroplatinum () (also known

as cisplatinum, cisplatin or CDDP) has become drieeomost widely used anti-cancer
drugs in the world, particularly in testicular, ttger, ovarian and head and neck cancers.
It is not surprising that most standard combinatiamemotherapeutic regimens contain
CDDP or one of its analogue agents. Despite itewighge, CDDP suffers from severe
toxicities and drug resistance (both intrinsic acduired). Other platinum analogs such
as carboplatin and oxaliplatin have also been ddrte reduce the toxicities of CDDP,
yet they have not shown such high efficacies as EDI2,3]. The chemical structure of

CDDRP is shown in Figure 1.1.
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Figure 1.1: Chemical structure of CDDP

Immense efforts have been put forth to gain a deepegerstanding of CDDP’s
mechanism of action. In the intracellular enviromty¢he Cl-Pt bonds are broken in one
or two steps, formingis-Pt(NHz), as the end product that can react with DNA, RNA or
protein molecules to form cross-linked species,3,32,33]. Although CDDP can
react with various cellular components, DNA is adased to be the therapeutic target.
These cross-links produce severe distortions in [2INA can lead to unwinding and
kinking of the DNA strands. Both interstrand asvasl intrastrand cross-links can be
formed, but the majority of the adducts are 1,2mEE(approximately 65% of adducts)
and 1,2-d(ApG) (about 25% of adducts) cross-lidkened between neighbouring purine
bases [31,32]. The bending of double-stranded DNAtd the formed 1,2-intrastrand
cis—[Pt(NHs).-d(GpG)] cross-link has been shown in solution bglear magnetic

resonance and X-ray crystallography studies [34,35]

Section 1.5: A New Reaction Mchanism of Action

Although many postulates have been made aboutytbtogic mechanisms of CDDP,

these are usually only made on the cellular ldmebrder to improve cancer therapies
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with CDDP, the cytotoxic mechanisms need to be tstded on a molecular level. The
most widely-accepted theory is that the chlorideres are displaced by water molecules
(aquation), producing the reactive aqua complexiae -majority being [PtCI(ED)-
(NH3)2]* [1,2,3,31,32,33].

This widely-accepted hydrolysis reaction of CDD@Rdrm DNA adducts has
been challenged by Lu et al. [32,33]. Lu reasohetl this hydrolysis reaction is highly
unlikely to result in the chlorine-bond break w@DDP reacts with DNA. Firstly, since
the most cytotoxic adduct is attributed to the d(&pG) cross-link, a species is required
to bind to two neighbouring guanine bases. In yardlysis of CDDP, it is most likely
the [Pt(HO),-(NHs)-]** that can bind to two neighbouring guanine basewghver, there
has been evidence that under physiological comditithis complex is the least likely to
form [36,37]. Also, the reaction rate constanttfe hydrolysis of CDDP has been
estimated to only be approximately1®™s™* [36]. Furthermore, this was estimated in
low chlorine concentrations and in the presencsbfents (HCIQ and NaCIQ) at 45C;
therefore, this reaction rate constant is even tawmeer physiological conditions (at
37°C in an environment containing mostly water).

It is long known that halogen-containing molecliase extremely efficient
dissociative attachment reactions with low-eneilggteons [38-41]. This reaction can
produce a halogen anion and a neutral radicakdstiagly, Lu and Madey [42]
discovered that these electron-induced reactian$aagely enhanced by the presence of
NHs-containing molecules. The dissociative electrangfer mechanism proposed by Lu

and Madey [42] and Lu and Sanche [43] is the folhgw
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&:(NHg)n + ABCl > [ABCLJ* > CI' + ABClyy’

where ABC] is a chlorine-containing molecule andMHs), is a presolvated electron
that is localized in the small polar molecular tdusFrom this dissociative electron
transfer mechanism, Lu predicted that CDDP can kawvg efficient dissociative
attachment reactions with weakly-bound electrortabse it is a small molecule that
contains both Ngland chlorine groups.

Using time-resolved pump-probe femtosecond lgsectsoscopy, Lu and co-
workers discovered the high reactivity of CDDP witbakly-bound prehydrated
electrons (precursor of the solvated electron) gead in radiotherapy [33], as well as
the preferential electron transfer reaction of CDR#» the guanine base [32]. In the first
case, weakly-bound electrons were generated byJw@hoton excitation of water
molecules. The following electron transfer reacti@tween the prehydrated electrons

and CDDP was monitored:

ep_ + Pt(NH)Cl, 2 [Pt(NHs).Clo]* " > Pt(NHs).Cl” + CI

& + Pt(NH)2Cl 2 [Pt(NH3)CI[* " > Pt(NHs), + CI

In the second case, Lu et al. demonstrated thdtemotherapy, CDDP preferentially
reacts with guanine bases by capturing two elesthamm two neighbouring guanine
bases [32]. This is reasonable, since guanirteeigniost thermodynamically favoured
electron donor compared to the other three DNA $a8Baus, it was determined that the

release of chlorine atoms and the binding of P{itb DNA is due to the electron
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transfer reaction between the intact CDDP and tlenime bases, which is enhanced by
the NH; groups. Interestingly, Lu also observed the strelegtron transfer reaction
between ground-state CDDP and a weakly-bound eledonor [33]. Furthermore,
enhanced DNA damage was observed when a tiny etestrurce was produced in
DNA-CDDP solution [33]. These femtosecond time-tesd laser spectroscopic studies
provide a deep understanding of the molecular nreshms of action of CDDP used in

chemotherapy and in combination with radiotherapgrmther chemical agent.

Section 1.6: Combinational Chemotherapy with

Cisplatin

Due to its high efficacy in single-agent chemotpgrat is not uncommon to have a
patient treated with a CDDP-containing combinatiamemotherapeutic regimen. For
example, a phase Il randomized trial publisheti982 [44] compared CDDP and 5-FU
as single agents and in combination for advancadrmaqus cell carcinoma of the head
and neck. The overall response rate of the CDDFsaRd combination was 32%,
whereas those for CDDP or 5-FU alone were 17% 884, tespectively. Unfortunately,
patients treated with the combination experienaghdr toxicities. Thus, although the
response rate was higher for the combination coedbtar the single agents, the survival
rates did not improve.

Several groups have demonstrated the anti-cantieityaof paclitaxel given

alone against ovarian carcinoma, breast carcinbimg,carcinoma, melanoma and head
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and neck cancer [45,46]. Due to paclitaxel’s braetilvity with different human cancers,
especially CDDP-sensitive tumors, the paclitaxel @DDP combination has become
one of the most commonly used paclitaxel-based otienapeutic regimens for solid
tumors [46]. In preclinical studies, this combiwathas even shown synergistic
interactions in a schedule-dependent manner [22347Jekunen et al. [48] showed the
schedule-dependent synergistic interaction of faaai with CDDP in human ovarian
carcinoma 2008 celis vitro. Interestingly, this combination was highly synetigisor
cells treated with paclitaxel first, and then CDDBwever, when this sequence was
reversed, they observed an antagonistic interacfibesdn vitro observations suggest
the clinical efficacy of this drug combination, hbey were unable to identify the
mechanism responsible for the synergistic inteoadbietween CDDP and paclitaxel.
Vanhoefer et al. [22] also made similar observatifom human gastric and ovarian
carcinoma cell lines, where the combination wasébto be either additive or synergistic
when paclitaxel was given before CDDP. The antegjaneffects observed for the
reversed sequence was attributed to the CDDP-inldeelécycle effects since paclitaxel
also affects the cell cycle (causes a G2/M-intespHaockade), or CDDP-induced
alterations in the specific or non-specific bindsiges of paclitaxel (tubulin).

