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Abstract

Oxygen has long been known as a potent radiosensitizer that can enhance the cell killing
effects in aerobic cells, while pruned vasculatures and lack of oxygen in the
microenvironment of tumor can cause resistance to radiotherapy of cancer. Paradoxically,
hypoxia also provides an attractive therapeutic target as it only occurs in solid tumors;
hypoxia-activated radiosensitizers may be designed and synthesized with therapeutic

selectivity on tumor cells.

Directed by our previous femotomedicine (FMD) mechanistic research, our group has
recently discovered a FMD compound that can react with pre-solvated electron (ep. ) to
increase the radiosensitivity in tumor tissues but relatively spare normal tissues. In this thesis
work, the in vitro selective radiosensitivity of the FMD compound against hypoxic cancer
cells was evaluated through the steady-state absorption spectrum analysis, the
immunofluorescence assay, and the clonogenic assay. The results demonstrated that the FMD
compound is an effective radiosensitizer in the hypoxic environment (radio enhancement
ratio =1.4230.05 ), and the potency of the radiosensitizing effect of the FMD compound in
the oxic (normal) environment will be limited due to the competing attachments of pre-
solvated electrons with the FMD molecules and molecular oxygens. The revealing of the
underlying mechanism of the FMD compound’s radiosensitizing effect provides new insight

into the design of novel hypoxia-activated radiosensitizers.
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Chapter 1 Introduction

1.1 Cancer and cancer therapy

Cancer are the most challenging diseases in the world with high morbidity and mortality. In
the year of 2016, more than 1.68 million people are projected to be diagnosed as cancer
patients, and 595,690 people are estimated to be killed by cancer in the United States[1].
Based on a global survey from the World Health Organization in 2012[2], lung, prostate and
colorectum were the three sites with the highest tendency to be diagnosed of cancer among
men; meanwhile, among women, the three most common cancer incident sites were breasts,
colorectum and lung. For both genders, lung, breasts and colorectum were the leading sites
with the highest cancer incidence rates, at 12.9%, 11.9% and 9.7% of the total study
population, respectively. They accounted for more than one third of the worldwide cancer

burden[3].

From 2009 to 2016, more than ninety oncologic drugs were approved by the US Food and
Drug Administration (FDA)[4]-[9]. With tremendous efforts of cancer researchers, several
therapeutic methods for cancer have been established, such as 1) surgery, 2) radiotherapy, 3)
chemotherapy, 4) photodynamic therapy (PDT), 5) hormones, etc. Surgery is the dominant
choice of treatment after being diagnosed, and it is often combined with chemotherapy,
radiotherapy, and photodynamic therapy. Radiotherapy, an alternative to surgery, is to use

ionizing radiation to control or locally remove malignant cells. Generally, more than two



thirds of cancer patients will receive radiotherapy as a part of their treatment plan[10].
Chemotherapy is to use cytotoxic and cytostatic agents to kill malignant cells. This treatment
is largely used for palliative in the advanced tumors which cannot be readily treated by
surgery and radiation. Among all these therapeutics, surgery and radiotherapy are the two
dominant curative treatments for cancer[11], but all the therapeutics can be involved for
palliation[12]. However, so far, only a few radiosensitizing agents have been eventually
approved by the FDA. Therefore, effective radiosensitizer , especially the one with
selectivity that can spare normal tissue but remove the malignancy, should be a desired

weapon in the battle against cancer. If it succeeds, these novel radiosensitizers will contribute

considerably to human health and the lives of cancer patients.



1.2 Radiation therapy

The objective of radiation therapy is to use high energy radiation to cure or control cancer, or
to reduce cancer symptoms. The amount of energy released by a radiation flux over its unit

track length is defined as linear energy transfer (LET):

_dE _
LET /dx | Eq. I-1

Where dE is the energy transferred to the medium by the radiation source while traversing a
unit distance dx. For neutrons, o particles, and other heavy charged particles, as large amount
of energy is deposited along the track, these types of radiations are called high linear energy
transfer (High-LET) radiations. For radiations like X-Rays and y-Rays, as less amount of
energy is deposited per unit length and the ionizing events spread in wide spatial ranges,

these kinds of radiation are called low linear energy transfer (Low-LET) radiations.

As DNA regulates a cell’s activity and contains the information for a cell to replicate itself,
damages to DNA will alter cell function and result in cell death. In radiation therapy, the
most important target is the DNA in the cell. When the radiation-induced DNA damage
cannot be repaired instantly or is improperly repaired, these DNA damages may lead to
mutations, apoptosis, necrosis, and eventually the cell may lose the ability of proliferation.
During ionizing radiation, there are two types of actions related to DNA damage will take
place: direct and indirect action (see Figure 1-1). Direct action involves when the ionizing

particle directly deposits its energy to ionize the genome; indirect action occurs when the



medium (predominantly water) absorbs most of the radiation energy and forms free radicals
which produce further DNA damage[13]. By comparing the yield of y-ray induced DNA
strand breaks under aqueous and dry conditions at 25 °C, it was shown that for Low-LET

radiation, indirect actions can produce several orders of magnitude more DNA damages than

direct actions[14].

Direct Action

*H
Indirect Action

Figure 1-1. The schematic diagram illustrating the direct action and the indirect action when DNA is
exposed to ionizing radiation. In the direct action, the radiation energy is directly deposited to DNA
to produce chemical bond breaks. In the indirect action, the majority of the radiation energy is
absorbed by surrounding water molecules, and DNA damages are indirectly produced via free
radicals and reactive molecules which are formed by water radiolysis. For Low-LET radiation (like x-
rays, and y-rays), indirect action is predominant, and produces more DNA damages than direct action.

At the cellular level, the principal target for ionizing radiation (IR) is the cells’ DNA.
However, radiation kills both normal cells and abnormal cancer cells along its track

4



(especially for Low-LET radiations). The most important challenge in radiation therapy is
minimizing the radiation-induced damage to the adjacent health tissue while maximizing the
radiation killing efficiency to the cancer cells[15]. The response of a tissue to radiation
depends on the types of the irradiated cells, the microenvironment of the irradiated cells, and
also different cell cycle phases the cells are in. The cells with high reproductive activity are
more sensitive to radiation. Generally, the cells in the quiescent Gy or in the S phase show
more resistance to radiation than the cells in M phase. The cells with high oxygen
concentration are also more sensitive to radiation than the hypoxic tumor tissue (mechanism
will be discussed in the following section). In radiation therapy, in order to minimize the
damage to the adjacent and the overlying normal tissue and to reoxygenate the hypoxic tumor
tissue, the radiation doses are often divided into many small fractions and given to patients
over one to two months at a regular interval. Different fraction patterns, such as accelerated
fractionation, hyper-fractionation and hypo-fractionation, are given to different patients
depending on the severity and location of their tumors. Therefore, radiosensitizers, which can
mimic the mechanism of oxygen and have natural selectivity that can sensitize the tumor
tissue but spare the normal tissues and make the tumor to be cured by a large single dose

instead of fraction doses, would greatly benefit the current concept of radiation therapy[16].



1.3 Water radiolysis

Radiation energy is absorbed by the components of the irradiated substance approximately
proportionally to the mass of different components. When a cancer cell is irradiated, as cell is
an aqueous system and water molecules make up to more than 70% of its cellular mass[17],
water molecules will absorb most of the energy of the radiation flux. Consequently, the

absorbed energy will lead to either excitation (Eq. 1-2) or ionization (Eq. 1-3) of these water

molecules[18]:
Hzo Excitation Hzo* Eq 1_2
HZO lonization H20+ +e— Eq 1_3

For the excited water molecules, the majority of the them do not dissociate, but just return
back to the ground state (Eq. 1-4); while, only a small portion of them dissociate into

hydrogen atoms and hydroxyl radicals (Eq. 1-5).
H,0'——H,0 Eq. 1-4

H,0'——H"+HO" Eq. 1-5

For the ionized water molecules[19], the produced primary radical species are hydroxyl
radicals, hydrogen atoms, and electrons (in both pre-solvated states and solvated states) (Eq.

1-6).



