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Abstract

Radiation therapy is a very important component of cancer treatments. Considerable
advancements in radiotherapy technology have allowed for more uniform dose distributions, as
well as improved the ability to avoid organs at risk. These important innovations have led to
reductions in normal tissue toxicities resultant from treatments. While improved dose-delivery
methods have allowed for dose-boosting and spatial dose-painting, these improvements do not
address the fundamental biological impact that radiation creates through the creation of free
radicals and reactive oxygen species. This dissertation aims to quantify prompt changes in
metabolic signature and to investigate HIF-1 signaling following radiation on the cellular level in
vitro. Moreover, we evaluate changes in mitochondrial behavior in response to radiation in vitro.
An understanding of how metabolic fluxes may create interplay between radiation therapy and
radiosensitivity may improve cancer treatment efficacy in the future.

For this study, metabolic fluxes in two cell lines, a cancerous urothelial carcinoma cell
line (T24) and a comparable normal cell line, Normal Oral Keratinocytes (NOK) were assessed
by fluorescence lifetime imaging microscopy (FLIM) of the reduced form of Nicotinamide
Adenosine Dinucleotide (NADH). Using FLIM we demonstrated that the cancerous T24 cells
showed a strong shift in metabolic signature toward free NADH following irradiation of 10 Gy.
In contrast, no such shift in metabolic signature was observed for NOK cells following
irradiation. These changes occurred within 30 minutes, which is well ahead of the time-frame of
any cell-death related changes. Free NADH is created when glucose is cleaved into pyruvate in
the process of glycolysis. During oxidative phosphorylation (oxphos), NADH is bound to the
electron transport chain (ETC) and oxidized. This shift toward free NADH in the cancer cells is

evidence for increased aerobic glycolysis.



To link changes in metabolism with the local tumor microenvironment, we also assessed
expression of transcription factor subunit HIF-1a via immunofluorescence staining for both cell
lines. The HIF-1 complex serves as a transcription factor for several processes including glucose
transport enzymes, glycolytic enzymes, and stimulates angiogenesis and erythropoiesis. It was
found that following irradiation the T24 showed a three-fold increase in HIF-1a expression.
However, in the case of the NOK cells, HIF-1a expression was actually found to slightly
decrease by about 35%. Clonogenic survival assays found that T24 cells are approximately 100
times more radioresistant than NOK cells for high dose (>8 Gy) assays.

Because cellular mitochondria play a major role in cellular metabolism through oxidative
phosphorylation (oxphos) and oxphos-generated reactive oxygen species (ROS), we quantified
cellular ROS and mitochondrial membrane polarization (MMP) in each cell line following
irradiation. ROS measurements were conducted using DCFDA (dichlorofluorescein diacetate)
dye which reacts with peroxyl radicals in solution to activate its fluorescent potential. MMP
measurements were conducted using TMRE (tetramethylrhodamine ester) dye. TMRE dye is
sequestered by polarized mitochondria; however, in cells with depolarized mitochondria the
TMRE dye is washed away. ROS levels were significantly heightened following irradiation in
NOK cells, whereas for T24 cells ROS levels remained almost constant. MMP levels also
slightly decreased following irradiation but remained above mitochondrial control levels. In
contrast, T24 cells' MMP remained constant at mitochondrial control levels for both irradiation
and no irradiation. These data indicate that NOK mitochondria are producing potentially
cytotoxic ROS following irradiation not present in the T24 cells.

Because of the potential link between HIF-1, radioprotection and metabolism, expression

of Hexokinase 1l (HK-I1), a transcription target of HIF-1, was quantified using the Western Blot



gel electrophoresis technique. Hexokinase is a unique isoform of the glycolytic, hexokinase
family and is mediated by the HIF-1 complex. HK-II has been found to be over expressed in
many cancer types. It was found that T24 cells had a higher concentration of HK-1I than NOK
cells. HKII has been demonstrated to have significant cellular protective effects against
apoptotic and necrotic cell death as well as damage to organelles from ROS.

Together, these data indicate that following irradiation T24 cells have a capacity to
increase levels of glycolysis as compared to NOK cells. We hypothesize that this capability may
be driven by T24 cells' expression of HIF-1 to transcribe HK-I1 which has the highest capacity
for glucose throughput. These metabolic fluxes resulting from radiation likely drive the interplay
between radiation and radiosensitivity; moreover, these data show that the timescale of these
fluxes may take place during a hypofraction. A thorough understanding of how these effects
manifest in different cancer types as well as in higher order systems may unlock a new potential

avenue for steering adaptive radiation therapy treatment.
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Chapter 1: Introduction and Specific Aims



1.1 Introduction

Radiation therapy is a key component in most therapeutic regimens for cancer.
Oftentimes, radiation is deployed in tandem with surgery and systemic therapies. Radiation
induces the creation of a large population of free radicals and reactive oxygen species which
cause single-strand and double-strand breaks in deoxyribonucleic acid (DNA) molecules.
However, radiation also induces changes in the tumor microenvironment such as changes in cell
signaling, extracellular matrix, and metabolism. It is widely-known that oxygen concentration,
which is affected by metabolism, plays a key role in radiosensitivity, and also affects cellular
transcription factor hypoxia-inducible factor 1 (HIF-1). Among a multitude of functions, HIF-1
regulates glucose transporters, glycolytic enzymes downstream which are key players in
metabolism. By developing a deeper understanding of how radiation impacts the tumor
microenvironment fundamentally, deployment of radiation therapy may be improved to be

adaptive and more patient specific.

1.2  Central hypothesis and specific aims

Our central hypothesis is that radiation may affect the tumor microenvironment in
a quantifiable manner through changes in metabolism mediated by the expression of
proteins related to the metabolic cascade. Our rationale is that previous studies have
demonstrated that radiation perturbs oxygenation and perfusion in tumor models, and changes in
oxygenation should have significant impacts on metabolism as well as radiosensitivity. Because
radiation itself may impact radiosensitivity through metabolic reprogramming, it is important to

gain a deeper mechanistic understanding of how these changes manifest themselves.



Specific Aim 1: to quantify prompt changes in metabolic signature and to
investigate HIF-1 signaling following radiation on the cellular level in vitro. To quantify
changes in metabolism following radiation fluorescence lifetime imaging microscopy of cellular
NADH were used in a radiosensitive cell line versus a comparatively radioresistant cell line.
Furthermore, quantification of HIF-1a expression and cellular oxygen consumption helped shed

light on the nature of these metabolic changes.

Specific Aim 2: Evaluate changes in mitochondrial behavior in response to radiation
in vitro. To evaluate changes in mitochondrial behavior, fluorescence of cellular ROS
production and mitochondrial membrane polarization were quantified glycolytic enzyme
Hexokinase-11 expression may give further insight as to the exact nature of these metabolic

changes.

This series of studies was designed to elucidate some of the mechanistic underpinnings of
how radiation impacts cells in addition to the initial surge of free radicals and ROS creating
single-strand and double-strand DNA breaks. The contribution of this work is that we
demonstrated not only that radiation creates prompt metabolic changes in cells, but also
that these changes manifest differently in different cell types. Radiosensitive cells showed
little to no metabolic response, whereas radioresistant cells showed shifts in metabolic

signature and protein expression consistent with increased aerobic glycolysis.



Chapter 2: Radiation therapy and its interaction with the tumor

microenvironment: outlook and perspective



2.1 Introduction

According to the American Cancer Society facts and figures, almost 1.7 million new
cancer cases were diagnosed in the 2016 calendar year (1). The causes of cancer are wide-
ranging, from elevated risks caused by behaviors such as smoking (lung) and poor diet
(gastrointestinal) to inherited genetic mutations and/or predispositions such as retinoblastoma,
BRCA, etc. The sites at which cancers may occur are equally diverse and can vary greatly in
levels of aggression and lethality. It has thus been necessary to develop a wide and equally
varied arsenal of treatments to combat cancer including chemotherapeutic drugs, immunotherapy
agents and a multitude of different forms of radiation therapy. These regimens are typically

deployed concomitantly to achieve greater therapeutic gains.

Some form of radiation therapy is typically prescribed for a large proportion of overall
treatment regimens because of its therapeutic versatility. In addition to curative applications,
radiation therapy is sometimes deployed for palliative purposes, for example, sites such as brain
lesions, and bone metastases to relieve spinal pressure (2, 3). Advancements in radiotherapy
technology have improved the ability for physicians to escalate doses and theoretical biological
effective doses while decreasing normal tissue damage. These advancements include
improvements to spatial distributions as well as changes in fractionation regimens, respectively

4-7).

The implementation of multiple beams with optimized modulation within each field from
external beam radiation therapy (EBRT) introduces the ability to directly spare tissues from
escalated doses by bringing beams from multiple angles optimized to decrease dose build-up for

intervening tissue between the beam source and the target volume. One can also perform



subvolume boosting (8-10) with modern forms of intensity-modulated radiation therapy (IMRT)
treatments such as TomoTherapy (11, 12) among several other examples (13). Brachytherapy is
an alternative to EBRT approaches where radioactive seeds are implanted directly into the tumor
tissue to deliver a highly localized dose distribution at either low dose or high dose rates.
Brachytherapy has seen many applications such as gynecological (14, 15), prostate (15-18) and

breast (15, 19) cases.

A further innovation in radiation therapy delivery has come from alterations in dose
scheduling. Historically, typical radiotherapy regimens are delivered in 2 Gy "fractions" five
days per week over a certain, pre-specified number of weeks (7). Traditional fractionation
schemes were devised to overcome challenges presented by hypoxia and repopulation which will
be further discussed below (20, 21). "Hypofractionated” describes treatments that deliver a
prescribed dose over fewer fractions of doses over 2 Gy, whereas "hyperfractionated” describes
treatments that deliver a prescribed dose over more fractions of doses less than 2 Gy.
Hypofractionated and stereotactic strategies have shown significant promise in treatment success

and have become more and more prevalent (4-6).