Clinical studies have shown conflicting results thoe paclitaxel-CDDP
combination. For example, a phase Il study of womih clinically CDDP-resistant
ovarian cancer who were treated with only paclitaxéy had a response rate of 37%
[49]. Strikingly, a study done in 1996 by McGuitea¢ then showed that the CDDP-
paclitaxel combination can induce a response faf@% in advanced ovarian carcinoma

patients [50]. A phase Il trial in 2000 [51] showasttivity in patients with advanced
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esophagus carcinoma who were treated with paclisma CDDP; however, the group
was not able to recommend the combination testedaaevere toxicities induced on
patients. Fifty percent of patients were hospitlifor toxicity and 11% died from
therapy-related complications. Thus, the therapeaaificacy of the paclitaxel-CDDP
combination is dependent on the cancer-type [50,51]

As a single agent, gemcitabine has been shownvi® daivity against metastatic
non-small-cell lung cancer, ovarian carcinoma, icahcancer and head and neck
squamous cell carcinoma [52-54]. These tumorslacec@mmonly treated with CDDP.
Due to their differences in toxicity profiles aritetr predicted mechanisms of action, the
gemcitabine-CDDP combination has been suggeste84b3 hus, this
chemotherapeutic regimen is one of the most widsBd in clinic in different types of
cancers including bladder cancer, relapsed breastet and pancreatic cancer [30]. Both
in vitro andin vivo data have suggested that gemcitabine in combmatith CDDP can
provide synergistic interactions if given at th@agpriate schedule [21,52,53,54]. This
synergistic action may be attributed to gemcitalsiadility to inhibit the removal of
CDDP-induced DNA interstrand cross-links [21,56%itg) Chinese hamster ovary cell
lines deficient in the different DNA repair pathvgapase excision repair, nucleotide
excision repair, homologous recombination and nemd#iogous end joining), Crul et al.
[54] suggested that this synergistic interactiotwieen the two drugs may be related to
homologous recombination of damaged DNA.

In a phase Il study in 2002 [21], patients exhilgitmetastatic or recurrent
nasopharyngeal carcinoma were treated with gemiéaind CDDP. The gemcitabine-

CDDP combination regimen achieved a high respoaiseaf 78%, where 22% of
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patients had complete responses, despite halkgfdlients being previously treated with
prior chemotherapy or radiotherapy. Patients extabonly moderate toxicity levels,
which were considered relatively safe. The gemoid&CDDP combination regimen was
also studied in previously non-treated patientf\widvanced non-small cell lung cancer
[52]. The combination induced a high response (&4&0) and produced only modest
side effects that were only short-lived.

Unfortunately, results in a 2008 phase Il studyengst as promising [57]. The
clinical activity and toxic tolerability of the geaitabine-CDDP combination was
evaluated in chemo-naive advanced hepatocelliNar)icarcinoma. The trial was
stopped early due to the lack of efficacy of thegdcombination. Progression-free
survival and overall survival rates were very shibrérefore, this group was not able to
recommend further studies for the gemcitabine-C@bfbination to treat advanced
hepatocellular cancer patients.

The bioreductive drug tirapazamine (TPZ) has bé&éewa to enhance the
response ratdaa vitro when added to CDDP in certain cell lines. Inculrabf cells with
TPZ and CDDP together under hypoxia increases Cbidéced DNA interstrand cross-
links, which suggests that TPZ inhibits or delaggair of the DNA cross-links. Although
this combination is still undergoing clinical tsathe molecular mechanism of the TPZ-
CDDRP interaction is still unclear and inconclusdree to inconsistent results from
various research groups. In fact, Phase Il climicals have been disappointing; TPZ
was found to introduce additional toxic side efégfdt9,20]. This is a clear example of the
use of the classical criterion used to design caatmnal chemotherapeutic drug

regimens, where both drugs (TPZ and CDDP) have tlven antitumor actions. It is
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clear that the mechanisms underlying the cytotaggiof TPZ are still not understood, as
manifested through the poor outcomes in late dirtigals [16,17,19,20].

Although the response rates for CDDP-containimggnnens are relatively high,
patients still experience extremely high levelsaxicity that are sometimes lethal. In
fact, some trials have been stopped due to tokatee deaths [58]. In order to prevent
lethal events from occurring, in depth studies rniedok performed to study the reaction

mechanisms between drug combinations.

Section 1.7: Motivation and Research Goals

The work by Lu and co-workers has motivated thimlbmational chemotherapy study,
where an electron-donating molecular promoter, mamdeN, N’, N’-Tetramethyl-p-
phenylenediamine (referred to as PM2A in this thle$s used to enhance the therapeutic
efficacy of CDDP. PM2A is a well-known biochemi@é&ctron donor used in biological
systems [59]. It is hoped that this modulation B2 will result in synergetic effects in
combination with CDDP. As a result of improved CDB®ivities, lower CDDP dosages
may be used in the clinic; thus, this may greajuce the toxic side effects that patients
experience, effectively improving the prognosisancer patients treated with CDDP.

To test and measure the synergistic effects betw&2A and CDDPIn vitro
methods were performed on Hela cells (a cervicateacell line) and results presented

in the following chapters.
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The structure of this thesis is organized as ¢fleviiing. This chapter gives an
introduction on cancer chemotherapy, cisplatin amdresearch goals. Chapter 2 gives an
overview of the biological concepts touched upothia thesis, including cancer,
apoptosis and the cell cycle. In Chapter 3, theltesf the MTT assay are presented,
which show the effects of the drug regimen on sellival rates. Chapter 4 presents
images using fluorescence microscopy, which ard tseisualize the changes in the cell
morphologies as a result of the PM2A-CDDP combaratin Chapter 5, flow cytometric
studies are shown to observe the changes in theyost perturbations. Flow cytometry
is also utilized to show the increase in the amafifitagmented genomic DNA, as
presented in Chapter 6. In Chapter 7, an absorppentroscopic study is utilized to
show the electron-transfer reaction of PM2A with@® Finally, the conclusions are

given in Chapter 8.
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Chapter 2. Biological Background

Section 2.1: Cancer

Cancer occurs when the cell loses its ability totcm and regulate its proliferation,
differentiation and programmed cell death proceddest cancers will result in the
development of a solid tumor due to their failloedspond to homeostatic control
mechanisms [4,78].

The cause of cancer lies in the abnormalities @icil’'s genetic material. These
abnormalities may be caused by carcinogens suckdagion or chemicals. Genetic
abnormalities may also be inherited from birthr@y occur randomly in processes like
DNA replication. Even if cellular machinery is unalbo repair the genetic abnormalities,
cancerous cells will still proceed to replicateitlegroneous DNA, whereas normal cells
will undergo programmed cell death (also known@sp#osis) to prevent themselves
from being replicated [60].

Hanahan and Weinberg [78] suggested that most htumaors exhibit the
following physiological characteristics that allékaem to become malignant: self-
sufficiency in growth signals, insensitivity to gvth-inhibitory signals, evasion of
programmed cell death, limitless replicative patnsustained angiogenesis and tissue

invasion and metastasis.
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Section 2.2: The Cell Cycle

The cell goes through the cell cycle in cell peigtion, where its DNA is replicated and
the replicated chromosomes are segregated, thigsndj\the original cell into two
daughter cells. Cell division consists of interghashere the cell replicates its DNA, and
mitosis (M), where the cell physically divides.drphase is composed of the GAP1 (G1),
S and GAP2 (G2) phases. The cell first preparesglicate its DNA in the G1 phase. It
may choose to go into the dormant GO phase, wheredll is in a resting state (non-
growing and non-proliferating). After the G1 phate cell then starts to replicate its
DNA in the S phase of the cell cycle. In the G2gehd&RNA and proteins are produced

and the cell starts to prepare for mitosis [30,6hk cell cycle is shown in Figure 2.1.