H,0"+H,0 —H,0" + HO’ Egq. 1-6

H,0'——>HO"+H" Eq. 1-7
¢ +nH,0 —e Eq. 1-8
Ti_me
H,O
IR<%\§ f
1 0-16 S Hzo* H20+ €
10-14s H- + HO" HO® +H,0+* €pre”
1 H,0
1012 ehyd_
106s H, HO" H,0, H;0* H" HO™ ey
A\ 4

Figure 1-2. The time scale of events occurring in water radiolysis. Within 1 fs after irradiation,
excited water molecules (H,0*), ionized water molecules (H,0"), and electrons (e) are produced.
Then, femto-chemistry reactions, such as ion-molecules reactions (Eq. 1-6), dissociative relaxations
(Eq. 1-7), and solvation of electrons (Eq. 1-8), occurs in 107°-10"% s after irradiation. At ~10 s,
radicals and reactive molecules diffuse in the solution and slow radical reactions produce indirect
damages to a variety of cellular components. This figure is adapt from [20], [21].

In radiation chemistry, the yield of the altered entities is expressed by quantum yield, G value,
which is a measurement of the number of formed (or destroyed) species per 100 eV energy

absorbed by the entire sample:

G(X) = number of species X formed,/energy absorbed in 100 eV Eq. 1-9



For the radiolysis of water, the quantum yields of the dissociation products are reported to be
2.8, 2.4, 0.6 for the hydrated electrons (enyq ), hydroxyl radicals (OH"), and hydrogen atoms
(H®), respectively, at the microsecond time scale [18]-[22] (see Table 1-1). The quantum
yields of these water radiolysis products are multifactorial. The G-value can be influenced by
the temperature, the PH value of the system, as well as the type of radiation. The LET of the
radiation beam will change the ratio of excited water molecules over ionized water molecules;
therefore, alter the yields of different radio-lytic species. The quantum yields of the radical
products (OH", ey, and enyq ) decrease while the LET of the radiation increases. High-LET
particles can also enhance the efficiency of the recombination of the radical products to form

molecular species (H,O, and H,)[23].

It is commonly agreed that the hydrated electrons are trapped in a reduction potential well of
about -3.5 eV and they have a significant long lifetime in pure water comparing with other
radicals; therefore, they are inactive in producing biological damages. The hydroxyl radicals
are used to be thought as the most important radical that can induce oxidative damage during
IR. However, based on the femtosecond laser spectroscopy discovery, it was confirmed that
the pre-solvated electrons were the principle culprits to be blamed for the IR induced

biologically damages.



Water radiolysis products OH" €pre Chyd H’ H,0O, H,

G-Value (#/100eV) 24 7.5 2.8 0.6 0.8 0.4

Table 1-1. The quantum yields of the primary products from the radiolysis of liquid water. The
fundamental role of e, played in radiation chemistry and biology was newly reported by our group
based on our femtosecond time-resolved laser spectroscopy (fs-TRLS) measurement result[16], [24]—
[26]. These quantum yields depend on many parameters, such as PH, temperature, and the LET of the
radiation. Different types of radiation will alter the ratio of excited H,O molecules over ionized H,O
molecules, subsequently alter the quantum yield of each formed species. The G-value of e,. was
estimated by considering 64% of the e, eventually becomes the long-lived enyq [21].




1.4 Pre-solvated electron

The hydration dynamics of electrons in pure water has long been a mystery since the
1960s[27]-[29]. With the pioneering work that was done by Ahmed H. Zewail and his co-
workers[30], [31], the development of the ultrafast time-resolved laser spectroscopy
technique has paved the way for scientists to obtain a much deeper understanding of the
fundamental mechanisms of electron hydration. It was found that prior to the electrons
eventually solvated in liquid water, there exist finite-lifetime (< 1 picosecond ) precursor
states called pre-solvated electrons (e ). In the year of 1987, the femtosecond time-scale
lifetime of these pre-solvated electrons was first reported by Migus et al.[32]. After that,
extensive follow up experiments have been conducted, but distinct physical proprieties and
diverse ranges of lifetimes of e,. were reported. By carefully applying effective epr
scavengers, our lab demonstrated that there is a coherence spike in the current methodology
of femtosecond time-resolved laser spectroscopy (fs-TRLS) measurement of e,. . This
coherence spike affects the accuracy of the pre-solvated electrons’ lifetimes’ measurement,
and the uncertainty that the spike brings to the pre-solvated electron’s lifetime spanning over
two orders of magnitude[26]. Our lab has found that the intensity of the coherence spike has
a linear dependence to the pump power. By utilizing this property, one can subtract the
coherence spike from the transient absorption measurement. After the removal of the
coherence spike, the life time of ey, was determined precisely to be 540 + 30 fs (as

illustrated in Figure 1-3).
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H,0

Figure 1-3. The schematic diagram illustrating the hydration dynamics of an electron in pure water.
The per-solvated electron (ep. ) is generated via two-photon excitation of water molecules, and then,

within 540 fs, the e, solvates to the equilibrium state to form the so-called hydrated electron (enyq ).
The enyq has a microsecond time-scale lifetime. Adapt from [26].

The solvated electron is surrounded by water molecules. Theses polarized water molecules
can form a deep reduction potential well. The solvated electron is trapped inside of it and is
less active in producing biological damages. While, the pre-solvated electron is a precursor
state of the solvated electron, it is surrounded by less water molecules than solvated electron
and therefore, it is weakly bonded. The weakly bond pre-solvated electron, unlike its solvated
state, is more efficient in producing DNA damages. It has been a long controversy that at the
molecular level, which water radiolysis species produces the most of biological damages.
Conventionally, it is thought that eyyq is less active in producing DNA damages and the
majority of DNA damages are produced by OH" radical. However, the conventional picture
was drawn in the absence of e, . Due to its intrinsic high activity and high quantum yield,
the fundamental role of e, played in radiation chemistry and biology must be taken into
consideration. In order to investigate the DNA damages induced by each radiolysis species,

our group has conducted an experiment by adding different scavengers (KNOs;, DMSO, and
11



isopropanol) to liquid DNA samples during IR[25]. KNOj is a scavenger for both e, and
enyd (OH’ radical is one of the products from the KNO; scavenging reaction). DMSO and
isopropanol are effective scavengers for both e, and OH" radical. These results have shown

that e, has a doubled efficiency in creating DNA strand breaks than the OH® radical.

Based on the novel understanding on the lifetime and physical properties of ey, a new
molecular mechanism of reductive DNA damage was proposed by our group. As shown in
Figure 1-4, we illustrated that in the process of water radiolysis, ey and OH® radical are the
two radicals with the highest quantum yields. The OH® radical can lead to oxidative DNA
damages; while, the e, having a lifetime of ~540 fs can attach to DNA to induce future
DNA damages via dissociative electron transfer (DET) reactions (See Section 1.6). Our lab
has confirmed that, in terms of the productivity of DNA single strand breaks (SSBs) and
double strand breaks (DSBs), the reductive mechanism via e, is at least twice as efficient as

the oxidative mechanism via OH® radical.

W ater Conduction Band

G
"K. (1043 S)
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Figure 1-4. The schematic illustration of the reductive DNA damage mechanism. The e,. and OH®
radical are the major water radiolysis products. It has been well-known that the OH" radical can lead

12



to oxidative DNA damages, while it was newly confirmed that e,. can cause reductive DNA
damages (SSBs and DSBs) via the dissociative electron transfer (DET) reactions. This figure is
adapted from [25]
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1.5 Tumor hypoxia

During the process of aggressive malignant growth, the development of vascular network
inside the solid tumors is severely limited and the vasculature inside a solid tumor is
dramatically different from that of a normal tissue[33]. In the normal tissue, the blood supply
is maintained by an evenly distributed vascular network. The hierarchically organized
vascular network can efficiently furnish fresh oxygen and other nutrients via blood vessels
while wash away metabolic wastes from the interstitium via the lymphatic system. However,
inside of the solid tumors, due to the fact that pro-angiogenic and anti-angiogenic molecular
factors are abnormally secreted, the vascular system is lack of hierarchy. The blood vessels
are either immature, tortuous, or occluded[34], while the lymphatic vessels are either leaky,
dilated, or discontinuous[35]. The irregular vessel structure results in impaired oxygen and
nutrition flow. Acute and chronic micro-regional hypoxia are generated consequently.
Hypoxia can induce apoptosis and necrosis in both normal and cancerous cells[36]. In the
year of 1955, by investigating the histological section of tumor tissues surrounded by
vascular stroma, Thomlinson et al. reported[37] that there should exist a decreasing gradient
of oxygen partial pressure (pO,) from the edge of the tumor cord toward its center; however,
the cells between the necrotic center and the periphery of the tumor cord were still viable

under hypoxic environment; therefore, they were more resistance to treatment.
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Critical oxygen
Biological effects observed below critical oxygen tensions

tension (mmHg)