Radiation effects of cells have been typically described by the linear-quadratic model
which is an empirical model based on fits to cell survival curves. The model's theoretical
assumptions are simple. Cells are killed initially by DNA damage due to “hits” from radiation:
the charged particles or radicals created by the ionizing radiation that damages DNA. The
single-hit events (said to be represented by the o term) are proportional to dose, and multi-hit
events (represented by ) are proportional to the square of the dose. The surviving fraction, S,

as a function of dose, D, is as follows:



S = exp(—aD — BD?). (2.1.1)

This model does not address the complexity of the interactions of radiation with the
microenvironment, which is a highly complex biological system with a multitude of regulatory
signals. Moreover, this model does not address how radiation therapy itself may perturb the

biological system (22-25), even within the time scale of a treatment fraction (26).

The tumor microenvironment is a multi-scale, multi-faceted and still evolving concept
(27-30). It spans spatial scales from intracellular, molecular interactions (26, 31, 32) at the
protein level to vascular architecture at the tissue level (33-36). The microenvironment is also
subject to temporal changes which impact cellular dynamics (37, 38). The implications of
interactions between these scales are manifold and wide-ranging, dictating signals for growth
and angiogenesis (33, 39-41). The tumor microenvironment consists of both cellular non-
cellular, stromal components. Cancer-associated fibroblasts are a major player in the tumor
microenvironment as well as mesenchymal stem cells and endothelial cells which may be

stimulated to create new blood vessels to feed tumors' voracious appetites (42, 43).

In normal tissues, fibroblasts are largely responsible for the shaping and remodeling of
tissues. Fibroblasts play a key role in regulating wound healing. The extracellular matrix
(ECM) is the major stromal component of the tumor microenvironment. The ECM is comprised
of cell-surface proteins that may serve as signal receptors or transducers, and collagen fibers
which provide structural integrity among other functions. Chemotherapeutic regimens that
target the interactions between tumor cells, the various cellular components, and the ECM

structure have gained popularity in recent years (42-47).



A particular example of tumor microenvironment-targeted therapy that has seen wide
application in clinical trials is the use of anti-angiogenic vascular endothelial growth factor
(VEGF) inhibitors coupled to traditional treatment regimens. This has seen wide application in
various cancer sites such as colorectal, breast and lung cancers, with only modest gains in patient
survival (48). Sustained inflammation from immune response is also a well-known promoter of
carcinogenesis due to hyperactive DNA repair and cell proliferation (49). Sustained expression
nuclear factor light-chain-enhancer of activated B cells (NF-xB) has been shown to reduce the
efficacy of both radiotherapy and chemotherapy, and thus modulation of this signaling pathway
may be a key target for therapeutic improvement. However, outright suppression may actually

prove detrimental as FAS, a target gene of NF-«xB, is implicated in mediating apoptosis.

The ECM also plays a significant role in the progression and evolution of cancers. A
high degree of collagen alignment in breast cancer has been shown to facilitate tumor metastasis.
Aligned collagen fibers may penetrate basement membranes allow cancer cells to invade other
tissues. Alignment of collagen in this manner has been quantified and correlated with poor
patient prognosis (50, 51). Moreover, ECM stiffness can have great impact on tumor
development; indeed, breast density has been shown to have a strong correlation to incidence of
breast cancers (52-54). ECM properties such as stiffness and vascularity also contribute to
difficulties with drug delivery of macromolecular agents not only by insufficient blood supply
but also with increased interstitial fluid pressures which conspire to limit perfusion (35, 55).
Studies have found that the family of collagen cross-linkage transcription factors lysyl oxidase
(LOX) has been implicated and tumor progression via downstream transcription targets (56, 57).
While work with nanoparticle drug delivery has shown some promise to overcome these

obstacles (58-61), the complexity of these signaling pathways and their interactions with drug



delivery will remain. Herein lies a tremendous advantage for radiotherapy: ionizing radiation is
not subject to the perfusion and transport limitations that limit the delivery and efficacy of
chemotherapeutic agents. This rings especially true with the technological advances in

radiotherapy delivery techniques listed previously.

2.2 The 4 R's of Radiobiology?

Radiation therapy is a critical component in many therapeutic regimens and has
classically been discussed within the traditional "4 Rs of radiobiology:" repair, reassortment or
redistribution, repopulation and reoxygenation. It should be noted that these processes occur on
varying time scales from hours to days. Considerable effort has been made to expand our
knowledge about mechanistic causes of radiation injury to cells. It is now accepted that there is a
5th “R” representing inherent radiosensitivity. This last “R” has the potential to provide more
personalized and adaptive treatments. Radiosensitivity, too, could be occurring on a variety of

temporal and spatial scales.

Radiation therapy's effect has been traditionally attributed to cell death caused by acute
cellular DNA damage, which leads to replicative failure over the course of a few cell divisions.
This process has been usefully characterized by the traditional four R's of radiobiology listed
above. Sublethal damage repair, one of the “R’s,” is a vital component to cellular radiation
response; this repair provides the contrast between normal and cancer cells' DNA repair
mechanisms. Fractionated strategies are able to work well for treating tumors with radiation
because the cancer cells tend to integrate genomic damage. Cancerous cells typically possess
inefficient DNA repair mechanisms but possess the ability to circumvent apoptosis which allows

for radiation-induced genetic mutations to take hold propagate.
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Redistribution describes the fact that cells exhibit contrast in radiosensitivity based on
their progression through the cell cycle. Cells in S-phase are least sensitive to radiation because
cells must go through a requisite checkpoint before activating DNA replication machinery.
Before progressing to cell division, cells in S-phase would be more likely to have the needed
time to activate their DNA-repair apparatus and thus correct any DNA defects introduced by
radiation. By contrast, cells undergoing mitosis are the most sensitive to radiation damage,

because there are no checkpoints to arrest the cell cycle once division has begun.

Repopulation occurs after repair of sublethal DNA damage and successful survival of
bystander effects. Cells begin to proliferate and tumor regrowth ensues. The reoxygenation R is
of vital importance because of oxygen as a modulator of the efficacy of radiation-induced DNA
damage and subsequent cell killing. This chapter will focus primarily on interactions between
radiation therapy and the tumor microenvironment that may be potential targets for improvement
of radiation therapy, particularly metabolic reprogramming and microenvironment oxygenation

changes that can occur faster than cell death.

2.3 Radiation induces ROS production

lonizing radiation creates biological effects by the excitations and ionizations from either
the secondary charged particles resulting from photon interactions or from primary charged
particle beams and secondary charges along the paths that these beams traverse into tissue. The
amount of total energy deposited by a 60 Gy (J/kg) prescription into a tumor with a mass of 2
grams is very small — just 0.12 J. That amount of energy is very small — too small in fact to
attribute the biological effects to thermal mechanisms. Radiation interacts with deoxyribonucleic

acid (DNA) molecules in two ways: through direct action and indirect action.
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In direct action, photons (or charged particles) interact with and ionize atoms in DNA
molecules themselves. For low-linear energy transfer, radiation such as electrons, and photons,
the majority of radiation interactions are with water molecules which are the major component of
cells. The ionization of water molecules (radiolysis) liberates secondary electrons, which are
free to create a multitude of reactive intermediates, such as free electrons (e-), hydrogen radicals
(H"), hydrogen gas (H) and hydrogen peroxide (H,O;). Free electrons have kinetic energy
imparted on them by the ionization event and may create lesions in DNA molecules or cellular
proteins. With molecular oxygen in solution, these free electrons and H' very quickly equilibrate
between superoxide and perhydroxyl (O2-/HOy’) conjugate acid/base pairs. Organic radicals (R’)
also form readily from ionizations and excitations that take place close to biomolecules and
result in peroxyl radicals (RO’ following interaction with molecular O, present in solution (24,
62). In addition to creating damage in genetic information, ROS also create oxidative stresses in

other organelles that can result in drastic changes in cellular behavior (63).

2.4  Oxygen and the Tumor Microenvironment

Molecular oxygen present in solution is a vital ingredient for radiosensitivity because it
allows the formation of the higher-order ROS like peroxyl radicals and superoxide anions.
These ROS can create permanent DNA damage through chemical interactions at sites where
energetic electrons ejected from atoms in water molecules by photon interactions have interacted
with DNA strands. Studies have demonstrated that well-oxygenated cells are approximately
three times as likely to be killed by radiation as are hypoxic cells. This observation, known as
the oxygen enhancement effect, has long been a target for radiation therapy improvement (64,

65).
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Moreover, availability of oxygen is a key, mediating factor in metabolic homeostasis,
because it acts as the final electron acceptor in the electron transport chain. Because of this key
role, available oxygen plays a critical role in allowing the 16-fold more efficient oxidative
phosphorylation versus glycolytic pathways for the generation of cellular adenosine triphosphate
(ATP). Mitochondrial respiration results in ROS production under normal physiological
conditions and cellular ROS are a vital component to cellular redox state (66-68). Oxygen also
plays a key role in the mediation of hypoxia-inducible factor (HIF) protein complexes (30, 69-
72). Finally, lack of available oxygen (hypoxia) exerts stresses on cells that encourage the
decoupling of glycolysis from respiration such that it can become the primary energy supply

(73).

2.5 Radiation and HIF-1

Oxygen and ROS concentration also has a profound effect on HIF-1a concentration and
thus the formation of the HIF-1 complex. HIF-1 is a heterodimeric protein consisting of an alpha
and a beta subunit. The aryl hydrocarbon nuclear translocator (ARNT), or HIF-1 concentration,
is not dependent upon oxygen concentration; however, under normoxic conditions, the HIF-1a
subunit is hydroxylated, sequestered by the von Hippel-Lindau tumor suppressor protein and
subsequently degraded. Under hypoxic conditions, HIF-1a is not hydroxylated and thus is able
to complex with the HIF-1p subunit and form the HIF-1 heterodimer. This pathway is a key
mechanism for cellular oxygen sensing. HIF-1 is responsible for regulating several processes
downstream as shown in figure 2.5.1, particularly those related to coping with hypoxia-induced

stresses whose effects are realized at multiple scales, both spatial and temporal.