Figure 2.1 Schematic of the cell cycle phases in cell donsi
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To maintain the integrity of the host organism, atpsis and cell proliferation
need to be tightly regulated to eliminate celld tra proliferating abnormally. For this
reason, apoptosis and proliferation are tightlypded. Cell cycle checkpoints occur in
the G1/S phase boundary and also in the G2/M phasedary [62,63]. These
checkpoints ensure that cell cycle events occorder, and also that critical events
within a particular phase are completed beforectiieproceeds to the next cell cycle
phase; thus, this prevents the formation of geakyiabnormal cells. It is believed that
arrest in the G1 phase prevents the replicatiataofaged DNA and arrest in the G2
phase prevents the cell from segregating defechvemosomes [64]. In response to
stress on the intracellular or extracellular enviments, such as genotoxic stress, the cell
may arrest at a cell cycle checkpoint. For exangpewth arrest may occur if cell cycle
regulators detect DNA damage or if the chromosoanesnisaligned on the mitotic
spindle. At the cell cycle checkpoint, the cell naiempt to repair the damages. If
successful, the cell will continue to progress tigio the cell cycle. But if the damage is
too severe to be repaired, or if the cell failsepair the DNA, the cell may undergo
apoptosis to eliminate itself. However, cell cyadgulators in malignant cells may fail to
determine which one of these options is suitaldeirfstance, the cell may not decide to
undergo apoptosis in response to a cytotoxic dd@g [Thus, it is desirable to search for

drug compounds that can block cell cycle progresaimd induce growth arrest [63,79].
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Section 2.3: Apoptosis

Apoptosis is a multistep process that is orchesdray a specific sequence of events. The
timing of each event depends on the type of callalso the method of induction.
Apoptosis is marked by the following order of exgeatter induction: collapse of the
mitochondrial transmembrane potential, caspaseaitin, externalization of
phosphatidylserine in the plasma membrane, seveoenatin condensation (not to be
confused with condensation during mitosis), DNAgfreentation and loss of plasma
membrane integrity [60,65].

Apoptotic cells also exhibit hypersegmentation o€lear chromatin of irregular
size. These structures bud off from the cell s@faed form “apoptotic bodies”. The late-
stage DNA fragmentation of apoptotic cells, whiehds to the disintegration of the
nucleus, occurs due to the DNA cleavage at sitegdsa nucleosomes at ~200-bp
intervals. Fragmented DNA produce exposed 3’-OHsendd thus can be detected using
in situ assays such as the terminal deoxynucledtiaysferase dUTP nick end labeling

(TUNEL) method [66,67].
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Chapter 3. Cell Survival Study Using the MTT Assay

Section 3.1: Introduction

To test the cytotoxic actions of druigsvitro, the cell survival fraction is usually
measured by counting the number of cells that eitt@ude or exclude a dye. One of the
most common cell viability and proliferation assaged is the MTT assay developed by
Mosmann in 1983 [68]. This method allows one tontdbhe number of cells indirectly. It
involves the conversion of yellow MTT (3-(4,5-dirhglthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) to insoluble purplenfi@zan crystals by metabolically-
active cells (live cells). The reduction of MTT aes in the mitochondria of living cells,
where the mitochondrial reductase enzymes areeadtising a solubilizing agent, the
formazan crystals are dissolved and their absosdbam@asured, giving indication to the
number of cells that survived. This is a quantiatnethod that is rapid in terms of the
required drug treatment time as well as the tataiqzol time compared to the
clonogenic assay, which measures cell survivaherldng-term scale [69]. Typically,
the MTT assay can be performed within several dalgreas the clonogenic assay can
last 1-3 weeks. The clonogenic assay measuredbilitg af a single cell to grow into a
colony (one colony is at least 50 cells) and ismfised to study cells that are treated
with ionizing radiation.

To evaluate the synergistic effects of PM2A in camation with CDDP on cell

viability, the MTT assay was utilized.
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Section 3.2: Materials and Methods

3.2.1: Cell culture and treatment

HeLa (cervical cancer cell line) cells were pur@thBom American Type Culture
Collection. The medium for cell culture was minimessential medium (MEM) with
phenol red, which was supplemented with 10% fetalriee serum (FBS), 100 units/mL
penicillin G and 10Qug/mL streptomycin. CDDP (Sigma) was dissolved inagplure
water and PM2A in pure ethanol, where the finalogmtration of ethanol was always
less than 1% when treated to cells. Ultrapure waitkr a resistivity of >18.2 I/cm

was obtained using a NANOpure Dlamond TOC Life Bogeultrapure water system
(Barnstead International). The cells were splitrg\dedays, or once they reached a
confluency of ~85% in 25 chflasks. The cells were cultivated by first rinsihg cells
twice with phosphate buffered saline (PBS), thgpdinizing for ~2-3 minutes and
deactivating the trypsin by adding 2 mL of freshdmen. The cells were removed from
the flask surface by gently washing with mediume Bblution was then centrifuged at
100g for 5 minutes using an Allegra X-22R Centrifugee@@man Coulter). The old
medium was removed without disrupting the cellgislland then 1 mL of new medium
was added to resuspend the cells by gently pigetiimand down. Approximately 20% of
the solution containing the cells was then uséddttier cultivate the cells in 25 ém
flasks. Cells were always incubated a@and the C@levels maintained at 5% in a

Forma Series Il Water Jacketed £@cubator (Thermo Electron Corporation).
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3.2.2: Cell survival measurement by MTT

Cells were seeded in clear 96-well plates (5 %cElis/well) in triplicate for 24 h. The
culture medium containing phenol red (2d0well) was replaced by new culture
medium (20QuL/well) and treated for 24 h with varying drug centrations in the CO
incubator (37C, 5% CQ). After the drug treatment, cells were replacethwiew

medium (10QuL/well) containing 1.2 mM MTT in phosphate bufferealine (Sigma)

and incubated for 4 h in the dark in the G&rubator. The medium was then removed by
inverting the microplate on paper towels and gealigorbing the medium. After
removing any excess medium (containing phenol ted)formazan crystals were
solubilized with 10QuL DMSO. After 10 minutes of shaking, the fractioinlige cells

was determined by measuring the absorbance ath4@simg a UV/Vis Multiskan
absorbance microplate reader (Thermo Scientifibjclvis directly proportional to the
number of viable cells. The cell survival rates evealculated by dividing the absorbance
values of the treated cells by the absorbanceeotfititreated control cells and multiplying
by 100 to obtain the percentages. The cell survaials were plotted against drug

concentrations to obtain a dose-response plot.

Section 3.3: Results and Discussion

HelLa cells were treated with 0, 10, 20, 30, 40 2&ddM CDDP with and without 100
uM PM2A for 24 h. As shown in Figure 3.1, 10 of PM2A provides the maximum

dose having minimal cell-killing effects as a smglgent. Figure 3.2 indicates that a 24 h
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treatment with CDDP decreases the cell viabilita idose-dependent manner. Treatment
with only 100uM PM2A slightly decreases the cell viability comgdito the untreated
cells (85% cell survival rate compared to untreaautrol). Strikingly, the addition of
100uM PM2A to CDDP greatly enhances the effects of CDDR synergistic manner,
which is most prominent for concentrations gretttan 20uM CDDP. At 10uM of

CDDRP, the cell survival rate decreased from 79%4% with the addition of 100M
PM2A. At 20uM CDDP, the cell survival rate decreased from 72%43% with the
addition of 20QuM PM2A. At concentrations greater than d@ CDDP, the addition of
PM2A killed most or all of the cells, where the alimnce is due to background residual
formazan. For cells treated with @ CDDP, the addition of 100M PM2A resulted in

a decrease in cell survival rate from 58% to 16%4@uM CDDP, the cell survival rate
decreased from 44% to 11% with the addition of PMRihally, a treatment of 50M
CDDP had a decrease from 21% to 8% in cell surwiwgd the addition of 100M

PM2A.
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Figure 3.1 Cell survival rates for HeLa cells treated with @50uM PM2A for 24 h.
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Figure 3.2 Cell survival rates for HeLa cells treated with 60uM CDDP (+100uM
PM2A) for 24 h.
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Section 3.4: Conclusions

Although the cell-killing effects are not as obvsoat lower concentrations of CDDP, it is
predicted that these effects would be more prontiii¢ine cells were treated for longer
periods of time. It is possible that the cytotoeftects of the combination regimen would
be more obviously manifested at lower CDDP conediains using an assay that probes
long-term cell survival, such as the clonogeni@gsBifferences in the cell survival
rates between the single-agent therapy and conntm@therapy might have been
greater at larger CDDP concentrations (greater 2@arM CDDP). This is likely due to
the reason that to make the combination theramct¥e, certain concentrations of both
CDDP and PM2A must be present inside the cell aeneffectively in the cell nucleus.
These MTT results suggest that although PM2A, albas minimal detrimental
effects on Hela cells, the cell-killing effects afgnificantly increased when the
combination of PM2A + CDDP is used. This indicatest the effects argynergistic
since the effects of the combination are greaten the sum of the single-agent effects,

thus supporting this combination regimen as a eiaiie.
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Chapter 4. Changes in Cell Morphology Using
Fluorescence Microscopy

Section 4.1: Introduction

Many chemotherapeutic agents exert their cytoteKects by inducing programmed cell
death, also known as apoptosis. The importanceaytasis in the cell-killing actions of
many drugsn vitro has been implicated, including etoposide, camptitheincristine,
paclitaxel, 5-FU and CDDP [70]. It has also beeggested that the disruption in the
apoptotic response to CDDP can lead to resistanG®DP [71]. Thus, it is reasonable
to conclude that apoptosis is an imperative evettie cytotoxic effects of CDDP on
cancer cells.