0.2-15 Activation of hypoxia-inducible genes[38]-[41]

15-30 Resistance to photodynamic therapy[42]

25-30 Resistance to Low-LET radiation[43]-[45]

30-35 Resistance to interleukin-2 triggered immunotherapies[46]

Table 1-2. The inadequate oxygen supply inside solid tumors brings barriers to a variety of cancer
treatments. Different hypoxia-induced biological effects were observed below different critical
oxygen tensions. The oxygen partial pressure under which hypoxia-induced resistance to PDT, Low-
LET radiation and immunotherapy can be observed were 15-30, 25-30, 30-35 mmHg, respectively.
This table is adapted from [47]

Hypoxia can induce cell apoptosis and necrosis via different pathways. Hypoxia stimulates
the expression of p53 gene, and p53 in a cell can be utilized as an indicator for the hypoxia
induced p53-dependent apoptosis pathway, which involves Apaf-1 and caspase-9 as the
downstream effectors[48]. The level of hypoxia-inducible factor-1 (HIF-1) can also be
introduced as an indicator for the hypoxia-induced p53-independent apoptosis pathways[49].
Paradoxically, hypoxia-induced genome and protein changes can also promote the cancer
cells to adapt to their hostile environment and, therefore, enhance the cancer cells’
proliferation and bring barriers to cancer treatments. A great portion of the hypoxia-inducible
genes are regulated by transcription factors, such as HIF-1 and nuclear factor kB (NFxB).
The threshold of oxygen partial pressure required to activate these hypoxia-induced

transcription factors were reported to be under 15 mmHg for a variety of cancer cell lines
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(see Table 1-2). Even though lack of quantitative data of hypoxia-induced chemo-resistance,
a few in vitro and in vivo experiments have qualitatively shown that the potency of some
chemotherapy agents, such as carboplatin and cyclophosphamide, were also oxygen
dependent[50]-[52]. For immunotherapy, it was reported that the effectiveness of the
interleukin-2 stimulated T-cell killing of cancer cells started to decrease when oxygen level

was less than 35 mmHg (see Table 1-2).

The hypoxic microenvironment inside of the solid tumors has also been a severe problem in
cancer treatment, both photodynamic therapy and radiation therapy[45]. The potency of
photodynamic agents and Low-LET radiation (x-ray radiation and y-ray radiation) will be
limited when the oxygen partial pressure is under 15-35 and 25-30 mmHg, respectively (See
Table 1-2). The oxygen enhancement ratio (OER) is a measure of the enhancement of
therapeutic effect under the exposure of IR in the presence of oxygen compared to the
absence of oxygen. As shown in Eq. 1-10, the OER is defined as the ratio of the radiation
dose required in hypoxia over the radiation dose required in normoxia to achieve the same

level of biological effect.

OER= radiation dose in hypoxiy o . . Eq. 1-10
radiation dose in normoxia

As the response of a cell to ionizing radiation strongly depends on its oxygen concentration,
in the presence of oxygen, the radiation dose required to achieve the same tumor control
probability is generally only one third of the dose required in the absence of oxygen (OER =
3)[43], [44], [53]. Therefore, oxygen is a potent radiosensitizer and its radiation enhancement

mechanisms were thought to rise from two aspects: 1) the oxygen fixation hypothesis (OFH)
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(see Eq. 1-11)[54] and 2) the formation of oxygen free radicals, dominantly the superoxide

radicals (O,") (see Eq. 1-12)[55].

DNA +e_ / ‘OH — ‘R (DNA Damage)
Eq. 1-11
‘R+ O, = RO, (Damage fixed)

e . +t0,—>0,” — DNA Damage Eq. 1-12

€

The OFH was first developed in the 1950s and was widely accepted as the radiochemistry
rationale for oxygen sensitizing effects[56]. Based on our unique understanding of the
prosperities of per-solvated electrons, this hypothesis can be explained by the following
processes (see Eq. 1-11): During IR, pre-solvated electrons and hydroxyl radicals are the
major radical products with the highest quantum yields from water radiolysis; DNA is the
principle target for these radicals and intensive indirect DNA damages will be produced by
these radicals. In the absence of molecular oxygen, these DNA damages could be chemically
repaired to their original state efficiently; while, in the presence of oxygen, the oxygen
molecule will attach to a DNA damage site to form a non-restorable preoxy radical (‘RO),
and make DNA damages hard to be repaired by the cell itself. In the latter case, the radical

damages are thought to be ‘fixed’.

If the mechanism of the oxygen effect in radiation therapy is solely a chemical process, as the
OFH postulated, the production of the non-restorable preoxy radical should not depend on
genetic identity of the irradiated cells. In the year of 1998, by exposing three different wild-
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type strains of E.coli to radiation, Ewing David showed that the maximum dose that did not
alter the E.coli cells’ survival fraction was strain dependent. This experiment suggested that
the OFH may not complete. Special attention must be given to the fact that even though, the
fundamental chemistry proposed in the OFH is correct, OFH may not be able to cover the

biological and enzymatic DNA repair pathways.

H,O
e e ,2H* e H* e, H
02 L’ 02._ &—-} Hzoz Ho. L—} Hzo
-0.16 V +0.94V +0.38V +2.33V

Figure 1-5. The schematic illustration of the four-step single-electron reduction mechanism
converting a molecular oxygen to a water molecule. The standard reductive potentials for each
dioxygen derived product were listed respectively. These values were obtained from aqueous solution

with oxygen at the standard atmosphere, PH value =7. This figure is adapted from [57].

In the other aspect, the reduced production of superoxide radicals in the hypoxic environment
could be another explanation of why a well-oxygenated cell requires less radiation dose to

achieve the same level of cell killing effect comparing to a hypoxia cell.

Radicals and molecules derived from molecular oxygen is the most important class of species
that generated in a living system. They have substantial impact on many essential biological
processes[58], [59] and are so-called reactive oxygen species (ROS). The four steps of the
one-electron reduction mechanism that covers a molecular oxygen to a water molecule are

illustrated in Figure 1-5. The formation of superoxide radical (O, ), hydrogen peroxide,
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hydroxyl radical and water molecule are stepwise shown with their standard reduction
potential. As a consequence of the fact that superoxide radical is the first step product of the
the entire reduction mechanism, the productivity of superoxide radical is the highest among
all these species. It is reported that more than 2% of the total oxygen consumed in aerobic
metabolism is utilized to produce superoxide radicals and the average annual production of
superoxide radical in human is about 2 kg[60]-[62]. The superoxide radical has a slightly
negative reductive potential (-0.16 V) and due to its unpaired electron, the superoxide radical
has a considerable degree of activity. Conventionally, it was thought that superoxide radical
can act both as a reducing agent[61] (Fe’" can be reduced to Fe*" by O," ) and as an
oxidizing agent[63] (O,  can oxidize the thiol groups). Our group has recently revealed the
function of O, in producing severe reductive DNA damages and suggested that O,"  might

act as a strong reducing agent in many pathological and physiological processes[64].

Under normal circumstances, the majority of superoxide radicals are generated within
mitochondria in a biological system. Mitochondria synthesize adenosine triphosphate (ATP),
the fuel that drives all of the physiological activities, through a mechanism that is so-called
the electron transport chain (ETC)[65]. Even under an ideal condition, some electrons can
still leak from ETC and interact with oxygen to form superoxide radicals. Except for
mitochondria, other cell organelles such as endoplasmic reticuli, lysosomes and cytoplasmic
membranes can also generate superoxide radicals during their routine hydroxylation and
oxidation reactions[57]. It is noteworthy that superoxide radicals are more likely to be
generated in the cell organelles rather than in the nucleus; therefore, the organelle genes have

higher tendencies to be damaged by superoxide radicals under usual circumstances.
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Under unusual circumstances where exogenous stresses such as ionizing radiation or
ultraviolet photons are presented, the formation of superoxide radicals can be mediated non-
enzymatically[66]. Pre-solvated electrons can be generated inside the nucleus from the
radiolysis of water. When oxygen molecule is close to the pre-solvated electron, the electron
will attach to the oxygen molecule to form a superoxide radical. The superoxide radicals can
be eliminated by a cell either spontaneously or by superoxide dismutase (SOD) and the
energy of the superoxide radicals are also transferred to nucleus DNA (see Eq. 1-12) and
other subcellular targets along these processes. In the aqueous environment inside a cell, the
superoxide radical has a very short lifetime[67], [68] and cannot diffuse far enough to
produce significant direct damages. However, it has an electron affinity about -0.5 eV. The
negative electron affinity suggested that superoxide radical has the tendency to donate one
electron rather than capture one. Therefore, it is relatively easy for a superoxide radical to
eject an electron and be oxidized. When the ejected electron is attached to DNA, the
dissociative electron transfer reaction will inflict DNA to cause bound rupture, nucleotide

breakage, and other irreversible reductive DNA damages[64].