It has also been demonstrated that free radicals and ROS generated from ionization

events in cellular (radiolysis) water can have a stabilizing effect on the HIF-1a subunit (74).



This ability of the cell to react to ROS transients has profound implications on metabolic

function because of its aforementioned role in sensing oxygen concentration. Indeed, a large

dose of radiation has been demonstrated to induce a strong metabolic shift toward glycolytic
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Figure 2.5.1: Transcriptional consequences of HIF-1a upregulation. This stabilization may occur through a
multitude of mechanisms, such as loss of function of the VVon Hippel-Lindau protein, hypoxia or excess ROS.
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pathways with a concomitant increase in HIF-1a expression in cancerous, radioresistant cells in
vitro. Comparatively radiosensitive, non-cancerous cells that were subjected to the same
treatment were found to have little metabolic shift and no increase in HIF-1a expression (26).
This observation suggests that radiation responses may differ across cell types. While the causes
of HIF-1 overexpression is not limited to excess ROS or hypoxia, the downstream implications
remain (75). Indeed, these findings suggest that cells responding differently to ionizing radiation

may also be related to a so-called 5™ R or radiobiology: intrinsic radiosensitivity.

2.6 Metabolic reprogramming can alter radiosensitivity

Radiation potentially results in aberrant metabolism in several ways. There are multiple,
key adaptations necessary for cancers to develop and thrive: one is to circumvent the regulatory
checks of cell proliferation; another is to satisfy their voracious energy and biomass needs to
sustain unfettered proliferation. This runaway proliferation also results in more opportunities for
selection of cells possessing resistive mechanisms to environments found in tumors which,

would normally be toxic to cells such as acidosis and hypoxia.

Because radiation has been observed to stabilize HIF-1a, it allows for the HIF-1 complex
to form in excess and thus regulate critical metabolic processes downstream as diagrammed in
figure 2.6.1. HIF-1 activates transcription of glucose transporters such as GLUT1 (Glucose
Transporter 1) and GLUT3 (76), and glycolytic enzymes hexokinases | and 1l (HK-1 and 1) as
well as phosphofructo-1-kinase (PFK-1). Moreover, HIF-1 transcribes critical enzymes for
lactate and proton extrusion, lactate dehydrogenase A(LDH-A), pyruvate dehydrogenase kinase-
1 (PDK1) and monocarboxylate transporter 4 (MCT4) (76, 77). A representative schematic is
shown in figure 1.10.2 Upregulation of these proteins contribute to the Warburg effect in cancers

- an increase in glycolysis regardless of the availability of oxygen or lack thereof (78).
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Figure 2.6.1: HIF-1-induced metabolic reprogramming. Monocarboxylate transferases help feed
metabolic symbiosis, while HK-I1 helps increase the rate of glucose metabolism, as well as
bolstering antioxidant defenses via NADPH. Moreover, HK-I1 helps prevent apoptotic cell
death. HIF-1 also regulates angiogenesis to create new blood vessels.
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LDH-A converts pyruvate to lactate, which removes the primary reactant for the Krebs
cycle, and thus, prevents oxidative metabolism. Interestingly, it has been demonstrated that
differential HIF-1 concentration in hypoxic and normoxic cells may result in symbiotic
metabolic behavior in cancers which has enabled adaptation to antiangiogenic therapies (79-81).
This symbiosis is driven by differences in HIF-1 which leads to changes in lactate transport
mediated by MCT-1 and MCT-4. MCT-1 is found in the oxygenated regions of the tumors and
stimulates the uptake of lactate into the cells. In the cell, the lactate is then converted to pyruvate
by LDH-B and is free for utilization by the tricarboxylic (TCA)/Krebs cycle. In this way,

normoxic cancer cells are able to bypass their need for glucose.

Meanwhile, in hypoxic cells, elevated levels of GLUT1, LDH-A, and MCT4 transcribed
by HIF-1 result in the opposite metabolic behavior. GLUTL increases glucose uptake into cells,
which is metabolized into pyruvate and ATP. The pyruvate is then converted to lactate by LDH-
A and expelled from the cell in a proton-coupled manner by MCT-4. Hypoxic cells are therefore
able to satisfy their energy demand while ridding themselves of excess protons thus preventing
acidification. This lactate that has been extruded may be taken up by normoxic cells thus
establishing symbiotic feedback. This may last until the hypoxic cells consume the supply of
glucose and are no longer able to generate energy via glycolysis (73), which results in massive

cell death and an opportunity for natural selection of more aggressive cell phenotypes.

2.7 Radiation alters mitochondria

As stated previously, O, and ROS concentrations are crucial mediators in the regulation
of metabolic function. Because mitochondria comprise a significant volumetric component of
cells (4-25%), the flood of free radicals and ROS resultant from ionizing radiation has a

potentially tremendous impact in vitro (82). Mitochondria serve as the main source for ROS
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production in healthy cells through the natural products of the TCA or Krebs cycle, the electron
transport chain (ETC) and oxidative phosphorylation (oxphos). Like nuclear DNA,
Mitochondrial DNA is susceptible to ROS-induced, oxidative damage from irradiation (83).
Indeed, previous studies have shown that mitochondrial DNA is more sensitive to oxidative
damage from ionizing radiation than nuclear DNA both promptly and hours after the insult from
radiation (84, 85). ROS not only create damage to DNA molecules in mitochondria but also
impact biomolecules involved in proper function of the ETC for example, the peroxidation of
inner mitochondrial membrane protein cardiolipin which impairs the functions of mitochondrial

complexes I and 111 (86, 87).

Oxidative stress from excess ROS also plays an important role in inducing permeability
changes in the mitochondrial membranes. The mitochondrial permeability transition pore
(mPTP) has been shown to be sensitive to the concentration of cellular ROS (23). The opening
of the pore results in the degradation of mitochondrial proton gradients that are normally
maintained to create the polarization necessary to sustain ATP synthase activity. When opened
in normal cells, the mPTP also serves an important role in mediating cell death through both
apoptosis and necrosis. Prolonged periods of depolarization and permeability result in elevated
Ca®* concentrations, which in turn may depolarize other mitochondria and cause subsequent pore
opening. This greatly increases the cellular concentration of cytochrome ¢ which participates in
the formation of the apoptosome (cell death protein) by interaction with procaspase and activates
the so-called cellular "wheel of death™ and ultimately results in apoptotic cell death. However,
the formation of the apoptosome requires energy in the form of ATP that is supplied by
functional, respiring mitochondria. If a critical mass of mitochondrial function has been

compromised by permeability transition, insufficient ATP levels will result in necrotic death due
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to metabolic starvation. How these mechanisms differ across cell types and to cancer cells is less

well known.

Hexokinase Il (HK-11) is an interesting factor in tumor adaptation because hexokinases
are the family of enzymes that initiate glucose metabolism. HK-I1 is unique because it is the
isoform of hexokinase that is primarily expressed in cancerous cells, perhaps in part because it is
a transcription target of the HIF-1 complex. Moreover, HK-I1 has two active glucose binding
sites, which gives these cells a greater ability to metabolize glucose and compensate for the
energy inefficiency of glycolytic pathways. HK-II has been observed to prevent the opening of
the mPTP and thus may play a role in preventing necrotic and apoptotic cell death thus affecting

treatment efficacy.

Excess ROS have also been implicated in inducing further ROS release. Zorov et al.
observed that ROS exposure resulted in depolarization of mitochondria in isolated cardiac
myocytes. The mitochondrial permeability transition resulted in release of further ROS, a
process called ROS-induced ROS release (RIRR) (88). Leach et al observed that radiation could
trigger this mitochondrial permeability transition and leads to bursts of ROS and reactive

nitrogen species (82).

2.8  Oxygen delivery and availability

At its largest scale, the microenvironment is organized at the tissue level. This consists
of a multitude of cell types, such as vascular infrastructure, adipose cells, or collagen fibers.
However, this scale is not simply limited to different cell types. Vasculature is a particularly

important therapeutic target because it has been demonstrated that anti-angiogenic agents
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deployed in tandem with traditional therapies have shown promise for improving curative

success, interference from metabolic symbiosis notwithstanding (79, 89, 90).

The physiology of tumors is unique and different from that of their normal tissue
counterparts. The normal tissue microenvironment is designed to have orderly blood vessels and
flow to deliver nutrients and oxygen homogenously. Conversely, a tumor is comprised of highly
tortuous and irregular microvessels, which sometimes lack basement membrane causing them to
be relatively more permeable to fluids (91, 92). This increased permeability creates a very
hypertensive microenvironment for the tumor compared to normal tissues. The microvessels in a
tumor are sometimes comprised of shunt vessels and other times have blind ends, causing
irregular blood flow and hence the heterogeneous distribution of oxygen and nutrients. The
heterogeneous distribution of oxygen ranges from regions of chronic hypoxia to intermediate and
often acute hypoxia to well-oxygenated regions. Chronic hypoxia results from a complete lack of
oxygen available to cells beyond the diffusion distance for respiration. This condition is usually
permanent and often referred to diffusion-limited hypoxia. On the other hand, acute hypoxia
results from spatiotemporal variations in oxygen that are sometimes intermittent or cyclic (93).
This turns out to occur in areas of intermediate oxygen availability. Oxygen availability at the
time of radiation is critical to the outcome of treatment (94). In fact, for hypofractionated
treatments that are becoming more popular, oxygen becomes a dominant concern for 5 or fewer
fractions (38, 95). The dynamics of cancer cells at intermediate oxygen levels have been found
to play a very important role in radiotherapy success as they have been associated with radiation

resistance and metastasis through accumulation and stabilization of HIF-1a (96).