A landmark apoptotic event is the hypersegmentaifaruclear chromatin of
irregular size. Apoptotic cells exhibit cell blebgi resulting in the budding off of these
structures from the cell surface; these are terffsgmhptotic bodies” [66,67]. This change
in cell morphology can be observed using a nud&an and viewed using fluorescence
microscopy. The stained nuclei would appear brigtite to the severe condensation of

DNA.
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Section 4.2: Materials and Methods

4.2.1: Cell culture and treatment

HeLa (cervical cancer cell line) cells were pur@dthBom American Type Culture
Collection. The medium for cell culture was minimessential medium (MEM) with
phenol red, which was supplemented with 10% fetalriee serum (FBS), 100 units/mL
penicillin G and 10Qug/mL streptomycin. CDDP (Sigma) was dissolved inagplure
water and PM2A in pure ethanol, where the finalogmtration of ethanol was always
less than 1% when treated to cells. Ultrapure waitkr a resistivity of >18.2 I®/cm

was obtained using a NANOpure Dlamond TOC Life Bocgeultrapure water system
(Barnstead International). The cells were splitrg\dedays, or once they reached a
confluency of ~85% in 25 chflasks. The cells were cultivated by first rinsihg cells
twice with phosphate buffered saline (PBS), thgpdinizing for ~2-3 minutes and
deactivating the trypsin by adding 2 mL of freshdmen. The cells were removed from
the flask surface by gently washing with mediume Bblution was then centrifuged at
100g for 5 minutes using an Allegra X-22R Centrifugee@@man Coulter). The old
medium was removed without disrupting the cellgislland then 1 mL of new medium
was added to resuspend the cells by gently pigetiimand down. Approximately 20% of
the solution containing the cells was then uséddttier cultivate the cells in 25 ém
flasks. Cells were always incubated aGand the C@levels maintained at 5% in a

Forma Series Il Water Jacketed £@cubator (Thermo Electron Corporation).
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4.2.2: Cell morphological changes by fluorescence m icroscopy

Cells were cultured in black 96-well plates (~5 X ¢élls/well) for 24 h. The culture
medium (20QuL/well) was replaced by new culture medium (2Q@well) and incubated
in the CQ incubator (37C, 5% CQ) for 11 h with 0, 15, 30 and 50 CDDP (+100

uM PM2A). After the drug treatment, cells were ggntlashed once with PBS (while
avoiding washing away floating cells) and stainethwoechst 33342 for 12 minutes.
The stain was removed and washed once with PBB thigecells were fixed with 1%
paraformaldehyde in methanol for 10 minutes ande@tunder fluorescence using an
Eclipse TS100 inverted microscope (Nikon Canadg kntd appropriate UV filters.

Images were taken with a DS-QilMc cooled digitahega (Nikon Canada Inc.).

Section 4.3: Results and Discussion

Representative fluorescent images of cells treatdddifferent CDDP concentrations
(with and without the addition of PM2A) for 11 heashown in Figure 4.1(a-h). Figures
4.1 a) and b) show untreated cellsi@ CDDP) and those treated with only 100
PM2A, respectively. Untreated HelLa cells had intaatlei and did not exhibit
condensation of nuclear material. The addition@ff IM PM2A to untreated Hela cells
did not change the cell morphology. Cells treatét W5 M CDDP without and with
100uM PM2A (Figure 4.1 c) and d)) had only slight difaces in cell morphology. In
the cells treated with PM2A, we started to obséimesformation of DNA condensation

and apoptotic bodies, as seen by the bright spaty and indicated by the red arrows.

33



Cells treated with only 3pM CDDP exhibited some apoptotic bodies at 11 hrafd
treatment time (Figure 4.1 e)). With the additidri00 uM PM2A (Figure 4.1 1)), there
was some increase in the number of dead cellsdasated by the apoptotic bodies. A
considerable amount of cells died when treated @a@hM of CDDP for 11 h (Figure 4.1
0)). But with the addition of 100M PM2A, the number of dead cells and apoptotic
bodies markedly increased, as seen in Figure 4I1ik)also interesting to note that there
were actually more dead cells in thei @@ CDDP + 100uM PM2A group that are not
visible in the image, but were washed away durmegstaining procedure, as made

evident by the lower cell density compared to cedated with only 5@M CDDP.
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Figure 4.1 Hela cells treated for 11 h and nuclear-staingld tWoechst 33342. a) oM
CDDP, b) OuM CDDP + 100uM PM2A, c) 15uM CDDP, d) 15uM CDDP + 100uM
PM2A, e) 30uM CDDP, f) 30uM CDDP + 100uM PM2A, g) 50uM CDDP, h) 50uM
CDDP + 100uM PM2A. Arrows in a-f indicate apoptotic cells, budt indicated in g-h.
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Section 4.4: Conclusions

Obvious differences were seen between cells tregitbchigh concentrations of only
CDDP and CDDP + 100M PM2A. These differences were not very significkmtcells
treated with lower concentrations of CDDP (thos# Hre clinically relevant) at 11 h, but
it is expected that large differences for the los@ncentrations would be observed when
treated for longer periods of time.

The cell populations might have contained those were necrotic (cell injury
that can cause inflammation; “messy” death), algjioi was difficult to identify these
cells by just staining with Hoechst. The cells banncubated with a cell-impermeable
stain; necrotic cells would be stained based orafisemption that the plasma membrane
of necrotic cells are permeable. But the user rhestautious in that the plasma
membrane ofate apoptotic cells also lose their integrity. Therefaan optimum time-
window to detect this would be early in the apaptphase, such that markers like
caspases are activated.

Thus, the efficacy of the PM2A-CDDP combinatiersupported by the
enhancement in the number of apoptotic cells coaetpar the treatment with the single

agents.
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Chapter 5. Cell Cycle Analysis by Flow Cytometry

Section 5.1: Introduction

It is commonly believed that exposure of cells @B can cause inhibition of DNA
synthesis and therefore, signal the cell to undesgdiodeath [31,34]. It has also been
proposed that CDDP exhibits its cytotoxic effectdiiggering G2 cell cycle arrest and
apoptosis [31,72,73]. At cell cycle checkpoints, DNsions may be “sensed”; failure to
overcome this blockage can lead to cell death [V8¢ cytotoxicity of CDDP appears to
be cell cycle phase independent, but some typeslisfmay be more sensitive to CDDP
in the G1 phase [2].