For hypoxia cancer cells, the limited intrinsic oxygen level accounts for the fact that excess
of pre-solvated electrons exist after exposing to IR (the pre-solvated electrons are less likely
to be eliminated through Eq. 1-12). There is no doubt that pre-solvated electrons can create
severe DNA damages; however, considering pre-solvated electrons’ ultrashort lifetimes, high
reactivity, and the complex environment inside a tumor cell, a compound that can mimic the

mechanism of oxygen by letting a pre-solvated electron weakly bond to it and producing
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further DNA damages via DET reaction would be a good candidate to increase the IR

induced indirect DNA damages in hypoxic cells.
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1.6 DET based radiosensitizer

The definition of “dissociative electron transfer (DET)” is an ultrafast electron transfer
(~femtosecond) of a weakly bound electron to a transition molecule, AB, and then the

chemical bond of AB is broken, AB dissociates into fragments:

e (<0eV,<l1ps)+AB— AB™ — A (+ B) — DNA damage Egq. 1-13

As the definition suggested, the term “DET” refers to a process occurs when a weakly-bound
electron (< 0 eV) from either an atom, a molecule, or the polar medium rapidly transfers to a
transition molecule, forming a transient negative ion (TNI). Then, the fragments (A and B)
will be produced from the dissociation of the TNI. As shown in Eq. 1-13, when considering
DNA is the target, the dissociated AB fragments could be radicals and the resultant radicals
could inflict DNA damages. The source of the electron could either the radiolysis of bio-
molecules (most likely the water molecules) under ionizing radiation or the reductive

intracellular environment of a cancer cell.

Based on our fresh understanding about the properties of pre-solvated electrons, a family of
compounds with radiosensitivity through the DET reaction have been discovered by our
group by utilizing the fs-TRLS techniques[16]. These compounds are so-called
femotomedicine (FMD) compounds. In-vivo and in vitro experiments have already shown
that these FMD compounds are potent anticancer agents for chemotherapy and could be
effective radiosensitizer for radiation therapy[16], [69]. The advantages of these FMD

compounds over the conventional platinum-based anticancer agents are 1) the FMD
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compounds do not contain platinum (the heavy metal which is cytotoxic and hard to be
eliminated by human body); therefore have better pharmacokinetic properties; 2) the FMD
compounds have the natural selectivity that shown far less cytotoxicity and radiotoxicity on
human normal cell lines than on the human tumor cell lines[16], [69]; 3) the FMD compound
molecules are sufficiently effective in DET reactions and the DET reactions could be even

more effective in hypoxia tumor environment.

The DET reaction of the FMD compound can be described as the following: Pre-solvated
electrons are either created from IR of water or from the reductive environment of a cancer
cell. If pre-solvated electrons are not captured by a transition molecule (either a FMD
compound or DNA), they will quickly get solvated by the surrounding water molecules to
form solvated electrons. When a FMD compound is present, the pre-solvated electron will
dissociatively attached to a FMD compound and the negative transient ion, FMD"~, will be
formed. The potential energy curve for FMD™ is much lower than the potential energy curve
for the FMD; therefore, the ultrafast effective resonant DET will occur and FMD compound
will dissociative into fragments. These resultant radical fragments can effectively cause DNA

damages and subsequently kill the cancer cells.

In the presence of molecular oxygen, there should be a competition binding of pre-solvated
electrons between FMD compound molecules and oxygen molecules. Due to the fact that
FMD™ compound molecules are more efficient in producing DNA damages than the O," ", the
FMD compound should be more effective in the hypoxic environment than in the normoxic

environment. The major task in this project is to carry out in vitro tests to verify if the FMD
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compound’s radiosensitizing effect is enhanced in hypoxia cancer cells and to perform

quantitatively analysis, to calculate the enhancement ratio.
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Chapter 2 Steady-state absorption spectra
analysis of the radiolysis of the FMD
compound

2.1 Introduction

Spectroscopy is one of the most fundamental techniques in analytical chemistry study and
biochemical study. It is a quantitative measurement of the interaction between
electromagnetic (EM) radiations and the irradiated samples. In the 17" century, by refracting
white sunlight beams with a prism, Isaac Newton provided the first scientific analysis of
spectroscopy in the world. There are many types of spectroscopy that have been developed,
such as atomic absorption spectroscopy, Raman spectroscopy, microwave spectroscopy,
fluorescence spectroscopy, ultraviolent/visible (UV/Vis) spectroscopy, infrared (IR)
spectroscopy, nuclear magnetic resonance (NMR) spectroscopy, etc. Among all these
techniques, the UV/Vis spectroscopy provides researchers the simplest and cheapest way to
get an access to a variety of properties of a sample, such as the concentration of a sample, the
solubility of a solute, the rate constant of a reaction, etc. Therefore, the static UV/Vis spectra

measurement was chosen as the first experiment in this thesis.

The simplified working mechanism of a single beam UV/Vis spectroscopy is illustrated in
Figure 2-1. A UV/Vis spectroscopy consists of three parts, they are 1) a lamp, 2) a

monochromator, 3) a cuvette holder and 4) a photodetector. The lamp provides a continuous

25



stable light source from ultraviolet region to visible region for the system. The
monochromator separates the light beam into different fractions spatially by the wavelength.
The light beam with the selected wavelength can pass through the cuvette holder and the
intensity of the transmission light is recorded by a photodetector. The data is collected by the
data acquisition card and the spectrum is then plotted for future analysis. For solutions at low
concentration, the absorbance of the incident light by the sample can be described by the

Lambert-Beer’s Law.

Light Source

° 5

\

|
Cuvette Photo detector ‘

T

Monochromator

Figure 2-1 A simplified schematic illustration of the working function of a UV/Vis spectroscopy.
Light beam with a specific wavelength is generated from a monochromator. After passing through a
cuvette which contains the sample, the light intensity is decreased and the signal is recorded by a

photodetector. The absorbance of incident light is described by the Lambert-Beer’s Law.

As shown in Figure 2-2, the Lambert-Beer’s law is a famous quantitative relationship
between the concentration of a coloured substance in a homogeneous solution and the

amount of light the solution absorbed.
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Abs =log(10/1 ) — el Eq 2-1

Where Abs is the absorbance of the sample, I, is the intensity of the incident light, 7
represents the intensity of the transmission light, ¢ is the molar extinction coefficient, / is the

length that the incident light travels, and c is the molar concentration of the solute.

The geometric properties of a given cuvette are fixed, which means the distance that the
incident light travels, /, is a constant. At low concentrations, the molar extinction coefficient
is a constant, the molar extinction coefficient, ¢, is a constant; therefore, a linear relationship

between absorbance of the sample and the concentration of the substance is expected.

Figure 2-2. The schematic illustration of the Lambert-Beer’s Law. The incident light is absorbed by
the solute, and the intensity of the transmission light is therefore attenuated along the path. Based on

the Lambert-Beer’s Law, the absorbance is proportional to the concentration of the solute.

27



2.2 Method

2.2.1 Chemicals and reagents

To prepare the FMD compound stock solution, 5.3 mg of the FMD compound was weighted
by an analytical balance and then dissolved in 1000 puL of ethanol to make a 20 mM FMD
compound stock solution. For this steady-state absorption spectroscopy experiment, the 100
uM FMD solution sample was prepared by mixing 150 pL of the 20 mM FMD compound
stock solution with 30 mL of ultrapure water (TOC< 1ppb, Resistivity = 18.2 MQ-cm). The

ultrapure water was directly obtained from the Barnstead Nanopure water system.