Tumor oxygen partial pressures in acute hypoxia vary on timescales between minutes,

tens of minutes, or even hours to days (30, 37, 97, 98). The phenomenon of acute hypoxia is not
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well understood. In fact, no correlations have been found between hemodynamics and partial
oxygen pressures in perivascular spaces (99). Correlations have however been found between
oxygen partial pressure with red cell flux in tissue (100) and perivascular spaces (97) in acute

hypoxia.

Another school of thought has been that fluctuations of oxygen in a tumor is due to a
consumption mechanism rather than a supply one. Calculations done by Secomb et al. (101)
show that changes in oxygen content will be largely dictated by a consumption mechanism rather
than a supply one. Che Fru et al. (37) have measured frequencies above pink noise that indicate
regular oscillations in addition to random fluctuations in a tumor, using blood oxygen level-
dependent magnetic resonance imaging. In this study, fluctuations with regular frequencies
occurred in patches heterogeneously distributed throughout the tumor. They posited that regular
oscillations in tumor oxygen partial pressures are due to the well-established nonlinear metabolic
mechanism of the glycolytic oscillator, which has been well studied in yeast (102) and exhibit

frequencies similar to those observed.

The effects of radiation on the frequencies observed in acute hypoxia in tumors have not
yet been researched. However, Olive et al. observed a global decrease in oxygen consumption
following a perturbation of murine tumors with radiation, accompanied by an overall increase in
tumor perfusion (103). Similarly, Bussink et al. found that hypoxia decreased significantly as
measured by pimonidazole staining in murine tumors in-vivo just hours following irradiation

(104).
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2.9 Perspective

Radiation therapy is an important component of many cancer therapeutic regimens that
has seen considerable improvement since it was first implemented for skin tumors a century ago.
The crude skin applicators have been replaced by linear accelerators with multiple energies and
multiple modalities which greatly increase the accessibility of targets both deep and shallow.
Different strategies of dose modulation, such as volumetric modulated arc therapy (13) and
TomoTherapy (11, 12), have increased physicians' ability to escalate dose prescriptions. This is
made possible because advanced dose delivery strategies and planning systems have allowed for
improved normal tissue sparing and dose shaping to provide conformal avoidance of sensitive
structures and to shape the dose within the planning tumor volume, even provide for subvolume

boosting.

Radiation therapy is treated in many ways as a solved problem because of these
technological advances, and the many carefully conducted studies of radiobiological phenomena
that helped develop the formalism of the 4 R's over the course of a century. What is now needed
is a way to exploit a fifth 'R', radiosensitivity, clinically for more adaptive treatments adjusted
per patient. However, it is important to note that these effects take place over different time
scales. DNA repair and cell cycle redistribution can occur as quickly as within hours of radiation
damage. The classical radiobiology effects of repopulation and reoxygenation occur a day
following whereas reoxygenation can take several hours to days. Repopulation may take place
over several weeks. However, metabolic effects following radiation have been observed within
minutes of radiation injury in vitro, and metabolic reprogramming due to radiation-induced
signaling may influence radiosensitivity between or even during radiotherapy fractions.

Radiation effects on cells, both prompt and delayed, are more complex.
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Part of cancer's metabolic reprogramming lies in the HIF-1 complex which systemically
affects cancer treatment including radiation. Studies have shown that radiation may stabilize the
HIF-1a subunit thus allowing the HIF-1 complex to form. HIF-1 has been implicated in poorer
prognosis in breast and kidney cancer because of its role in promoting angiogenesis and
radioprotection of vascular endothelia. Moreover, HIF-1 is implicated in metastatic signaling.
This makes HIF-1 an important target for improving all therapeutic regimens, particularly
radiation therapy. HIF-1's role in the aforementioned metabolic program is important because

those changes in metabolism are quantifiable.

Metabolic profiling may be a useful tool for advancing radiation therapy on a biological
level as opposed to a technological level because it could allow the monitoring of intrafraction
dynamics. These types of improvements of radiation therapy are important because they
potentially allow for adaptive treatment schemes for patient-specific treatments. Attempts to
improve biological effect have already taken shape in the form of differing fractionation
schemes. However, as hypofractionated schedules become more popular, consideration of
potential intrafraction dynamics increases in importance. Radiation affects both perfusion and
metabolism, which are key factors in oxygen availability; as a result, radiation may also affect
radiosensitivity itself. With more treatments in hypofractionated schedules, radiosensitivity
contrast is a real concern for maximizing treatment efficacy. These advances are critical because
drug-delivery challenges will remain for the foreseeable future, and radiation therapy is not

shackled by such limitations.
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3.1 Introduction

Typical clinical radiotherapy regimens schedule daily “fractions,” which are delivered
over minutes to tens of minutes (1). Tissue oxygenation is a proven key modulator in the
effectiveness of radiation therapy (2), and several studies have shown that radiation itself impacts
oxygen consumption (3-5). It is important to continue to improve radiation therapy as a large
fraction of cancer patients receive some form of radiation therapy either as their primary form of
treatment or concomitant with other treatment modalities. Metabolism and oxygen are
intrinsically linked (6, 7); therefore, prompt changes in metabolism could cause changes in the

tumor microenvironment such as available oxygen.

Usually, under aerobic conditions, cells produce energy via oxidative phosphorylation as
it is considerably more efficient (36 adenosine triphosphate, or ATP, per glucose molecule) than
glycolytic pathways (2 ATP per glucose molecule); however, many types of cancers utilize
glycolysis as their primary source of energy production, even under aerobic conditions. This
unique metabolic behavior of tumor cells is known as the "Warburg effect” (8-11). In addition to
previously reported metabolic states such as the Warburg effect, it is thought that cancer cells
may respond differently metabolically to microenvironment perturbations (12-14). We
hypothesized that, following radiation, there might be detectable and quantifiable changes in
metabolism from the physical effects of the radiation itself, and that these may occur very
quickly. The hypothesis is based on the observation that in vivo, the oxygen level is seen to

quickly change from large doses of radiation, well ahead of any cell death (4).

Nicotinamide Adenosine Dinucleotide (NADH) is an intrinsically fluorescent
intermediate metabolite that has been utilized in a number of studies (15-22). Its fluorescent

lifetime (the measured amount of time in the excited state) depends greatly upon its chemical
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state (23, 24). When NADH is bound to a protein complex, its fluorescence lifetime is
considerably longer (~2.5 ns) versus its fluorescence lifetime in the free state (~400 ps) (23, 25).
Therefore, bound NADH utilized in the mitochondrial electron transport chain (ETC) exhibits a
considerably longer mean fluorescent lifetime whereas free NADH in the cytosol exhibits a

comparatively shorter fluorescent lifetime (21, 26, 27).

This intrinsic fluorescent lifetime contrast for NADH was used to monitor cellular
metabolism as it allows label-free quantitative assessment of key metabolic changes such as
glycolysis (28). Not surprisingly, the ability of time-correlated Fluorescence Lifetime Imaging
Microscopy (23, 25), or “FLIM,” to monitor lifetime with a spatial context has seen a multitude
of applications (29-31). This has included research therapeutic studies such as the
characterization of the metabolic changes of various breast cancer lines in response to
chemotherapeutic drugs (32). FLIM has also been applied for assessing precancerous lesions in
the head and neck region as well as in the breast (26, 33). A major reason for the growth in
FLIM-based metabolic studies has been its unique ability to non-invasively monitor cellular
metabolism with high resolution, its ability to quantitatively discriminate between bound and
free NADH forms without being influenced by intensity levels and detection without the

mitigating effects of fluorescence variations as seen in traditional fluorescence-based assays (34).

As a large portion of cancer patients receive radiation therapy as part of their therapeutic
regimen, it is important to continue to understand the biological mechanisms that determine its
efficacy. In this study, we demonstrate detectable metabolic fluxes resulting from radiation and
live cells as measured by FLIM. We further assess the interplay of these metabolic fluxes with

changes in oxygen consumption and HIF-1a signaling.



39

3.2 Methods and Materials

3.2.1. Cell culture

Two human cell lines T24, a urothelial carcinoma cell line and Normal Oral
Keratinocytes (NOK) were employed in this study to compare a radioresistant and radiosensitive
cell line from human cancers. T24 cells were cultured in DMEM with 4.5 g/dl glucose, 10%
FBS, 1% hydrocortisone, penicillin (100 units/ml), streptomycin (100 mg/ml)(35). NOK cells
were a kind gift of Dr. Karl Munger, Tufts University, and cultured in keratinocyte serum-free
media supplemented with both EGF and Bovine Pituitary Extract. Cells were maintained as

monolayer cultures at 37°C in a humidified atmosphere of 5% CO..

The dishes are clamped into a LiveCell™ bench top incubator, which fits in the stage of
the multiphoton microscope workstation to maintain repeatable conditions (temperature and CO,
gas concentration) for cells to minimize behavioral variance. The incubator assembly and
control box are pictured in figure 3.2.1. The LiveCell™ incubator is connected to a control box
via an RS-232 cable which allows the adjustment of humidity and CO, concentration within in
the incubator chamber. The humidity and gas assembly is also connected to the controller box
via an RS-232 cable and a gas tube which conveys water vapor and CO, gas to the chamber. The
Humidity assembly connects to the incubation chamber via a bypass wye pictured below (figure
3.2.1B). To ensure the specified conditions, it is important to insert the bypass wye firmly into

the humidity and gas intake aperture on the chamber lid to avoid leaks.
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Figure 3.2.1: LiveCellTM bench top incubator (left) and the LiveCell™ control box (right). The incubator itself
is labeled A. The bypass wye which the control box and the humidity chamber for water vapor and CO, use to
connect to the chamber is indicated by B. The humidification bottle assembly is labeled C, and the controller is
labeled D.