To analyze the cell cycle progression and the &ffeta drug regimen on the cell
cycle, one can use flow cytometry to quantify tiéDcontent. In cell cycle analysis,
DNA of all cells in the sample are stained by afescent DNA-binding agent such as
propidium iodide. By noting that cells in the Glagk have one copy of the DNA and
two copies in the G2/M phase, the cell populatroeach phase of the cell cycle can be
determined. Cells in the S phase exhibit betweenama two copies of DNA. If the cells
are fixed and permeabilized, cells that have fragew DNA will have less than one
copy of DNA since the fragmented DNA can escapeobthie cells through the porous
membrane; these are denoted as the sub-G1 fracttbnan be attributed to cells that
have undergone apoptosis. Counting the numberlisfltaving specific amounts of
DNA would generate a histogram similar to that igufe 5.1. Cells in the G1 phase

would exhibit a certain fluorescent intensity, wdees cells in the G2/M phase would have
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double this intensity. Cells in the S-phase wowddenintensities between those of G1 and
G2/M, and cells in the sub-G1 fraction have intBesiless than that of the G1 fraction
[74]. For instance, the G1 cells are located at@dthe DNA Content axis of Figure 5.1,
G2/M cells at 400, S phase cells in between 2004&0dand the sub-G1 cells at less than
200. The broad peaks seen in the histogram depetiteaesolution of the flow

cytometer as well as the levels of variability ne tsample population [74].
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Figure 5.1 Sample DNA histogram for cell cycle analysis

The cell cycle progression can be analyzed oves tmmobserve where in the
cycle the cells accumulate. This may provide infation on the action of a drug regimen
and if applicable, which part of the cell cycle ttedls are most sensitive to the drug. This

information is usually cell- and stress-specifior Example, Yamada and Puck observed
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that low-dose X-irradiation of HelLa cells can léadch dose-dependent arrest in the G2

phase [75].

Section 5.2: Materials and Methods

5.2.1: Cell culture and treatment

HeLa (cervical cancer cell line) cells were pur@dthBom American Type Culture
Collection. The medium for cell culture was minimessential medium (MEM) with
phenol red, which was supplemented with 10% fetalriee serum (FBS), 100 units/mL
penicillin G and 10Qug/mL streptomycin. CDDP (Sigma) was dissolved inagplure
water and PM2A in pure ethanol, where the finalogmtration of ethanol was always
less than 1% when treated to cells. Ultrapure waitkr a resistivity of >18.2 i®/cm

was obtained using a NANOpure Dlamond TOC Life Bogeultrapure water system
(Barnstead International). The cells were splitrg\dedays, or once they reached a
confluency of ~85% in 25 chflasks. The cells were cultivated by first rinsihg cells
twice with phosphate buffered saline (PBS), thgpdinizing for ~2-3 minutes and
deactivating the trypsin by adding 2 mL of freshdmen. The cells were removed from
the flask surface by gently washing with mediume Bblution was then centrifuged at
100g for 5 minutes using an Allegra X-22R Centrifugee@@man Coulter). The old
medium was removed without disrupting the cellgislland then 1 mL of new medium
was added to resuspend the cells by gently pigetiimand down. Approximately 20% of

the solution containing the cells was then usedrtier cultivate the cells in 25 ém
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flasks. Cells were always incubated aGand the C@levels maintained at 5% in a

Forma Series Il Water Jacketed £@cubator (Thermo Electron Corporation).

5.2.2: Cell cycle analysis by flow cytometry

Cells were cultured in clear 6-well plates for 2htthe CQ incubator (37C, 5% CQ)
and treated with 0, 5, 10, 15, 25 andu0 CDDP (+100uM PM2A) for 12, 24, 48 and
72 h. Both floating and adherent cells were haegebly trypsinization for ~3 minutes
and washed twice with PBS by centrifugation (120 for 8 minutes per cycle). Cells
were then fixed and permeabilized using 70% icel-ethanol for at least 24 h. Before
staining, cells were pelleted and ethanol was readdoy aspiration. Then, each sample
was washed twice with PBS by centrifugation. Cekse incubated with RNase A (16
ng/mL) for 30 minutes at 3T and then stained with propidium iodide (&mL) for 30
minutes in the dark. Samples were analyzed usBip 8ACSVantage SE flow
cytometer (Becton, Dickinson and Company) in ppiseessing mode (10 000
cells/sample) and computational analysis perforosdg FCS Express software (De
Novo Software, Los Angeles, CA) to obtain FL2-A BNontent histograms. Data was
gated on front scatter (FSC) versus side scat&C)$o eliminate debris, as well as FL2-
A versus FL2-W to eliminate doublets. Experimengeverformed at least 3 times for

each group.
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Section 5.3: Results and Discussion

Figures 5.2, 5.4, 5.6, 5.8, 5.10 and 5.12 showagele histograms for cells treated with
0, 5, 10, 15, 25 and 5M CDDP only and Figures 5.3, 5.5, 5.7, 5.9, 5.1d a1 3 for
cells treated with 0O, 5, 10, 15, 25 and®@ CDDP + 100uM PM2A. Figures 5.14 —
5.19 also indicate the percentages of cells in eatiitycle phase over time for different
CDDP concentrations.

Untreated cells exhibited the regular cell cyckribution as shown in Figure
5.2. This regular cell cycle distribution was asse@n for cells treated with only 10
PM2A (Figures 5.3 and 5.14). For cells treated witly 5uM CDDP (Figures 5.4 and
5.15), the distribution was regular at 12 h, bte@24 h, most of the cells accumulated in
the S phase. After 48 h, we saw that these celhsitioned past the S-phase and
accumulated in the G2/M phase. Most of the ceillsastested in the G2/M phase after
72 h, but some overcame the G2/M checkpoint amsitianed back to the G1 phase. For
cells treated with mM CDDP + 100uM PM2A (Figure 5.5), the distribution was regular
at 12 h, but after 24 h, a larger percentage &¢$ eecumulated in the G1 phase as
compared to cells treated with only® CDDP (Figure 5.15). After 48 h, some were
still arrested at G1, but some also continued tar®size DNA in the S-phase and also
reached the G2/M phase. After 72 h, the distributi@s very similar to that at 48 h,
except with a greater percentage of cells in theGl fraction. Thus, the cells have
probably arrested and were not able to transitast fheir checkpoints.

The cell cycle perturbation pattern for cells teshtvith 10uM CDDP only

(Figures 5.6 and 5.16) was similar to that gV CDDP + 100uM PM2A (Figures 5.5
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and 5.15), where the cells arrested earlier ircdtlecycle with the addition of PM2A. A
12 and 24 h treatment of 101 CDDP + 100uM PM2A (Figure 5.7) did not perturb the
cell cycle distribution. But after 48 h and 72 h,iacrease in the percentages of cells
accumulating in the early S phase and also in thpl@ase was observed, compared to
cells treated with only 10M CDDP. An increase in the sub-G1 fraction was also
observed (Figure 5.16).

When treated with 1pM CDDP only (Figures 5.8 and 5.17) for 12 and 2thb,
cells had regular cell cycle distributions. Aftér dnd 72 h, the cells were relatively
spread throughout the cell cycle phases. But vaghaiddition of 200M PM2A (Figures
5.9 and 5.17), larger percentages of cells accupulia the G1 phase instead; this is
more evident with the concomitant decrease in tAdr&ction. The distributions for cells
treated with 1M CDDP for 48 and 72 h were similar to those ofuMd CDDP + 100
uM PM2A, except the sub-G1 fractions for the caldsated with PM2A were higher.

A large proportion of cells treated with g CDDP only (Figures 5.10 and
5.18) arrested in the G1 phase, similar to theepateen for cells treated with 1
CDDP + 100uM PM2A. Interestingly, the sub-G1 fractions wereager for cells treated
with 15uM CDDP + 100uM PM2A compared to cells treated with only @29 CDDP.
The distributions for cells treated with gy CDDP + 100uM PM2A (Figures 5.11 and
5.18) were similar to those treated without PM2Aevehmost of the cells accumulated in
the G1 phase, except the sub-G1 fractions werdaygre@h the addition of PM2A.
Similar results were also seen for cells treatatd % uM CDDP with and without 100