2.2.2 Steady-state absorption spectroscopy

All the steady-state absorption spectra in this chapter were obtained using a Beckman Coulter
DU 530 UV/Vis spectroscopy. First, 400 uL. of the FMD solution sample (100 pM) was
added into a cuvette, the steady-state absorption spectrum was then measured. The peak of
the absorption spectrum was in the range of 1.5-1.7, which proved that the Lambert-Beer’s
Law can be applied to this sample. Then, different quartz cuvettes were filled with 400 puL of
the sample and are either bubbled with air, nitrogen, or argon gas for half an hour, protected
from light. After bubbling, totally 40Gy of radiation dose was evenly divided into 4 fractions
(10Gy each) and applied to the cuvettes. The steady-state absorption spectra of these cuvettes

were then measured before and after irradiation.
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2.2.3 Hypoxic environment system

To create a hypoxic environment, the cuvettes that contained the FMD solution samples were
bubbled with compressed nitrogen and argon gas. The high purity nitrogen and argon gas
were ordered from Praxair, and the purity was > 99.998%. For the control group, the samples
were bubbled with air. The bubbling system, as shown in Figure 2-3, was consisted with a
long needle, a short needle, and a rubber plug with parafilm wrapped around it. The gas was
bubbled into the cuvette through the long needle and was exhausted through the short needle.
The cuvette was sealed with a rubber plug and parafilm. The sample was prevented from

light, and was bubbled for half an hour with a constant rate (1-2 bubbles per second).

Long Needle

Short Needle

Rubber Plug &
Parafilm

Figure 2-3. The experimental apparatus diagram of the bubbling system. The gas flows into the
cuvette through the long needle, which was immersed into the very bottom of the cuvette. The short
needle, which was above the fluid level, acted as the exhaust vent. The system was sealed by the

rubber plug and parafilm.
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2.3 Results

To determine if the FMD compound is sensitive to IR, 400 uL. FMD solution sample (100
uM) was added into a cuvette, bubbled with air for half an hour, and then irradiated with
10Gy X-ray radiation 4 times. The steady-state UV/Vis absorption spectra of the sample
were measured before and after irradiation. The difference spectra between each irradiated
sample and the control group (without exposing to IR) were also plotted (see Figure 2-4).
The difference spectra were amplified by 10 times. Each of the difference spectra has a peak
at 220 nm. The decrease of the absorbance after irradiation shows that FMD compound is

indeed sensitive to X-ray radiation.

1.0 1 Air Condition
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Figure 2-4. The steady-state UV/Vis absorption spectra of the FMD solution sample (100 uM) after

being exposed to different doses of IR. These spectra were measured at room temperature. Prior to

radiation, the sample was bubbled with air for half an hour, protected from light. The difference
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spectra between each irradiated samples and the control group were also plotted. The decrease of

absorbance suggested that FMD compound is sensitive to IR.

To determine if the FMD compound is more sensitive to IR in the hypoxic environment, 400
uL FMD solution sample was added into a cuvette, then the FMD solution sample was
bubbled with nitrogen, instead of air, for half an hour, protected from light. 40 Gy of X-ray
was applied to the sample in 4 fractions. The UV/Vis absorption spectra were measured
before and after being exposed to IR. The results were shown in Figure 2-5. In order to
exclude the effect of the reactive nitrogen species, this experiment was repeated by bubbling
the sample with argon gas. The results were also shown in Figure 2-5. The difference spectra
were plotted. It seems that the difference spectra of samples bubbled with nitrogen were
identical with the difference spectra of samples bubbled with argon. By comparing the
difference spectra of the N»/Ar bubbled sample with the difference spectra of the air bubbled
sample, one can see that in hypoxic environment, the FMD compound is more efficiently
dissociated by IR. As all the difference spectra have a peak at 220 nm, the absorbance
decrease of the samples at 220 nm has provided us a quantitative measurement of
radiosensitivities of the FMD compound in either air, N, or argon conditions. The decrease
rate of FMD compound was calculated as the change of absorption over the change of
radiation dose, and it can be obtained from the linear fit of the radiation induced absorbance
decrease at 220nm. As shown in Figure 2-6 , in nitrogen and argon condition, the decrease

rates were almost the same (0.017010.0008), in air condition, the decrease rate was 0.0015
+0.0005. The hypoxic environment enhanced the radiosensitivity of FMD compound by

about 9 times.
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Figure 2-5. The steady-state UV/Vis absorption spectra of the FMD solution sample (100 uM) exposed to different dose of IR. The spectra were

measured at room temperature. Prior to radiation, the sample was bubbled with N,/Argon for half an hour, protected from light. The difference
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spectra between each irradiated sample and the control group were also plotted. The difference spectra were magnified by 10 times.
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Figure 2-6. The absorbance decrease at 220 nm of the irradiated FMD solution sample (100 pM). The
samples were irradiated by different doses of X-ray under either air, nitrogen, or argon gas
environment. The decrease rate showed a linear dependent to the radiation dose. The decrease rates
were obtained from the linear fit of the radiation induced absorbance decrease. In nitrogen and argon

environment, the decrease rates were almost the same (0.017040.0008), which was 9 times faster

than the decrease rate in air environment (0.0015 3-0.0005).
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2.4 Conclusion

In this experiment, we confirmed that the FMD compound is sensitive to IR. This is one of
the most fundamental characteristics for a potential radiosensitizer. By comparing the
decrease rates of the steady-state absorption spectra of the irradiated FDM compound
solutions, we also confirmed that under hypoxic environment, the radiosensitivity of the

FMD compound was increased by 9 folds. The mechanism is proposed to be as the following:

e In the presence of oxygen, after the radiolysis of water, e, will either be captured by
oxygen molecules to form the O, radicals, or dissociatively attached to FMD
molecules. If it is attached to the a FMD molecule, the FMD molecule will dissociate
into fragments; therefore, the absorbance of FMD compound will be reduced. The
dissociative FMD radical fragments might have anticancer activities (will be
discussed in next chapter); therefore, after dissociation, the FMD compound is

considered to be activated (see Eq. 2-1).

e . +0,+FMD — O} +FMD"" — Activated FMD Eq. 2-2

e In the absence of oxygen, there will be no competition binding of e, between
molecular oxygens and the FMD compounds. Therefore, more FMD compounds will

dissociate into radical fragments due to the excess of e, (see Eq. 2-2).

e . +FMD — FMD" — More Activated FMD Eq. 2-3

p
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Chapter 3 In vitro DNA double strand
breaks measurement

3.1 Introduction

Exogenous stress, such as cytotoxic chemical agents, ionizing radiation beams, or
ultraviolent light, can lead to a variety of DNA damages in a tumor cell. Some of the DNA
damages, such as base alterations and single strand breaks, can be instantly repaired by a cell.
Among all these DNA damages, double strand break (DSB) is the most lethal type. During
the normal life of a cell, the genome damages of the cell are continuously arising, but the
DSBs are rare events. Cells, especially cancer cells, may lack of enzymes to correctly repair
double strand breaks comparing to that for other types of DNA damages[71]. Therefore,
double strand breaks are very difficult to be repaired, and if not repaired correctly, fusions,
deletions, and translocations could happen in the adjacent DNA sequences, programmed cell

death (apoptosis) will be initiated[72].

Currently, there are many methods that are used for the detection of DNA DSBs, such as gel
electrophoresis, pulsed-field gel electrophoresis (PFGE)[73], and y-H2AX labeling. The gel
electrophoresis can be used to detect DNA fragments less than 50kb, the PFGE can be used
to isolate DNA fragments with higher molecular weights. By utilizing y-H2AX labeling,
DNA DSBs can be visualized with cell-by-cell resolution, and can be quantified through

fluorescence microscopy, without rupturing the cell membranes and extracting the DNA.
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Therefore, y-H2AX labeling has become an increasingly popular succedaneum to the other

DNA DSBs detection methods.