3.2.2. lIrradiation and treatment with KCN, GSH, and Chrysin

Cells were irradiated to 10 Gy using a 320 kVp small animal and cell culture irradiator
XRAD 320 (Precision X-Ray Inc) with a metal-ceramic anode and filtration of 1.5 mm Al + 0.25
mm Cu + 0.75 mm Sn. Cells were plated to approximately 50% confluence in 60 mm glass
bottom dishes with 30 mm cover slip wells (In Vitro Scientific, D60-30-1 5-N) in 4 mL of cell
media. For controls of both the imaging and cell culture conditions and to show the FLIM
method was being sensitive to metabolic flux, 10 mM KCN was administered to untreated cells
during imaging to produce a positive control effect (mitochondrial inhibition), and the negative
control cells were simply imaged without any treatment (radiation or drug). A small subset of
T24 cells was also irradiated in the presence of 10 mM glutathione for free radical scavenging.
Similarly, a separate group of NOK and T24 cells were treated with S0 uM HIF-1a inhibitor

chrysin (Santa Cruz Biotechnology Inc.) before irradiation.
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3.2.3. Multiphoton Fluorescence Lifetime Imaging

For this study, a 60x magnification oil objective (CFI Apo Lambda S 60x Oil 1.4 NA)
was chosen. Optical coupling between the sample and the objective increases the numerical
aperture of the lens and allows for a higher number of photons to be collected. This improves
signal which is at times quite low for fluorescence lifetime imaging. A high photon count is
particularly important for fluorescence lifetime imaging because proper fitting of the dual
exponential decay curve of NADH (bound vs free NADH) requires enough signal to obtain a
good fit. For best results, an optimal amount of oil is needed; too much oil results in focal plane
drift during imaging and yield unpredictable and poor images. Insufficient oil results in poor
coupling between the objective and the sample focal plane. As a rule of thumb, when the sample
and objective are brought together, a small "pancake™ of oil should be seen (pictured in figure
3.2.2). This also has the benefit of placing the cellular monolayer close to the focal plane;

therefore, minimal focal adjustment will be required.

For image collection, it is first necessary to scan the cell plate for an appropriate cluster
of cells. To accomplish this, switch the DCC-100 control to H7422 (figure 3.2.3D) and use the
continuous imaging button to scan (3.2.3B). When a suitable cluster of cells is found, switch the
DCC-100 control to H7422L and set collection time to the desired value. For this series of
experiments a 120 second integration time for five regions of interest per dish were imaged 30
minutes following radiation; during imaging, cells were maintained at 37°C and 5% CO; in the
LiveCell™ stage top incubator. A 450/70 nm emission bandpass filter (Semrock) was utilized to

isolate the NADH autofluorescence.



42

Figure 3.2.2: Proper seating of a sample on the optical workstation. A 6 cm (30 mm 1.5 glass bottom well) dish
properly clamped into the base of the LiveCell™ incubator. The arrow indicates the proper amount of oil. The
optimization is a subtle process, and it is preferable to err on the side of too much oil rather than too little. Too
much simply results in a 5-10 minute delay while the objective and oil droplet equilibrate to avoid focal plane drift
whereas too little oil results in low signal through poor optical coupling.

Fluorescence lifetime imaging microscopy (FLIM) of the intermediate metabolite NADH
(Nicotinamide Adenosine Dinucleotide) is a powerful tool for quantitative imaging of cellular
metabolism. NADH plays a vital role in metabolic processes and is intrinsically fluorescent.
Furthermore, NADH is ubiquitous in living cells at sufficiently high concentrations for
visualization. Fluorescence lifetime is defined as the amount of time a fluorophore remains in its
excited state before emitting a fluorescence photon. Free (unbound) NADH has a fluorescence
lifetime of approximately 400 ps, whereas NADH bound to a protein complex has a fluorescence
lifetime of 2-5 ns depending on the protein to which it is bound. By obtaining a weighted
average of the contribution to fluorescence of free and bound NADH, it is possible to capture a
snapshot of the metabolic profile of a population of cells or even a single cell. This makes FLIM

a powerful tool for evaluating metabolic responses to various treatments. In particular, this work
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studies the metabolic changes in a cancerous and normal cell line elicited by a large dose of

radiation that would typify a hypofractionated radiotherapy regimen.

Fluorescence lifetime images of cellular NADH were obtained using multiphoton
excitation at a wavelength of 740 nm utilizing a Spectra Physics MaiTai Ti:Sapphire laser. The
microscope is driven by the WiscScan software developed in-house at LOCI, which is pictured
below in figure 3.2.3, and its control panel is annotated in figure 3.2.5. Laser power levels are
first tested by imaging pollen grains at 890 nm excitation with no band-pass filter. First, the
Pockel's cell voltage is adjusted to 140 V and once the image is properly focused, the DCC
voltage bias is tuned to the threshold of pixel intensity saturation using a slider pictured in figure

3.2.4. In this way, a baseline laser power measurement is obtained.

Once laser power levels are established, it is important to obtain a temporal reference
point to adjust the lifetime readout based on the delays introduced by electronics and cables in
the image acquisition. To obtain the reference, a non-fluorescent sample is imaged; for this
work, urea crystals were employed, but other compounds with Second Harmonic properties also
work due to their intrinsic signal and lack of lifetime. The laser is tuned to 740 nm, and a 370/10
nm bandpass filter is put in place to allow the second harmonic excitation of the urea crystals to
reach the detector. This temporal reference is used as the Instrument Response Function (IRF) to
correct for daily fluctuations in instrumental timing. In this way, the appropriate time delay can
be subtracted from the overall delay from the fluorescence photons thus making it possible to

obtain more accurate lifetime values.

Time-correlated Fluorescence Lifetime Imaging Microscopy was performed using a

custom multiphoton laser-scanning microscope with SPC-830 Becker Hickl FLIM hardware (22,
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36) at the Laboratory for Optical and Computational Instrumentation (LOCI), University of
Wisconsin — Madison, USA. Fluorescence of cellular NADH was excited using multiphoton
excitation at a wavelength of 740 nm utilizing a Spectra Physics MaiTai Ti:Sapphire laser.

FLIM was employed to map the NADH-based metabolism of cell lines in vitro subjected to
different treatment conditions. Five regions of interest per dish were imaged 30 minutes
following radiation, and during imaging, cells were maintained at 37°C and 5% CO; in a
LiveCell™ stage top incubator. A 450/70 nm emission bandpass filter (Semrock) was utilized to

isolate the NADH autofluorescence.
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Figure 3.2.3: WiscScan software: A: shows the bright-field image that is refreshed live during imaging. B: shows
the fluorescent field detected by the DCC. C: shows the panel which is displayed in more detail in figure 3.2.5. D:
shows the lifetime image which is accumulated by the detector over the collection time specified by the use.

Figure 3.2.4: Proper power measurement. show sample images obtained from the live fluorescence channel
(3.2.4A) and the lifetime channel (3.2.4B). Figure 3.2.4A in particular shows a pollen grain power calibration image
where the detector bias voltage is adjusted to cause a slight intensity saturation in the image.
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Figure 3.2.5: The WiscScan control panel: A cropped image of the WiscScan image parameter screen. A shows a
drop-down menu that allows the selection of different objectives to adjust the pixel scale. B: shows the start and
stop continuous scan button. C: shows the voltage slider for adjustment of the Pockel's Cell. D: shows the DCC
controls to switch between continuous fluorescence mode versus lifetime imaging mode. E: shows the voltage slider
for image detector bias. F: shows the collection time (in seconds) for lifetime imaging. G: shows the indicators for
the Constant Fraction Discriminator (green), Time to Amplitude Converter (blue), and Analog to Digital converter
(red). These bars should be kept between 10° and 10° for optimal image quality. In this particular example, the

Pockel's cell voltage is likely set slightly too high.
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3.2.4. Analysis of Fluorescence Lifetime Images
For image analysis, Becker and Hickl's SPCImage, depicted below in figure 3.2.6, is
employed to calculate fluorescence lifetimes using fits to a two-component exponential decay

model as follows in Eq. 3.2.1:

I(t) = a; exp (—%) + a, exp (—%) (3.2.1)

The terms in this model are defined as follows: I(t) is the signal intensity as it decays with time,
11 is the fluorescence lifetime for free NADH, and 1, is the fluorescence lifetime of protein-
bound NADH. The a4, a terms fit the intensity of each compartment (free and bound NADH
respectively) and can be used to create the mean lifetime for the image t, through the

relationship in Eq. 3.2.2:
Tm = o171 + 0Ty, (3.2.2)

In essence, the 1, parameter defined in Eq. 3.2.2 is simply the weighted average of fluorescence

lifetime of both the short and long components.

Free molecules of NADH are produced in the process of glycolysis which converts a
molecule of glucose and two molecules of ATP into two molecules of pyruvate, and two
molecules of NADH while phosphorylating four molecules of ADP into ATP in the process. In
essence, glycolysis yields not only the necessary reactant for the Tricarboxylic Acid (TCA) or
Krebs cycle, but also creates a net of two molecules of ATP. During oxidative phosphorylation
(oxphos), NADH is bound by mitochondrial complex proteins, thus giving rise to the long

fluorescence lifetime species. Free NADH has a fluorescence lifetime of approximately 400 ps;
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conversely, bound NADH has a lifetime ranging between 2-5 ns, which is dependent upon the

protein to which the NADH molecule is bound.
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Figure 3.2.6: Becker & Hickl's SPCImage: Above is a screen capture of the Beckr and Hickl fluorescence lifetime
fitting software. The left-hand column provides buttons that can be used for image segmentation or storage of the
default conditions among other functions. Panel A is the raw image display; panel B shows the image with a
lifetime decay matrix color-mapped on each pixel. Panel C displays a histogram of various parameters not limited
to 11, Ty, OF Ty. Panel D shows the raw photon counts in each time bin (blue diamonds), the default conditions (green
line) and the decay curve fit (red line) all plotted versus time. E shows the image parameters corresponding to the
selected pixels according to the intersection of the blue lines in panel A.