uM PM2A (Figures 5.12, 5.13 and 5.19).
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Figure 5.z: Cell cycle distributions for
untreated cells (M CDDP) for 12,
24,48 and 72 h.
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Figure 5.2 Cell cycle distributions for
treated cells (@M CDDP + 100uM
PM2A) for 12, 24, 48 and 72 h.
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Figure 5.4: Cell cycle distributions
for treated cells (oM CDDP) for 12,
24,48 and 72 h.
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Figure 5.E: Cell cycle distributions for
treated cells (mnM CDDP + 100uM
PM2A) for 12, 24, 48 and 72 h.
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Figure 5.€: Cell cycle distributions
for treated cells (1@M CDDP) for
12,24, 48 and 72 h.
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Figure 5.7 Cell cycle distributions for
treated cells (1oM CDDP + 100uM
PM2A) for 12, 24, 48 and 72 h.
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Figure 5.€: Cell cycle distributions
for treated cells (1pM CDDP) for
12, 24, 48 and 72 h.
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Figure 5.€: Cell cycle distributions for
treated cells (13M CDDP + 100uM
PM2A) for 12, 24, 48 and 72 h.
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Figure 5.1C Cell cycle distributions
for treated cells (2aM CDDP) for
12, 24, 48 and 72 h.
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Figure 5.11: Cell cycle distributions for
treated cells (2oM CDDP + 100uM
PM2A) for 12, 24, 48 and 72 h.
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Figure 5.1z: Cell cycle distributions
for treated cells (5@M CDDP) for
12, 24, 48 and 72 h.
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Figure 5.1% Cell cycle distributions for
treated cells (5QM CDDP + 100uM
PM2A) for 12, 24, 48 and 72 h.
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Figure 5.14 Percentages of cells in each phase of the celé dgr cells treated with
OuM CDDP (+100uM PM2A) at 12, 24, 48 and 72 h.
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Figure 5.15 Percentages of cells in each phase of the celé dgr cells treated with
5uM CDDP (+100uM PM2A) at 12, 24, 48 and 72 h.
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Figure 5.16 Percentages of cells in each phase of the celé dgr cells treated with
10uM CDDP (+100uM PM2A) at 12, 24, 48 and 72 h.
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Figure 5.17 Percentages of cells in each phase of the celé dgr cells treated with
15uM CDDP (+100uM PM2A) at 12, 24, 48 and 72 h.
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Figure 5.18 Percentages of cells in each phase of the celé dgr cells treated with
25uM CDDP (+100uM PM2A) at 12, 24, 48 and 72 h.
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Figure 5.19 Percentages of cells in each phase of the celé dgr cells treated with
50 uM CDDP (+100uM PM2A) at 12, 24, 48 and 72 h.
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Section 5.4: Conclusions

By performing cell cycle analysis for different draoncentrations, we were able to
observe how the cells transitioned through themgalle phases over time. The
differences in the cell cycle perturbations wemetost obvious for lower concentrations
of CDDP. For low concentrations of CDDP, it wasriduhat the cells tended to
accumulate in the G2/M phase, although a greatgotiom of cells were able to transition
past their checkpoints to continue dividing. Wiile addition of PM2A, large percentages
of cells were able to accumulate earlier in thé ©gdle at the early S phase and even in
the G1 phase. Compared to cells treated with oBlpE, those treated with the
combination experienced earlier perturbations endéll cycle. This may allow the cell’'s
machinery to recognize the effects of CDDP moreaifely, possibly due to an
increased number of CDDP-DNA binding sites and Ddtrand breaks. This earlier cell
cycle arrest may also suggest that the effectiseo€bmbinational regimen are much
more severe compared to the effects of the sirggeata, thus supporting the efficacy of

PM2A as a molecular promoter of CDDP.
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Chapter 6. DNA Fragmentation by Flow Cytometry

Section 6.1: Introduction

One late stage marker of apoptosis is the degmadafiDNA into small fragments. The
fragmentation of DNA in apoptotic cells leads te thisintegration of the nucleus,
occurring between nucleosomes at ~200-bp interé&l$&}]. An enhancement in the
amount of fragmented DNA can give indication torgases in apoptotic events, and thus
to the viability of the drug combination.

Detection of DNA fragmentation can be done usirggARPO-BrdU TUNEL
assay, which utilizes the fact that DNA strand kseexpose a large number of 3’-OH
ends. The hydroxyl groups act as starting pointseioninal deoxynucleotidyl transferase
(TdT) to add deoxyribonucleotides. The break steslabeled by the addition of the
deoxythymidine analog 5-bromo-2’-deoxyuridine 5phosphate (BrdUTP) in the
presence of the TdT enzyme. An anti-BrdU antiboatyjugated with a fluorescent
molecule is added to detect the strand breaks agunmg their fluorescence intensities
using flow cytometry. The cell cycle distributioarcalso be detected simultaneously
from the ordinate axis of the generated dot plaththe BrdU-content on the abscissa),
where the events with fluorescence intensity altbedbackground indicate the cells with
fragmented DNA (within upper box) [76,77]. The ¢dbts can also indicate the density
of the events (number of events per pixel) by thleur, where blue indicates an area

with high density of events and red indicates a df®nsity.
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Section 6.2: Materials and Methods

6.2.1: Cell culture and treatment

HeLa (cervical cancer cell line) cells were pur@thBom American Type Culture
Collection. The medium for cell culture was minimessential medium (MEM) with
phenol red, which was supplemented with 10% fet&lriee serum (FBS), 100 units/mL
penicillin G and 10Qug/mL streptomycin. CDDP (Sigma) was dissolved inagplure
water and PM2A in pure ethanol, where the finalogmtration of ethanol was always
less than 1% when treated to cells. Ultrapure waitkr a resistivity of >18.2 I/cm

was obtained using a NANOpure Dlamond TOC Life Bogeultrapure water system
(Barnstead International). The cells were splitrg\dedays, or once they reached a
confluency of ~85% in 25 chflasks. The cells were cultivated by first rinsihg cells
twice with phosphate buffered saline (PBS), thgpdinizing for ~2-3 minutes and
deactivating the trypsin by adding 2 mL of freshdmen. The cells were removed from
the flask surface by gently washing with mediume Bblution was then centrifuged at
100g for 5 minutes using an Allegra X-22R Centrifugee@@man Coulter). The old
medium was removed without disrupting the cellgislland then 1 mL of new medium
was added to resuspend the cells by gently pigetiinand down. Approximately 20% of
the solution containing the cells was then useddttier cultivate the cells in 25 ém
flasks. Cells were always incubated aGand the C@levels maintained at 5% in a

Forma Series Il Water Jacketed £@cubator (Thermo Electron Corporation).
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6.2.2: DNA fragmentation measurement by flow cytome  try

Cells were cultured in 25 cnflasks (~8 x 10cells/flask) for 24 h in the COncubator
(37°C, 5% CQ). The culture medium (=7 mL per flask) was replaiogthew medium
and incubated for 48 h with varying drug conceiuret in the CQ@incubator. Both
floating and adherent cells were harvested by inypetion for ~3 minutes, washed twice
with PBS by centrifugation (30§ for 5 min) and fixed using 1% paraformaldehyde for
30 min on ice. Cells were then permeabilized bysnding the cells in 70% ice-cold
ethanol for at least 24 h at “Z0 To label the DNA, ethanol was removed after
centrifugation and cells were resuspended inl50f TUNEL reaction buffer containing
terminal deoxynucleotidyl transferase and BrdUTP1ft» at 37C in the dark, shaking
every 15 min. After overnight room temperature ivettion in the dark, the cells were
then incubated with Alexa Fluor 488-conjugated Brétdantibody for 30 min at room
temperature in the dark. Cells were also subsetyustiained with propidium iodide (5
ug/mL) and incubated with RNase A for 30 min at ro@mperature to determine the
total cellular DNA content. Samples were then anedlyusing a Becton-Dickinson
FACSVantage SE flow cytometer in pulse processingen(10 000 cells per sample).
Computational analyses were performed using FC3dsgsoftware (De Novo
Software, Los Angeles, CA) to obtain FL1-H versu®+A dot plots (log versus linear,
respectively), gating on front scatter (FSC) versds scatter (SSC) to eliminate debris,
as well as FL2-A versus FL2-W to eliminate doubl&speriments were performed

independently at least 3 times.
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Section 6.3: Results and Discussion