In mammalian cells, DNA is wound on histone-groups to form a condensed structure unit,
which is called a nucleosome. In the center of each nucleosome core particle, there is an
octamer of core histones, which is warped by about 146 base pairs of DNA[74]. The histone
octamer is consisting with one H3/H4 tetramer and two H2A/H2B dimmers. Therefore, H2A,
as one of the core histones, has substantial impact on the formation of nucleosomes as well as
the function of DNA. H2AX is a subtype histone belongs to the H2A histone family. H2AX
can be phosphorylated in the position of Ser139 by kinases such as ATM (ataxia
telangiectasia mutated), ATR (ATM-Rad3-Related), or DNA-PK (DNA dependent protein
kinase)[75]. Within a few minutes after exposing to genotoxic agents or ionizing radiation,
DNA DSBs will take place. In the adjacent to the breaks, H2AX will be phosphorylated[76].
The phosphorylated H2AX, y-H2AX, is essential for the assembly of DNA repair proteins
and for the activation of checkpoints proteins[77]. The y-H2AX foci have a 1:1 relationship
with DSBs[78]; therefore, y-H2AX can be used as a biomarker to represent DNA DSBs. To
visualize the DSB by immunofluorescence, we first add y-H2AX antibodies to selectively
detect the y-H2AX foci, then secondary antibodies are added for the amplification of the

fluorescence signal.
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3.2 Method

3.2.1 Cell culture

The human lung cancer cells, A549 (ATCC® CCL-185™) were purchased from the
American type culture collection (ATCC). Cells were grown in Kaighn’s Modification of
Ham’s F-12 (F-12K) medium supplemented with 10% fetal bovine serum (Invitrogen) and 1%
penicillin-streptomycin (PS) solution (ATCC® 30-2300™). The cells were incubated in 10%

humidified atmosphere with continuous 5% of CO; supply at 37 C, and were passaged twice

a week.

3.2.2 Radiation treatment

The logarithmic phase A549 cells were seeded in black 96-well plates at a density of 2500
cells/well. Following a 24 hours’ incubation, in order to let the cells attached to the bottom of
the plates, the cell culture medium in the plates was replaced by fresh medium containing
either 0 or 40 uM of FMD compound. Cells were incubated for 6 hours. After that, the plates
for the hypoxia treated cells were placed in our hypoxic environment system for 2 hours;
while, the plates for the normoxic cells remain in the incubator. Then, the plates were
irradiated with either 0 or 10 Gy of X-Ray dose by a 225 KV X-ray machine (Precision, X-
RAD IR225) at a dose rate of 2.5 Gy/mins. After IR, the hypoxia treated cells were taken
from our hypoxic environment system and incubated together with the normoxic cells for
two days. After the two days’ incubation, the y-H2AX detection assay was performed to the

cells. The yield of DSBs were analysed by the software Image J (See Figure 3-1).
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Figure 3-1. The schematic diagram of the radiation treatment of A549 cells. Following a 24 hours’
incubation, the cells were treated with 0 /40 pM of FMD compound for 8 hours. For hypoxia treated
cells, in the last two hours of the 8 hours’ drug treatment, plates were sealed in our hypoxic
environment system. Then 10 Gy of X-ray was applied to the cells. After radiation, the cells were
incubated for 2 days in a regular cell incubator. Eventually, y-H2AX detection assay was performed

to the cells.

3.2.3 Hypoxic environment system

The hypoxic environment system (see Figure 3-2) was designed with the help of my
colleague, Wei Hong, and the idea was inspired by Wang et al. [79]. In brief, the hypoxia
condition was achieved by flowing compressed gas mixture (95% N,, 5% CO,, directly
ordered from Praxair) into a large Ziploc® double zipper produce bag (purchased from
Walmart). The working process is described as the following: a multi-well plate was placed
into the zipper bag in advance, then the bag was flushed by the gas mixture for 3 times before
the bag was filled with the gas and sealed. The sealed bag was then placed in an incubator for

2 hours at 37 “C. Once sealed, it took 0.5-2 hours for the oxygen concentration eventually
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reached equilibrium between the cell culture medium (inside the multi-well plate) and the
surrounding gas mixture[79], [80]. Therefore, during the 2 hours’ hypoxia treatment, the gas
inside the zipper bag was refilled 6 times in order to extirpate any oxygen, which may emit

from the cell culture medium.

Hypoxia
(95% N2 & 5%
CO2)

96-Well Plates or
6-Well Plates

Double zipper
bag

Figure 3-2. The experimental apparatus diagram of the hypoxic environment system. The cancer cells
were seeded in the multi-well plates, and the plates were sealed in double zipper bags which contains

95% N, and 5% CO,. The sealed bags were incubated at 37 ‘C for a desired period of time, then X-

ray was applied to the cells which were sealed in the double zipper bag.
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3.2.4 y-H2AX detection kit

HCS DNA damage kit (Invitrogen, Catalog # H10292) was used in this experiment for the
detection of the DNA DSBs. In this kit, Alexa Fluor® 555 goat anti-mouse IgG was used to
selectively bind to the DNA DSBs sites and produce red emissions. The Hoechst 33342 was
used to stains nuclear DNA and produce blue emissions. This kit was used following the
standard protocol provided by the manufacturer. In brief, Image-iT DEAD Green™ viability
stain was added to the cells and the cells were incubated for half an hour in a regular cell
incubator. Then, the cells were fixed, permeabilized, and blocked. Following that, the y-
H2AX primary antibody, Alexa Fluor® 555 secondary antibody, and Hoechst 33342 nuclear
counterstain were added to cell sequentially. Finally, the cells were washed thoroughly to
remove all the excess antibodies. The immunofluorescence microscopy pictures of the cells
were taken by a Nikon Eclipse TS1000 microscope, and the intensity of y-H2AX per cell

was quantitatively analysed by Image J software.
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3.3 Results

To determine if the FMD compound can induce more DNA DSBs in hypoxic environment,
A549 cells were treated with/without 40 uM of FMD compound and exposed to 0/10Gy of
X-Ray radiation in normoxia/hypoxia conditions. The yield of DNA DSBs were represented
by the intensity of y-H2AX per cell. The images were shown in Figure 3-4. The blue
fluorescence represents the stained nuclear DNA and the red fluorescence is from the y-

H2AX foci. A quantitative analysis of the yield of y-H2AX was shown in Figure 3-3.

First, by comparing the yield of DNA DSBs (intensity of the y-H2AX foci) between the
control groups (the groups without FMD compound treatments), one can see that the 2 hours’
hypoxia treatment increased the yield of DSBs for the non-irradiated cells, but decreased the
yield of DSBs for the irradiated cells. The increase could be explained as the hypoxic
environment introduced exogenous stress to the cancer cells, and it therefore increased the
instability of the DNA; while the decrease can be explained by the oxygen enhancement
effect as discussed thoroughly in the previous chapter. In the absence of oxygen, the DNA
DSBs will not be fixed by oxygen and there is also no O, ™ to damage to DNA through the
DET reaction, the yield of DSBs in the hypoxic environment are therefore less than the yield
of DSBs in the normoxic environment. The decrease also proved that our hypoxic
environment system successfully maintained the low level of oxygen during the experiment

period.
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Then, by comparing the groups that were treated with 40 pM of the FMD compound, one can
see that even though the FMD compound showed some genotoxicity for the non-irradiated
cells, an increase of DNA DSBs was observed both in normoxic environment and in hypoxic
environment after radiation. Moreover, the increase in the hypoxic environment is more

significant than that in the normoxic environment.
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Figure 3-3. y-H2AX DNA DSBs detection in A549 cancer cells treated by the FMD compound
combined with X-ray radiation. A549 human lung cancer cells were treated with/without 40 pM of
FMD compound for 8 hours, followed by 0/10Gy X-Ray radiation in normoxia/hypoxic environment.
2 days after irradiation, y-H2AX DNA DSBs detection assay was performed. The intensity of y-

H2AX is proportional to the yield of DSBs per cell.

42



Normoxia Hypoxia
(95% Air & 5% CO,) (95% N2 & 5% CO,)

(Jit\l FAD J:()|1\[ FAID (liz\l FND 4(i1\l FAD

Figure 3-4. Image of X-radiation-induced genotoxicity of FMD compound in A549 human lung cancer cells using the HCS DNA Damage Kit.
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A549 cells were treated with 40 uM FMD compound for 8 hours. During this period, the normoxia cells were incubated at 37 ‘C, 95% Air, 5%

CO,, while the hypoxia cells were incubated at 37 'C, 95% Air, 5% CO, for 6 hours and 37 “C, 95% N,, 5% CO, for 2 hours.
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3.4 Conclusion

In this experiment, it was confirmed that the FMD compound is a sensitive DNA damaging

agent under IR. The proposed mechanism is described as the following:

e In the normoxic environment, the e, , which was generated from the radiolysis of water,
was either absorbed by an oxygen molecule to form the a O," ", or dissociatively attached
to the a FMD molecule to form FMD radical fragments. However, the O,  ~ is less
effective in creating DNA DSBs compared to the FMD radical fragments. The high level
of oxygen in the normoxic environment will lead to the loss of effectiveness of FMD

compound.