Because glycolytic metabolism creates free NADH, and oxphos metabolism requires the binding
of NADH, the tr,, parameter can be calculated and used as a metabolic snapshot or to characterize
a metabolic profile. Shorter mean lifetimes correspond to a higher concentration of free NADH
and thus may be associated with glycolysis. Likewise, longer mean lifetimes correspond to a

higher concentration of protein-bound NADH and thus may be associated with more oxphos.

To properly analyze lifetime images, first, one must first store the IRF in the B&H

software as the "default condition". To do so, first, import the raw urea image under File —
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Import. A dialogue box displaying the parameters of the image file will pop up; hit OK to
continue. Adjust the vertical bars located in the photon trace panel to be as close to the rise of

the photon counting peak and at the end of the reflections as shown below in figure 3.2.7B.
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Figure 3.2.7: Capturing the Instrument Response Function: Panel 3.2.7A shows the photon count trace before
bar adjustment, and panel 3.2.7B shows the proper placement of temporal sliders. The second "peak™ is due to
reflections in the collection optics.

Once the temporal sliders are appropriately placed, press the "peak adjust™ button shown
in panel A of figure 3.2.8. This will adjust the green "default conditions" curve to fit as the blue,
photon-counting data points. Then press the "store conditions™ button, shaped like a camera
highlighted in panel B of figure 3.2.8 after which a dialogue box will pop up; click "Yes." Now
the IRF is stored as the default conditions which can be loaded after importing an image from a

biological sample by using the yellow arrow-shaped button depicted in panel C of figure 3.2.8.
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Figure 3.2.8: Setting the Instrument Response Function: This figure depicts the workflow of storing and loading
an instrument response function (IRF). The button highlighted in panel A is for "peak adjust;" the button
highlighted in panel B is the "store conditions," and the button highlighted in C loads the stored conditions to
account for the photon counting delay of a biological sample.
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Figure 3.2.9: The SPClImage analysis panels: Panel A depicts the Color menu under Options in SPCImage. This
menu allows the selection of various parameters that can be calculated by the software for color map overlay as
indicated by the arrow. For the purposes of this data analysis, the parameters of particular interest are: T, Ty, To, a1,
a, Chi2. The first five parameters are defined in Eqs. 3.2.1 and 3.2.2 in this section. Panel B displays the parameter
frame zoomed in from image 3.2.6E. After selecting "Fix" for shift, it is possible to add slight adjustments in the
timing of photon counting to achieve better (closer to 1.00) Chi? values.

With a sample and instrument response loaded, it is possible to overlay a decay matrix
upon each pixel. This function is located in the Calculate — Decay Matrix which applies a
color map of the selected parameter to the image which appears in panel 3.2.9B. The fit of the

decay data is unlikely to be optimal on the first attempt, so it is then necessary to adjust the shift
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parameter. To accomplish this, it is suggested that the user select the Chi® color map, and adjust
the shift parameter following fixation (figure 3.2.9B) of the shift parameter to achieve a
minimum value for Chi. This function is located under Options — Color and is shown above
in figure 3.2.9A. Chi? values as low as 1.07 are indicative of excellent fits, but values as high as

1.20 are acceptable as found through analysis of fluorescence lifetimes of known fluorophores.

3.2.5. Seahorse XF Analyzer

Metabolism was also monitored using the Seahorse XFe96 Analyzer to measure oxygen
consumption rate (OCR) for assessment of respiratory activity in cells. Cells were plated on two
separate 96-well plates (8 rows 12 columns): one unirradiated, and one irradiated to 10 Gy. On
each plate, six columns were plated with NOK cells and the other six were plated with T24 cells.
Each cell group had three control columns and three columns where the mito stress kit was
administered. For the mito stress kits, each cell group had 24 replicates, whereas the controls had
22 replicates. This difference is due to the fact that each corner well was left blank to give

baseline oxygen consumption measurements. The plate map is shown below in figure 3.2.10.

The mito stress kit consists of a series of three injections into the wells of oligomycin,
carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) and rotenone/antimycin. Basal
respiration was measured before injections under each treatment condition to assess normal
oxygen consumption under each condition. Error bars shown in figure 3.6.3 are the standard
deviations of the measurements at each respective time point. More information on the function
of each injection can be found below. Relative well-to-well cell counts were measured using
crystal violet staining followed by resolubilizing with acetic acid per the protocol set forth by

Kueng et al (37).
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Figure 3.2.10: Plate map for Seahorse XF Assay: A schematic of the plate layout for mitochondrial assessment.
The X's in each corner correspond to blank wells for baseline fluorescence. The Seahorse plate is an 8 row by 12
column; for these experiments, the 12 columns are divided into groups of 3 (24 wells for Mito kit and 22 for control)
to provide sufficient statistical power. This experimental grouping allows for the drug injections to be sequential
between columns 4-9. Because there are four injection ports to load for each well, it is vital to simplify the drug-

loading to avoid errors that could waste an entire cell plate.
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Figure 3.2.11: Mitochondrial perturbations from the Seahorse Mitochondrial Stress Kit. Oligomycin is used
to separate ATP-linked respiration from proton leak. FCCP stimulates maximal respiration, and the antimycin

AJrotenone cocktail gives non-mitochondrial oxygen consumption.
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The Seahorse XF Analyzer reads specialized 96-well plates and quantifies oxygen
concentration within cellular media. For this series of experiments, mitochondrial perturbation
injections were administered at 20-minute intervals. It should be noted that this baseline
measurement's timer started after the transit time between irradiator and start of the readout,
which takes approximately ten minutes: five minutes to take the elevator from the WIMR

basement to the sixth floor, and another five minutes to load the sample into the plate reader.

First, a baseline OCR measurement is obtained with no drug injection. 20 minutes after
the start of the baseline measurement, an injection of mitochondrial complex 111 oligomycin is
administered to obtain a measurement of ATP-coupled oxygen consumption and proton leak.
Subsequently, an FCCP (carbonyl cyanide-4-triofluoromethoxy-phenylhydrazone) injection is
administered to decouple oxygen consumption from ATP production. This decoupling allows
the measurement of maximal respiratory capacity. Finally, an antimycin A/rotenone cocktail is
administered (mitochondrial complex V and | inhibitor respectively) to provide a measurement
of non-respirational oxygen consumption. A schematic of the effects of these drugs on OCR is

depicted above in Figure 3.2.11.

3.2.6. Immunohistochemical staining

To measure HIF-1a expression, cells were plated in two separate eight-well chamber
slides to have both a negative control and a 10 Gy dose of radiation. Thirty minutes following
irradiation, the slides were washed three times with cold PBS and subsequently fixed in a 10-
minute, cold acetone bath. Cells were then administered stain with Rabbit anti HIF-1a (ab2185,
Abcam, Cambridge, UK), dilution 1:500 and Cy3 conjugated Goat-anti-Rabbit 19G (H+L) (111-

167-003 Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA) 1:400 was the
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secondary antibody (red). Hoechst 33342, Sigma (3.75 mg/ml) dilution 1:3000 was used for
nuclear staining (blue). Images were quantified using the FI1J1 (Fiji Is Just ImageJ) image
analysis software package(38) to integrate HIF-1a intensity normalized to the number of nuclei
in each field of view. The color channels in RGB images were split to allow for the application
of intensity thresholds, and an intensity threshold also removed artifacts from the images. In all
images, there were no counts observed in the green channel. Objects on the edges of images
were excluded from quantification, and only objects 25 pixels in size or larger were considered

in order to eliminate extracellular speckle.

To assess HIF-1 expression, HIF-1a concentration was used as a surrogate measurement.
Cells were plated at 50-60% confluency in eight-well glass slides with four wells containing
NOK cells and four wells containing T24 cells. Two such slides were plated (schematic shown
in Figure 2.7.1), with one remaining untreated as a negative control, and the other receiving 10
Gy radiation. 30 minutes following radiation, cells were rinsed three times using cold
Phosphate-Buffered Saline (PBS) to dilute and wash away excess cell media and subsequently
fixed by submersion in an ice-cold acetone bath. Note: it is absolutely essential to remove the
slide walls prior to inundation in acetone because the acetone may deposit dissolved plastic on
the slides as "coverslip" thus preventing antibody staining, and making imaging impossible.
Cells were then administered stain with Rabbit anti HIF-1a (ab2185, Abcam, Cambridge, UK),
dilution 1:500 and Cy3 conjugated Goat-anti-Rabbit IgG (H+L) (111-167-003 Jackson
ImmunoResearch Laboratories Inc., West Grove, PA, USA) 1:400 was the secondary antibody

(red). Hoechst 33342, Sigma (3.75 mg/ml) dilution 1:3000 was used for nuclear staining (blue).

For image quantification, the Fiji (Fiji Is Just ImageJ) software package was employed to

measure the HIF-1a intensity as a function of the number of nuclei in a field of view. An image
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of the Fiji software is depicted below in figure 3.2.12. An RGB is opened using File — Open
and is subsequently split into three separate images (one for each color channel) under Image —
Color — Split Channels so that intensity thresholding is possible. In the case of all the images
for these experiments, the green channel remains blank, because the antibody stain fluoresces
red, and the nuclear stain fluoresces blue. In this way, nuclei and HIF-1a in a given field of view

may be visualized and distinguished.

-
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I8 O x| 0] < |4 |+ A0 2| @051
Wand (tracing) tool

S APAR. 1 e

Figure 3.2.12: FI1JI main panel. All image analysis and manipulation tools can be accessed via the drop-down
menus and the buttons on this simple panel. A search function for the directory of all functions can also be accessed
via pressing Ctrl + L.