HelLa cells were treated with 0, 10, 25 anduBOCDDP with and without 10QM

PM2A for 48 h. As shown in Figure 6.1, 1% of unteshcells exhibited DNA
fragmentation, which can be attributed to cellsirety undergoing cell death. Most of
the events were in the G1 phase of the cell cydtech is characteristic of a regular cell
cycle distribution. Figure 6.2 shows that 2% ofs#&leated with only 100M PM2A had
DNA fragmentation. When cells were treated withud CDDP + 100uM PM2A, the
percentages increased from 9% to 18% comparedlsoti@ated with only 1M CDDP
(Figures 6.3 and 6.4). Remarkably, the percentagesased from 6% to 69% when cells
were treated with 2pM CDDP without and with 100M PM2A, respectively (Figures
6.5 and 6.6). The percentages also dramaticalheased from 38% to 74% when cells
were treated with 50M CDDP, without and with 100M PM2A, respectively (Figures
6.7 and 6.8). Consistent with the cell cycle analys Chapter 5, it was observed that
when CDDP was used as a treatment in combinatitmRW2A, the cells arrested in the
early S phase and G1 phase of the cell cycle, adhe cells tended to accumulate in
the G2/M phase for lower doses of CDDP as a siagént. Interestingly, the dot plots
indicated that more cells will undergo DNA fragmegian when they are accumulated in
the G1 phase. Although cells in all phases of t#eoycle will undergo cell death (non-
specific), this will occur maximally for cells imé G1 phase. Thus, there is a significant
increase (synergistic) in DNA fragmentation whenZAMs added in combination with
CDDRP, in correspondence with an earlier arreshefcells in the S and G1 phases of the

cell cycle.
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Figure 6.1 Results for APO-BrdU DNA Fragmentation Assay detls treated with O
uM CDDP for 48 h. Density plot illustrates BrdU-pidse cells as a function of the DNA
content (position in the cell cycle). The colourdicate the number of events in each
pixel. Three independent trials were performed thednean percentage of BrdU-
positive cells calculated. 1% of cells were Brdsipige.
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Figure 6.2 Results for APO-BrdU DNA Fragmentation Assay detls treated with O
uM CDDP + 100uM PM2A for 48 h. Density plot illustrates BrdU-ptige cells as a
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Figure 6.4 Results for APO-BrdU DNA Fragmentation Assay dells treated with 10
uM CDDP + 100uM PM2A for 48 h. Density plot illustrates BrdU-ptige cells as a
function of the DNA content (position in the cejicte). The colours indicate the number
of events in each pixel. Three independent triasevperformed and the mean percentage
of BrdU-positive cells calculated. 18% of cells e@rdU-positive.

58



10 "0.0
=16
6% =32
48
) "G4
1077 LA
g6
a11.2
o128
o144
1 I:I: E " o 16.0
- = o176
9182
=208
nxr4
B240
=256
naxr2
=238
= 30.4
=320
=336
=352

Brdl-Alexa Fluor 483 Content

0 200 400 G600 800 1000
DMNA Content

Figure 6.5 Results for APO-BrdU DNA Fragmentation Assay dells treated with 25
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Figure 6.6 Results for APO-BrdU DNA Fragmentation Assaydells treated with 25
uM CDDP + 100uM PM2A for 48 h. Density plot illustrates BrdU-ptige cells as a
function of the DNA content (position in the cejicte). The colours indicate the number
of events in each pixel. Three independent trissevperformed and the mean percentage
of BrdU-positive cells calculated. 69% of cells e@rdU-positive.
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Figure 6.7: Results for APO-BrdU DNA Fragmentation Assay dells treated with 50
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Figure 6.8 Results for APO-BrdU DNA Fragmentation Assay dells treated with 50
uM CDDP + 100uM PM2A for 48 h. Density plot illustrates BrdU-ptige cells as a
function of the DNA content (position in the cejicte). The colours indicate the number
of events in each pixel. Three independent trissevperformed and the mean percentage
of BrdU-positive cells calculated. 74% of cells e@rdU-positive.
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Section 6.4: Conclusions

It is interesting to note that the percentagesADragmentation were relatively the
same for cells treated with 10/ and 25uM CDDP, although the 1M CDDP
population mostly arrested at the G2/M phase aea@8uM CDDP population in the G1
phase. But with the addition of PM2A to CDDP, therease in DNA fragmentation
percentages was significantly greater fou®5 CDDP than 1@uM CDDP. It is possible
that at higher CDDP concentrations (such agM3CDDP) of the drug combination,
necrosis is also induced alongside apoptosis dlisis possible that some proportion of
cells underwent apoptosis but transitioned to sgagnnecrosis. This large difference
between the high and low concentrations of the apation may also be attributed to the
fact that to make the combinational therapy effe;tcertain concentrations of both
CDDP and PM2A must be present inside the cell aeneffectively in the cell nucleus.
The differences between the high and low conceatraitof CDDP can be correlated with
the MTT results presented in Chapter 3. A relayiwehall increase in the cell survival
rates were seen when PM2A was added to CDDP caatiens less than 20M,
whereas significantly large differences were s@erCDDP concentrations greater than
20 uM.

Although PM2A, as a single agent, had minimal ¢éf@n DNA fragmentation of
Hela cells, it was shown that the addition of dtosnpound to CDDP greatly enhanced
its DNA fragmentation effects. Furthermore, thigengistic enhancement also

corresponded to earlier cell cycle arrests in tlea& G1 phases, as compared to G2/M
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arrest for cells treated with only CDDP. This paes evidence as to why and how

PMZ2A is able to enhance the efficacy of CDDP orlautar level.
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Chapter 7. Absorption Spectroscopic Analysis

Section 7.1: Introduction

Solvents providing reductive environments suchtharel may be able to prevent PM2A
from losing its electron. On the other hand, threlescy for PM2A to donate its electron
is highly probable in oxidative environments sushwater with the presence of oxygen;
thus, PM2A is expected to be quite unstable inl@eneater environments. Furthermore,
the presence of an electron-accepting moleculativelto PM2A) would result in the
competition of the electron between this constitam oxygen. We expect to observe
this competition of the electron from PM2A betwd&DDP and oxygen.

The static absorbance spectra of PM2A under segeralitions were obtained to
determine its reactivity in different solvent emnments over time since absorbance

spectroscopy probes electronic transitions.

Section 7.2: Materials and Methods

Static UV/Vis absorption spectroscopy was perforoec 100uM PM2A solution in
pure ethanol, 100M PM2A solution in 1% ethanol and 1M PM2A + 50uM CDDP
solution in 1% ethanol. 10 mM PM2A stock solutiavesre prepared in pure ethanol
immediately before measurements. Cisplatin (Signees) dissolved in ultrapure water.

Ultrapure water with a resistivity of >18.2(Micm was obtained using a NANOpure
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Dlamond TOC Life Science ultrapure water systenriiBeead International).
Absorbance readings were scanned from 190 nm t0 A@0at different time points after
the initiation of the reaction (through mixing dktsolution by inversion) using a DU
530 Life Science UV/Vis Spectrophotometer (BeckrGamlter). Absorbance
measurements were made in quartz cuvettes andpaitimental steps (including sample
preparation) were performed in the dark. The basdbr measurements were made with
pure ethanol for the 10&M PM2A solution in pure ethanol sample, and made in
ultrapure water for the 100M PM2A solution in 1% ethanol and 1o PM2A + 50

uM CDDP solution in 1% ethanol samples.

Section 7.3: Results and Discussion

Figure 7.1 shows the absorbance spectrum olMD@M2A in pure ethanol. The
spectrum was measured at various time points bet@¢e 24 h, but it was found that it
did not change during this time period. Absorbgpeaks were observed at 204 nm, 261

nm and 314 nm.
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Figure 7.1 Static absorption spectrum for 108 PM2A in pure ethanol. The spectrum
did not change over the 24 h period.
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In in vitro experiments, the percentage of the PM2A vehiclealaays 1%
ethanol. As evident from Figures 7.1 and 7.2 d@bsorbance spectrum for 101
PM2A in 1% ethanol at the beginning of the reac{@in) was slightly different from
that in pure ethanol. Peaks were seen at 196 nBn25 325 nm, 561 nm and 612 nm.
The peaks at 196 nm, 255 nm and 325 nm correspdodeshks at 204 nm, 261 nm and
314 nm in the 10@M PM2A in pure ethanol spectrum, but slightly shaft

Absorbance spectra were measured forid@®PM2A in 1% ethanol for varying
points and were found to change over time. Thetspat O, 2 and 8 h are shown in
Figure 7.2. Initially, peaks were seen at only h@6and 255 nm. Additional peaks at
325 nm, 561 nm and 612 nm started to form shoftér ¢ghe start of the reaction. The
additional peaks at 561 nm and 612 nm were notisene 100uM PM2A in pure
ethanol spectrum. The isobestic point occurredatritn; thus, the absorbances at
wavelengths less than 283 nm decreased over timdeghase at wavelengths greater than
283 nm increased over time.