¢ . +t0,+FMD— O} + FMD" — Activated FMD — DNA Damages Eq. 3-1

e In the hypoxic environment, there were more e, that can dissociatively attached to
FMD molecules, the activation of the FMD compound consequently lead to the increase

of the yield of DNA DSBs.

e  +FMD — FMD" — More Activated FMD — More DNA Damages Eq. 3-2

p

We therefore conclude that, FMD compound has moderate genotoxicity in the absence of

radiation; however, when combined with IR, FMD compound is highly effective in

producing DNA damages, especially DNA DSBs, in hypoxic cancer cells.
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Chapter 4 Activated caspase assay of
apoptosis measurement

4.1 Introduction

DNA damages could lead to programmed cell death, namely, apoptosis, pyroptosis, and
necroptosis. Caspases are key components in the molecular identification of this intracellular
suicide program[81]—[83]. During the process of programmed cell death, the activation of
caspase enzymes will keep any impact on the surrounding tissues to a minimum[84]. Caspase
deficiency has been reported as a inducement for tumor initiation[85], on the contrary, the
over activation of caspase may result in neurodegenerative diseases, such as Alzheimer’s

disease (AD)[86].

One of the most distinctive features of early stage of apoptosis is the activation of caspases.
There are two major pathways for the activation of caspase. 1) the cell surface death receptor
pathway[87] and 2) the mitochondria initiated pathway. In the death receptor pathway, the
activation of caspase 8 aids in the cleavage of the downstream protein, Bid (BH3 interacting-
domain death agonist) protein, and the activation of the downstream caspase, caspase 3. In
the mitochondria initiated pathway, the activated caspase 9 can activate downstream caspases,
caspase 3, 6, and 7. It was also reported that there exists cross-talk between these two
pathways[88]. Caspase 3 is considered as the convergence point of these two signalling

pathways, as caspase 3 can be activated either by caspase 8 or 9. Therefore, the detection of
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the activated caspase 3 provided us a reliable and convenient approach to monitor the

apoptosis process.

To detect the activation of caspase 3, molecular probes consisting of a short peptide, DEVD,
and a DNA binding dye were added into the tested cell. As shown Figure 4-1,when apoptosis
starts, the activated caspase 3 will cleave the linkage between DEVD and the DNA binding
dye[89]. Therefore, the DNA binding dye will be released by caspase 3. The released dye
will bind to DNA, and emit green florescence after excitation. Eventually, apoptosis can be

quantified via immunofluorescence microscope.

Cytoplasm

Caspase-3 )id

;e . @
O

DEVD DNA
Binding
Dye

Figure 4-1. The schematic illustration of the working mechanism of the Caspase 3 detection probes.
The activation of caspase 3 represents the apoptosis process of the cell death. The detection probe is
consisted with a short peptide, DEVD, linked to a DNA binding dye. Activated caspase 3 can cleave
the linkage and release the dye. The released dye can then bind to DNA and emit a bright green

florescence after excitation.
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4.2 Method

4.2.1 Cell culture

The human cervical cancer cells, HeLa (ATCC® CCL-2™) were directly purchased from the
American type culture collection (ATCC). Cells were grown in Eagles Minimum Essential
Medium (MEM) containing 10% fetal bovine serum (Invitrogen) and 1% penicillin-

streptomycin (PS) solution (ATCC® 30-2300™). The cells were incubated at 37 ‘C in a

regular CO, incubator, CO, level was maintained at 5%, and relative humidity was

maintained at 10%. The cells were passaged twice a week.

4.2.2 Radiation treatment

The radiation treatment is almost the same as it has been described in the previous chapter.
The HeLa cells in the logarithmic growth phase were seeded in black 96-well plates at a
density of 2000 cells/well. 0/4/8 uM of FMD compound were added with fresh medium after
24 hours of seeding. Then, the normoxic cells were incubated in a regular incubator for 8
hours; while the hypoxic cells were incubated in a regular incubator for 6 hours and then
sealed in the hypoxic environment system for 2 hours (as described in last chapter).
Following that, 0/5/10 Gy of X-ray (Precision, X-RAD IR225) were applied to these cells at
a dose rate of 2.5 Gy/mins. After radiation, both of the normoxic cells and the hypoxic cells
were incubated in a regular cell incubator for 2 days for the final detection of activated

caspase.
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4.2.3 Caspase detection kit

CellEvent™ Caspase-3/7 Green Detection Reagent (Invitrogen, Catalog # C10423) was used
for the detection of activated caspase. The kit was used following the protocol provided by
the manufacturing company without further modification. In brief, the cells were treated with
different doses of FMD compound and X-ray radiation in normoxia/hypoxia conditions, 2
days after radiation, the cells were incubated with CellEvent™ Caspase-3/7 Green Detection
Reagent (2 puM) for half an hour in normal incubation condition. The pictures of the cells
were taken via a Nikon Eclipse TS1000 microscope. The apoptotic cells can be excited at
502 nm, and the emission is 530 nm. The number of apoptotic cells were then counted by
eyes. The percentage of cells with activated caspase is defined as the ratio of the number of

apoptotic cells to the total number of cells.
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4.3 Result

The images for the apoptosis analysis in the treated human cervical cancer cells (HeLa) were
shown in Figure 4-3. The cells with green emission were apoptotic cells, and the green
emission was from the activation of caspase 3. In the absence of radiation, as the
concentration of the FMD compound increased, there was an increase in the percentage of
apoptotic cells. This result suggests that the FMD compound has intrinsic cytotoxicity. In the
presence of the FMD compound, the percentage of apoptotic cells was increased with

radiation dose, this result shows that the FMD compound indeed has radiosensitivity.

The quantitative analyses of these figures were provided in Figure 4-2. It can be seen that in

the absence of the FMD compound, after being exposed to 10Gy X-ray radiation, 19.532.0 %
of apoptotic cells were observed in normoxia condition, but only 12.1+1.2 % were observed

in hypoxia condition. The reduction of the IR induced apoptosis in hypoxia condition showed
consistency with our previous DNA DSBs observation. Not surprisingly, cancer cells showed
resistance to radiation in the hypoxic environment. However, by comparing the percentages
of apoptosis between the radiated cells treated with/without FMD compound, one can see
that with 8 uM of the FMD compound, the percentage of apoptosis was increased both in
normoxia and hypoxia conditions. The increase in hypoxia condition (5-folds increment) was

significantly higher than that in normoxia condition (2-fold increment).
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Figure 4-2. The quantitative measurements of apoptosis in human cervical cancer cells (HeLa) treated
by 0/8 uM of the FMD compound with 0/10Gy of X-ray radiation under normoxia/hypoxia
conditions. The percentage of cells with activated caspases, the ratio of the number of cells with green
fluorescence to the total number of cells in an image, represents the percentage of apoptotic cells in

the whole population.
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Figure 4-3. Images of the human cervical cancer cells with activated caspase. Hela cells were treated with 0/4/8 uM of the FMD compound
followed by 0/5/10 Gy of X-ray radiation. At 2 days’ post-irradiation, the caspase detection reagent was added. The apoptosis in Hela cells were

represented by green fluorescence. The cells on the left panels were irradiated under normoxia condition, the cells on the right panels were

irradiated under hypoxia condition.
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4.4 Conclusion

In this experiment, it was proved that the FMD compound has radiosensitivity that can
increase apoptosis in human cancer cells. It was also proved that the radiosensitivity was
increased by the hypoxic gas environment but limited by the normoxic gas environment. The

proposed mechanism is described as the following:

e In the normoxia condition, the excess of oxygen will limit the attachment of the pre-
solvated electrons and the FMD molecules. Only a limited number of FMD molecules

could be activated in the presence of oxygen.

e, +0,+FMD— O] + FMD" — Activated FMD — Apoptosis Eq. 4-1

e In the hypoxia condition, the FMD molecules have more chance to be dissociatively
attached by a pre-solvated electron. The dissociated FMD fragments were efficient in
increasing apoptosis. Therefore, the FMD compound’s radiosensitizing effect is more

significant in the absence of oxygen.

¢ .1t0,+FMD — O} + FMD" — Activated FMD — More Apoptosis Eq. 4-2
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Chapter 5 Clonogenic assay

5.1 Introduction

Clonogenic assay and MTT assay are the two most popular in vitro techniques to evaluate the
potency of anticancer agents. Clonogenic assay is widely used to determine the proliferation
and survival of the irradiated cancer cells, while the MTT assay is commonly used to
evaluate the cancer cell variability (metabolic activity) after treated with cytotoxicity

molecules[90].