Following image splitting, an intensity threshold can be applied and adjusted to filter out
speckle of the image as needed. A schematic of channel splitting is shown below in figure
3.2.13. This tool is located under Image — Adjust — Threshold. Careful thresholding is
important, particularly for the nuclear counting, because of the close proximity of some cells,
which may cause two nuclei to be counted as one when using the analyze particles function.
Unfortunately, it is sometimes necessary to manually count nuclei; however, using a minimum
size threshold in the analyze particles function may be utilized to locate nuclei that were "stuck

together" efficiently thus preventing considerable tedium.
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Figure 3.2.13: Split-channel images: An example image split into 3 channels; the color-coded arrows correspond
to the respective color channels: B, red; C, green; D, blue. Note that the green channel (C) is empty because there is
no green fluorescence.
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Figure 3.2.14: The Threshold and Analyze Particles tools: The Threshold (A) and Analyze Particles tools (B)
pictured. The threshold tool can be applied to create a mask of an image which filters out a minimum or maximum
value denoted by the slides. The Analyze Particles tool allows for objects in an image mask to be measured by area
which is tremendously useful while excluding objects of a minimum size. These functions are particularly useful for
counting HIF-1a expression while excluding speckle via a minimum intensity and object size threshold.
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Figure 3.2.15: Example of counting in FI1JI: To the left is a zoomed in image with thresholding applied, and
"show outlines" enabled. For reference, it is also the upper left hand corner of Figure 3.2.13D. To the right is the
corresponding results of "Analyze Particles". Under "results" is the area of each particle as well as the mean,

minimum, and maximum intensity. Because threshold post-processing was applied, the intensity was adjusted to
saturation for every pixel, and therefore each pixel's intensity is set to be the maximum of 8-bit (255).
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By enabling "Show: Outlines™ in the Analyze Particles tool, each quantified particle is
assigned a number which corresponds to the number shown in the image mask. This allows for
rapid identification of the so-called "stuck together" particles. The threshold and analyze particle
dialogue windows are pictured above in Figure 3.2.14A and B respectively. Similarly, for
counting HIF-1a, thresholding and counting of the red channel are necessary. An intensity
threshold of 25 and an object size threshold of 50 pixels® work well for images without
excessive. 50 pixels® works well because it filters out objects with a radius of fewer than four
pixels, thus removing extracellular speckle. Then the total area of the red pixels is summed and
divided by the number of nuclei in the field of view. In this way, a HIF-1a metric is created:
AHIF/nucleus which forms a basis for comparison. It is important to note that procedural
consistency is critical because the measurements of HIF-1a expression are relative; therefore, it
is theoretically possible to use "any" value, but filtering out the bottom 20% seemed to work

well.

3.2.7. Clonogenic survival assay

Clonogenic survival of cells following radiation was conducted as previously described
using a JL Shepherd Cesium-137 irradiator delivering a dose rate of approximately 400 cGy/min
(39). Briefly, cells were plated at low density, irradiated, and after 10-15 days colonies
containing more than 50 cells were counted and the surviving fraction calculated. Resulting data
points were fit to a linear quadratic model. Each point represents the mean surviving fraction

calculated from 6 replicates for each condition. Errors bars represent the standard deviation.

3.2.8. Statistical Analysis
Changes in 1y, from fluorescence lifetime imaging were assessed for statistical

significance using an unpaired, two sample t-test in MATLAB software (The Mathworks, Inc.,
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Natick, MA, USA). Differences in HIF-1a expression between irradiated and unirradiated cells
were normalized to cell count in each field of view and were assessed for significance using an
unpaired two-sample two-tailed t-test also in MATLAB. For assessment of clonogenic survival
following irradiation, the curves were compared using the extra sum-of-squares F-test in

GraphPad Prism version 6.0f (GraphPad Software Company, La Jolla, CA, USA).

3.3 Experimental Results

To characterize and demonstrate the metabolic effects of radiation on these representative
cancerous and non-cancerous cells, we divided the two cell lines: the highly proliferative stable
T24, and highly stable NOK into three experimental groups: untreated cells, control group cells
treated with the mitochondrial inhibitor potassium cyanide (KCN), and cells treated with
radiation. All cells were imaged using FLIM acquisition integrated over 120 seconds. We used
mean fluorescence lifetime (tm) as an indicator of metabolic shifts both before and after
treatments and also assessed metabolism by measuring oxygen consumption rates utilizing the

Seahorse assay. We also examined HIF-1a expression dynamics in response to radiation.

As expected, cells subjected to known mitochondrial inhibitors had significantly lower
values for 1y, (p < 0.001). Figure 3.3.1 shows three sample images of T24 cells that were
untreated (left), cyanide treated (center) or irradiated (right). When averaged over 35 different
fields of view, T24 cells demonstrated a decrease in 1, from 711.50 + 52.65 ps (n = 45 for
control group) to 638.08 + 15.22 ps (n = 40, p < 0.001) when treated with the control drug KCN.
This drop occurs because cyanide inhibits mitochondrial complex IV, and this inhibition results
in a significant metabolic shift. When NOK cells were subjected to the same treatment with
KCN, they showed a similar drop in T, from 789.57 + 40.66 ps (n = 45 for control group) to

638.96 + 31.92 ps (n = 40, p < 0.001).
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Figure 3.3.1: Sample T24 FLIM images: Sample FLIM images of T24 with 1., in ps overlaid on each pixel in the
field of view. Blue pixels represent longer 1, values whereas red pixels represent shorter t,,. Mean lifetime
decreases following either treatment of KCN or 10 Gy for the cancer cells.
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We then measured the metabolic shift due to a large dose (as compared to standard
clinical fraction dose) of radiation (10 Gy). T24 cells responded to radiation with a drop in T,
from 711.50 + 52.65 ps to 617.76 + 13.68 ps similar to the mitochondrial inhibition therapy (see
figure 3.3.2 and table 3.3.1). Conversely, NOK cells treated with 10 Gy of radiation
demonstrated a change in t, from 789.57 + 40.66 ps to 823.02 + 38.26 ps (n = 40, p < 0.001).
The non-cancerous NOK cells exhibit a small, but statistically significant, increase in ty,
metabolic signature as measured by FLIM resultant from radiation; whereas, the cancerous T24

cells show a much larger and directionally-opposite change in metabolic signature.

To understand local changes in oxygenation, we measured oxygen consumption rate
(OCR) via the Seahorse XFe96 Analyzer of both irradiated and untreated cells. These data are
presented in figure 3.3.3. The OCR dropped for both cells lines, as expected, following
irradiation (3). From the oxygen consumption rates, it was clear that T24 cells were much more
energetic than the comparatively less proliferative NOK cells. Furthermore, the resulting
changes in oxygen consumption from radiation in T24 were much more dramatic. The first three
points in the OCR curves are the measurements of basal respiration. Approximately 35 minutes
following irradiation, mitochondrial complex V inhibitor oligomycin was added to halt oxygen
consumption due to respiration. The rise in OCR at approximately 55 minutes is due to the
administration of FCCP, which permeabilizes the mitochondrial membranes to stimulate
maximal respiration. Finally, at approximately 80 minutes, rotenone (mitochondrial complex |
inhibitor) was administered to shut down all mitochondrial activity. This allowed a measurement

of oxygen consumption due to non-mitochondrial respiration.

It is particularly interesting to explore the OCR curves for T24. With no radiation,

oxygen consumption dropped 573 pmol/min from 949 pmol/min 376 pmol/min (above 225
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Figure 3.3.2: T24 metabolism shifts following 10Gy radiation: A graph comparing the mean lifetimes of NADH
in NOK (blue) and T24 (maroon) cells before and after various treatments. Error bars are the standard deviations for
each treatment group. Note the significant drop in 1, for T24 cells following radiation. Again, of note are the trends

within cell lines as opposed to baseline measurements.
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Cell Line untreated KCN 10 Gy
T24 711.50 £ 52.65 636.94 + 30.40 610.95 £ 21.33
NOK 789.19 + 40.57 638.96 + 31.92 823.32 £38.26

Table 3.3.1: Radiation affects T24 metabolic signature promptly: The values for t,, tabulated for T24 and NOK
cells following treatment with KCN and radiation along with each distribution's standard deviation. There is a clear
contrast in the cell lines' respective response to radiation. The intra-cell line trends are the key result as opposed
to the different baseline t,, values.
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Figure 3.3.3: Oxygen Consumption drops globally following irradiation: Oxygen consumption rates for each
cell group with control (blue line, circles), and irradiated (red line, squares). The vertical dashed lines indicate
injection of a Mito Stress Kit reagents (i) oligomycin, (ii) FCCP and (iii) rotenone/antimycin A respectively. Note
the difference in OCR scale between NOK and T24. This suggests that T24 cells are much more energetic as one
might expect with more proliferative cells. Irradiation took place at t = 0, the intervening time was due to transport
of the samples, and the mixing of solutions for each injection port.
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pmol/min of non-mitochondrial respiration) when treated with oligomycin (ATP synthase
inhibitor). When irradiated, oxygen consumption dropped 294 pmol/min from 502 pmol/min to
208 pmol/min (above 112 pmol/min of non-mitochondrial respiration). For NOK, with no
irradiation, the drop in oxygen consumption was 145 pmol/min from 368 pmol/min to 223
pmol/min. With radiation, the drop was 154 pmol/min from 273 pmol/min to 119 pmol/min.
This suggests that, for the cancer cells, there is a larger decrease in ATP production from

respiration resultant from radiation when compared to the normal cells.

lonizing radiation creates biological effect by creating reactive oxygen species and free
radicals through the radiolysis of water molecules within the cells. These radicals and reactive
oxygen species damage DNA by creating single-strand and double-strand breaks. Because
previous studies (40, 41) have shown that free radicals stabilize HIF-1a and the key role HIF-1
plays in regulating metabolism, we measured the expression of HIF-1a in both NOK and T24
cells employing immunohistochemical staining via a HIF-1a antibody stain. Moreover, we
observed metabolic signatures in response to radiation via FLIM of both cell lines when treated

with radical scavenger glutathione (GSH), and HIF-1a inhibitor chrysin.