The spectra were also measured for IRIOPM2A in 1% ethanol with the
addition of 50uM CDDP, as shown in Figure 7.3. CDDP only had saim&rbance at
196 nm but did not have absorbance at wavelengdateag than this. At the beginning of
the measurement (0 h), the spectrum for @RIOPM2A + 50uM CDDP in 1% ethanol
was very similar to that of only 1QM PM2A in 1% ethanol, having the same peak
positions. Measurements are shown for 0, 2 anaf8eh the initiation of the reaction.
The spectra also changed over time, having the ssohestic point at 283 nm.

Since the absorbance spectra changed over tini®M PM2A (+ 50 uM

CDDP) in 1% ethanol, the absorbance values wetéedl@as a function of time for each
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peak wavelength (refer to Figures 7.4-7.8). Fopalk wavelengths, the absolute rates of
change for the absorbances were greater with tiié@dof CDDP. For peak

wavelengths 196 nm and 255 nm (wavelengths lessthigisobestic point), the
absorbance values decreased at greater ratesfpML@M2A + 50uM CDDP (Figures

7.4 and 7.5). On the other hand, the absorbancesaitcreased at greater rates for 100
uM PM2A + 50uM CDDP (Figures 7.6, 7.7 and 7.8) for peak waveles @25 nm, 561

nm and 612 nm (wavelengths greater than the ischjssnt).
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Figure 7.2 Static absorption spectrum for 108 PM2A in 1% ethanol at 0, 2 and 8 h
time points.
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Figure 7.3 Static absorption spectrum for p1 CDDP + 100uM PM2A in 1% ethanol
at 0, 2 and 8 h time points. The spectrum for &@iyM CDDP is also shown.
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Figure 7.4 The change in the absorbance spectra over titttee 4196 nm peak for 100
uM PM2A and 5uM CDDP + 100uM PM2A, both in 1% ethanol.
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Figure 7.5 The change in the absorbance spectra over titthe &55 nm peak for 100
uM PM2A and 5uM CDDP + 100uM PM2A, both in 1% ethanol.
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Figure 7.6 The change in the absorbance spectra over titthe &25 nm peak for 100
uM PM2A and 5uM CDDP + 100uM PM2A, both in 1% ethanol.
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Figure 7.7: The change in the absorbance spectra over tithee &61 nm peak for 100
uM PM2A and 5uM CDDP + 100uM PM2A, both in 1% ethanol.
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Figure 7.8 The change in the absorbance spectra over titthee &12 nm peak for 100
uM PM2A and 5uM CDDP + 100uM PM2A, both in 1% ethanol.
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Section 7.4: Conclusions

It was observed that the absorbance spectra forAPdiE3olved in pure ethanol did not
change over time; thus showing its stability ireductive environment. The changes in
the absorbance spectra of 1M PM2A in 1% ethanol over time most likely indicdte
the instability of PM2A in an oxidative environmefn the other hand, the changes in
the absorbance spectra of 1M PM2A in 1% ethanol increased with the addition of

CDDP. This indicates the electron-transfer reactietween PM2A and CDDP.
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Chapter 8. Conclusions

In this study, it was shown that one shoodd simply follow the classical criterion for
designing combinational chemotherapeutic drug regenTo reiterate from Section 1.3,
the criteria are the following [1,2,3]:

* Each drug should be active when used alone

* Drugs should have different mechanisms of antituaobion

* The toxic side effects of the drugs should not ageso that each drug can be

given at or near their maximum tolerated dose

* Drugs should have different resistance profiles

* Drugs may target different cell cycle phases
Ideally, if one were to design a drug regimen whare drug can synergistically
potentiate the action of another, additional testae effects should not be introduced into
the specimen. The introduction of additional tosite effects to a wider range of organs
is a direct consequence of the classical critefioorder to limit the drug toxicities, it is
recommended that each drug should not be activa wied alone, they should not have
different mechanisms of antitumor action, theiri¢oside effects should overlap and they
may not need to have different resistance proélasirget different cell cycle phases.

The results of this study are direct evidence dhagw criterion is urgently needed

and that the classic criterion should not mechdlyiéallowed. The viability of the
molecular promoter PM2A in enhancing the cytotaffects of CDDP in a cervical
cancer cell line was shown, while introducing mialradditional toxicities. PM2A was

chosen as the molecular promoter based on the remlanistic understanding of how
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CDDP is able to attack DNA [32,33]. It is now unsteiod that the cytotoxic action of
CDDP can be attributed to its high reactivity witeakly-bound precursor electrons, thus
being able to preferentially bind to guanine bas®s generating DNA-damaging
radicals. The role of PM2A is to enhance the DNAndging effects of CDDP by
donating its electrons to CDDP to generate moreats]l Thus, the administered doses
of CDDP may be reduced, while still producing taeng or even higher therapeutic
effects. By reducing the doses of CDDP, its toxie £ffects are also halted.

First, the MTT assay was used to evaluate the tsffefdhe drug combination on
cell survival rates. Then, fluorescence microscepyg used to visualize the differences in
the cell morphological changes between the singgmts and the combination regimen;
in particular, it was hoped to observe increaseaeemumber of apoptotic cells in the
combinational regimen. These methods showed sogmifiincreases in the number of
dead cells when the cancer cells were treatedbwaith PM2A and CDDP.

Flow cytometry was then used to perform cell cylalysis, in which cell cycle
perturbations were observed. While a treatmendbwfdoses of CDDP caused arrest in
the G2/M phase of the cell cycle, the combinatibRM2A + CDDP resulted in
accumulations earlier in the cell cycle (S phaskt@aren the G1 phase). This also resulted
in increases in the sub-G1 fraction.

Flow cytometry was also used to analyze the amoueglls exhibiting increased
percentages of DNA fragmentation, a landmark ofpépgs. The addition of PM2A to
CDDP treatment to HeLa cells significantly increhsiee levels of DNA fragmentation.
Furthermore, this also corresponded to earlierayelle arrest in the G1 phase, giving

possible implications as to how the cell underggasptosis on a cellular level.

74



Furthermore, the synergistic action of the drug lomation should only be
localized to the tumor site. By taking advantagéefhypoxic environment of tumors,
the cell-killing effects of CDDP may be enhancedyat tumor sites. In other words,
PM2A would only be able to lose its electron to GBBhus enhance its effects, at the
tumor site (in hypoxic or reductive environmenth the contrary, PM2A should be
oxidized by the aerobic environment (oxygen pregemtater, for example) and be
limited in donating its electron to CDDP. Thesdearia are very important in localizing
the antitumor action and limiting the toxic sidéeefs. This localizability is based on the
electron-transfer mechanism between PM2A and CDAbBorption spectroscopic
studies showed that the absorption spectra of PEt2Alrastically changed by the
presence of CDDP. This suggests the strong elettaosfer reaction between PM2A
and CDDP, consistent with the finding that CDDR iery effective electron acceptor
and the fact that PM2A is a well-known biologiclatron donor. The spectra of PM2A
were very stable over time in a reductive environtnguggesting that it would be able to
preferentially react with CDDP in hypoxic environmi&® The spectra of PM2A were
unstable over time in an oxidative environmentjaating that a limited amount of
PM2A would be able to donate its electrons to CDibBs greatly reducing the cytotoxic
action at non-hypoxic sites (non-tumor sites, faaraple).

In closing, this work implicates that clinical desef CDDP can be significantly
reduced when administered in combination with PM@&is minimizing the toxic side
effects that CDDP-treated patients currently exgree, since PM2A alone exhibits

minimal detrimental effects. Effectively, this woujreatly decrease the number of
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patients who suffer from toxic-related deaths dng significantly improve the

prognosis of cancer patients.
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