In radiobiology, for the proliferating cells, if a cell lost its ability to proliferate infinitely and
cannot produce a large number of offsprings, this cell is considered as dead. The clonogenic
assay is to test the capability of a single cell to proliferate into a large colony. Generally, the
clonogenic assay is composed of five steps: cell preparation, cell treatment, plating, staining,
and counting (more details will be given in the method section). A colony can be recognized
by naked eyes are of at least 50 cells[91]. The MTT assay is a colorimetric assay, the cells
with metabolic activities can reduce MTT to formazan crystal, a purple-colored product. The
quantity of formazan formed can represent the cell’s variability. The MTT assay is a fast and
inexpensive test, but it is not able to directly get access to the cytocidal activity and the
number of cells[92]. More importantly, the metabolic states between normoxic cells and
hypoxic cells are different. The difference in metabolic states result in the fact that the MTT

results cannot be crosswisely compared between normoxic and hypoxic groups.
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Therefore, in order to determine if the FMD compound can efficiently decrease the cancer
cells’ survival when combined with radiation, and to compare the sensitizing effect between
hypoxia and normoxia, clonogenic assay, rather than MTT assay, should be conducted in this

experiment.
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5.2 Method

5.2.1 Cell culture
A549 human lung cancer cells were used in this experiment. Cell line information and cell

culture conditions are identical with Chapter 3.

5.2.2 Radiation treatment

The flow chart of the cell treatment can be seen in Figure 5-1. The logarithmic phase A549
cells were seeded in 6-well plates at various densities as shown in Table 5-1. First, the cells
were incubated regularly at 37 ‘C, 5% CO,, 95% Air, for 24 hours. Then different
concentrations of the FMD compound were added to these 6-well plates, the normoxic cells
were then incubated in incubator for 8 hours, while the hypoxic cells were incubated in
incubator for 6 hours, and then sealed in the hypoxic environment system (37 ‘C, 5% CO,,
95% N3) for 2 hours. Then different doses of X-ray were applied to these plates. After
irradiation, cells were incubated in incubator at 37 ‘C, 5% CO,, 95% Air for 16 days to form
colonies. The colonies were then washed by PBS, stained by the mixture of crystal violet and
glutaraldehyde for half an hour. Finally, the plates were washed by tap water, and the

colonies were counted by naked eyes.
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Figure 5-1. The flow chart of the clonogenic assay. Cancer cells were harvested and trypsinized to

signal cell suspension. Then the density of the cell suspension was measured by a hemocytometer.

Different numbers of cells were seeded in 6-well plates depend on the treatments. FMD compoumd

was added 8 hours prior to radiation. Hypoxic condition was achieved by sealing the plates in our

hypoxic environment system. The colonies were stained and counted after 16 days’ post-irradiate

incubation.
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Seed Cell Number 0Gy 2.5Gy 5Gy 7.5Gy 10Gy
0 uM -N, 100 400 400 1000 4000
20 uM -N, 100 400 600 1500 6000
40 uM -N, 100 400 600 1500 6000
0 uM -Air 100 500 750 1500 6000
20 uM -Air 100 500 1000 2000 6000
40 uM -Air 100 500 1000 2000 6000

Table 5-1. The number of seeded A549 human lung cancer cells in the clonogenic assay.
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5.3 Result

In order to determine if the FMD compound can improve the effect of radiation therapy by
decreasing the cancer cells’ survival, human lung cancer cells (A549) were seeded in 6-well
plates, treated with 0/20/40 uM of the FMD compound with 0-10 Gy of X-ray under
normoxia/hypoxia conditions. As the result shown in Figure 5-2, the survival rate of the
cancer cells is decreasing with the X-ray dose increasing. In the presence of FMD compound,
the cell killing was enhanced both in normoxia and hypoxia conditions. This result is
consistent with our previous DNA damage measurements and apoptosis measurements. For
the control groups, the oxygen enhancement effect can also be observed from Figure 5-2, this

is a justification for our hypoxic environment system’s validation.

To compare the radiosensitivities of the FMD compound under hypoxic environment and
normoxic environment, the radio enhancement ratio (ER) of the FMD compound for both of
these two situations were calculated. The ER is defined as the ratio of the radiation dose
required to achieve a certain survival rate over that in the presence of radiosensitizer (see Eq.
5-1). As shown in Figure 5-3, at 20% survival rate, the ER for hypoxic cell was 1.42+0.05,

the ER for the normoxic cell was 1.10 £ 0.05. The radiosensitizing effect of the FMD

compound in hypoxic environment was predominantly enhanced.
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Figure 5-2. In vitro clonogenic assay of the radiosensitizing effects of the FMD compound tested in
human lung cancer cells (A549). The blue dashed lines are the survival curves for the cancer cells,

which were in hypoxic environment during IR; the red solid lines are the survival curves for the

cancer cells which were in normoxic environment during IR.
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Figure 5-3. In vitro clonogenic assay of the radiosensitizing effects of the FMD compound tested in human lung cancer cells (A549). The left

panel shows the survival rates of cancer cells irradiated under normoxia condition, the right panel shows the survival rates of cancer cells

irradiated under hypoxia conditions. The radio enhancement ratio (ER) for the right panel is significantly greater than that in the left panel.



5.4 Conclusion

In this experiment, the radiosensitivity of the FMD compound was tested in human lung
cancer cells (A549). The survival curves were reduced in the presence of FMD compound
combined with radiation, the results confirmed that the FMD compound has radiosensitivity

both in the normoxic and hypoxic environment.

By comparing the radio enhancement ratios in both of these two conditions, it can be found
that the radiosensitivity of the FMD compound was significantly enhanced in the hypoxic
environment. These results are consistent with the observation from the in vitro DNA DSBs
experiments and the in vitro apoptosis experiments. We therefore conclude that in the
absence of oxygen molecules, more FMD molecules will be activated by ey, and the
activated FMD radical fragments are efficient in producing DNA DSBs and therefore
apoptosis will be enhanced. This may directly lead to the decline of cancer cells’ survival
rates. In the presence of molecular oxygen, the formation of O, , will partially hamper the
effectiveness of the FMD compound and therefore, the radiosensitivity of the FMD
compound in normoxic cells will be limited. The enhancement ratio of the FMD compound

in hypoxic environment is 1.42+0.05, which is noticeably larger than the enhancement ratio
in normoxic environment (1.10£0.05). These results suggest that the FMD compound has

unique features that can be selectively activated in the hypoxic environment, and has
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promising potential to be applied clinically to overcome the hypoxia-mediated

radioresistance of a variety of cancer cells.
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Chapter 6 Summary

In summary, by conducting various in vitro experiments, we have demonstrated that FMD
compound is an effective radiosensitizer on hypoxic human cancer cell lines. The
radiosensitizing effect could be enhanced by the presence of hypoxia in the
microenvironment of tumor. The experiment also demonstrates that the limited
radiosensitivity of the FMD compound in the normoxic environment/tissue was a
consequence of deficient pre-solvated electrons to activate the FMD. Our results have
revealed a mechanism explaining the radiosensitizing effect of a variety of pre-solvated

electron activated radiosensitizers that are effective in the hypoxic tumor environment.

The in vitro steady-state absorption spectra analyses have shown that there exists a
competition binding of pre-solvated electrons between oxygen and FMD molecules. The in
vitro DNA DSBs detection experiment further indicates that in the absence of oxygen, the
pre-hydrated electrons produced by ionizing radiation (IR) of water, attach to our FMD
molecules and initiate a series of dissociative electron transfer (DET) reactions, thus induce
severe DNA damage, especially double strand breaks. Meanwhile, under normoxia
circumstance, oxygen molecules preferentially capture pre-solvated electrons to form
superoxide radicals, which are relatively moderate and less destructive comparing with
radicals formed from the dissociation of FMD molecules. Consequently, in the presence of
oxygen, DNA is partially detoxified by the FMD compound during IR. The in vitro hypoxia-

activated radiosensitivity of the FMD compound has been evaluated through
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immunofluorescence and clonogenic assays. The results have confirmed that the FMD
compound can decrease the cancer cells’ survival rate and increase the number of apoptotic

cells predominately in hypoxic environment.

These findings have provided a new understanding of the mechanism of the FMD compound
acting as a hypoxia-activated radiosensitizer and have highlighted a potential application of
our FMD agent in natural targeted radiotherapies. The results might be helpful to exploit

pre-solvated electrons for novel cancer therapies.
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