For the immunohistochemical staining, HIF-1a fluorescence is red in the images, and the
nuclei are blue. From the sample images below, following radiation, it appears that HIF-1a
expression increases for the T24 cells; however, no such increase is apparent in the NOK cells.
It should be noted that the images in figure 3.3.4 account for considerably less than 0.1% of the

total area analyzed.

The raw values for image quantification are given in the supplemental data. After

averaging over four fields of view for each case, (NOK: untreated and 10 Gy, and T24: untreated
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Figure 3.3.4: Radiation increases HIF-1a expression drastically for T24: A mosaic of slides stained for HIF-1a
(red) and nuclei (blue) images in vitro of NOK and T24 both treated with 10 Gy of radiation and untreated. These
images do not represent the same field of view. A minimum size threshold for objects of interest removed the
speckle from image quantification.
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and 10 Gy) the difference in HIF-1a expression following irradiation was found to be
statistically significant between the cell lines (p < 0.05). NOK cells showed a decrease in HIF-
la expressions by approximately 40% following irradiation; conversely, for T24 cells, their HIF-
la expression per nucleus increased by 200% (see supplemental material). It was important to
normalize raw HIF-1a pixel counts to the number of nuclei present in the field of view to
account for variations in cell count in each field of view. For irradiated T24 malignant cells,
metabolic signatures with decreased tr, corresponded to an increase in HIF-1a expression, but in
the NOK cells, a comparatively slight decrease in HIF-1a corresponded to little change in

metabolic signature.

In the parallel FLIM study shown in figure 3.3.5, NOK cells treated with GSH only had
an observed 1, 0f 830.64 + 23.13 ps, and NOK cells treated with GSH and 10 Gy had an
observed 1, 0f 821.67 + 37.26 ps. This represents no statistically significant change (n = 30, p >
0.05). When treated with chrysin, only NOK cells had an observed 1, 0f 722.38 + 21.77 ps, and
following irradiation, 1, was observed to be 746.15 + 30.42 ps (see figure 3.3.5a). For T24 cells
treated with GSH only 754.73 + 28.63 ps; following irradiation, T, was observed to be 753.43 £
23.66 ps. When treated with chrysin only, T24 cells had an observed tr, of 732.24 + 48.97 ps;
following irradiation, Ty, was observed to be 719.64 + 45.45 ps. It should be noted that for T24
cells each paired treatment groups (control drug versus radiation and drug), the observed
variations were not found to be statistically significant (n = 30, p > 0.05). However, the slight
increase in T, for NOK following radiation was preserved in the case of control chrysin versus
chrysin with concomitant radiation (n = 30, p < 0.001). Table 3.6.2 below gives a concise

summary of all these values.
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Figure 3.3.5: Radical scavenging and HIF-1a inhibition suppress metabolic responses: Shows the collected 1,
values for NOK cells (a in blue) and T24 cells (b in maroon) with control treatments, and treatments plus radiation
(n =30). Error bars shown are standard deviations of each treatment group. Note the consistency of the values
between each treatment group.



NOK T24
ctrl 10 Gy ctrl 10 Gy
GSH 830.64 + 37.26 | 821.67 +37.26 754.64 + 28.63 753.43 + 23.66
Chrysin 722.38 £ 21.77 746.15 £ 30.42 732.24 £ 48.97 719.64 £ 45.45
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Table 3.3.2: GSH and Chrysin suppress metabolic response to radiation: A list of each cell group's mean lifetime
value reported with each population's standard deviation. Note that the only change that is statistically significant is for the 10
Gy + chrysin NOK cell group from its chrysin control (p > 0 .05).
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Clonogenic survival was also evaluated for NOK and T24 cells in response to radiation to
quantify radiosensitivity. These survival curves are given in figure 3.3.6. T24 cells are
relatively radioresistant (approximately two decades of survival percentage) at high dose levels

when compared to NOK cells (p < 0.0001).

3.4 Discussion & Conclusion

The present study demonstrates that these particular cell lines, NOK and T24, each
exhibit distinct and prompt responses to radiation. The T24 cells showed a large change in
metabolic signature whereas the NOK cells showed little metabolic response as measured by
FLIM, and each within 30 minutes of treatment. The T24 cells' response to radiation when
treated with a radical scavenger GSH was considerably muted. Moreover, when a HIF-1a
inhibitor was administered, change in metabolic signature was similarly muted. Based on the
evidence presented here, we suggest that an increase in HIF-1a expression in the T24 cells may

be at least partially responsible for the observed changes in metabolic signatures.

Previous studies have shown that free radical creation from irradiation causes abnormal
interactions with cellular signaling pathways (42-44). Note that ionizing radiation would induce
a short-lived but spatially global spike in charges and free radicals to the tumor or cellular
microenvironment. One of these interactions takes place with the protein Hypoxia-Inducible
Factor 1 (HIF-1) (40). HIF-1 is a heterodimer consisting of HIF-1a and HIF-1f subunits; the
HIF-1p subunit is independent of oxygen concentration. Under normoxia, the HIF-1a subunit is
hydroxylated and subsequently degraded by the von Hippel-Lindau tumor suppressor protein
(45). Consequently, the HIF-1 heterodimer does not form due to an insufficient concentration of

HIF-1a.
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Figure 3.3.6: NOK and T24 have significant radiosensitivity contrast: Clonogenic survival over a range of
radiation doses for immortalized keratinocyte (NOK, dashed line, circles) and head and neck squamous cell
carcinoma (T24, solid line, triangles) cell lines (n = 6 per condition).
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Chandel et al. (40) observed that reactive oxygen species and free radicals can stabilize
HIF-1a allow the HIF-1 complex to form. Under these conditions, HIF-1 subsequently regulates
a multitude of processes downstream. These processes include stimulation of angiogenesis and
erythropoietin production, as well the regulation of glucose transport enzymes (40, 43, 46-51).
The nature of HIF-1a gives it a key role in sensing cellular oxygen levels (40, 52). The free
radicals produced by radiation can affect the cells in a multitude of ways including confounding

cellular oxygen sensing and changing oxygen consumption rates.

As HIF-1 regulates glycolytic enzymes and glucose transport enzymes, it is reasonable to
suggest that an increase in HIF-1a, and thus HIF-1, might result in metabolic switching. Indeed,
the cells with stronger HIF-1 response to radiation (T24) showed a larger decrease in oxygen
consumption when compared to NOK cells. This suggests that there may be an increase in
aerobic glycolysis following irradiation for T24 cells that is not present in the NOK cells
resultant from upregulated HIF-1 complex-driven signaling pathways. While the mechanism for
this is outside the scope of this study, we show a clear correlation between metabolic switching
and HIF-1a signaling. This correlation is particularly significant because tumors with
upregulated HIF-1a have been associated with more aggressive phenotypes; these tumors are

sometimes more metastatic (50, 53-55), and at times more radioresistant (48).

As shown in figure 3.3.6, the T24 cell line is relatively radioresistant when compared to
the NOK cell line in vitro (56, 57). Interestingly, the more radioresistant cells were found to
have changes in metabolic signature as measured by FLIM and also were found to have a great
increase in HIF-1a expression following irradiation. It is possible that this increase in HIF-1a
expression is a driving factor in the contrast in radiosensitivity between these two cell lines.

The correlation between HIF-1a expression and these FLIM-measured metabolic



73

signatures shows FLIM's potential as a tool for assessing tumors' overall radiosensitivity and/or
aggression of tumors. Moreover, these measurements show metabolic fluctuations that occur
within thirty minutes, i.e. the timescale of a radiotherapy treatment. These metabolic
fluctuations may be indicative of modulations in radiosensitivity during treatment or potentially
for predicting radiosensitivity for the subsequent treatments. These types of measurements could
be impactful, particularly for hypofractionated radiotherapy regimens which can be more
sensitive to intrafraction dynamics (58). Future studies should focus on developing a deeper
understanding of the mechanistic underpinning of these changes in metabolism such as
incorporating FAD (Flavin Adenine Dinucleotide) fluorescence intensity imaging coupled to
NADH intensity to measure potential fluxes in cellular redox ratio. Also, while in vitro models
provide a tractable system in which it is possible to establish these changes, future studies should
employ in vivo animal models to ensure the same trends are observed because other factors may
influence metabolism during and after irradiation. Studies of this nature could grant a deeper
understanding of the prompt biological effects of radiation on the tissue microenvironment and

could be valuable in improving therapeutic regimens.

With the reported data and future studies to examine changes in metabolism due to
radiation from a mechanistic and in vivo perspective, there also comes the great opportunity to
consider future clinical ramification. Recently, there have been efforts to consider the role of
dose both spatially and temporally and in the in context of the cellular response (51, 59). This
study complements previously reported studies (60-62) by asserting that clinical use of radiation
could be guided and improved by monitoring key cellular processes such as metabolism.
Metabolism plays an important role of in cancer invasion and progression (63-65); therefore,

metabolic profiling may have potential for guiding radiation therapy treatments in the future.
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3.5 Supplemental Information

Table S3.5.1 shows the raw data used for immunohistochemical analysis of HIF-1a
expression in NOK and T24. Because cells were fixed, it was necessary to collect data from
each experimental group. These data do not represent "before and after” treatment. HIF-1a was
quantified by counting objects with a minimum size of 25 pixels in the red channel. Nuclei were
counted by summing the total number of discrete bodies in the blue channel. The number of red
pixels was normalized to the number of nuclei to determine the change in HIF-1a per cell. These
values were then averaged to make the statistical comparison. Propagation of uncertainty was

used to calculate the error value for the AHIF/nucleus metric listed in the supplemental table.

3.6 Disclosure

Originally, this study was designed to have the following head and neck cell lines: UM-
SCC-22B and NOK. These cell lines were initially chosen because head and neck cancer is a
major research target of radiotherapy research. The cell lines were specifically chosen to have a
high contrast of radiosensitivity, NOK being radiosensitive and UM-SCC-22B being
radioresistant. Unfortunately, a year after the original paper was published, it has come to our
attention that the cells our collaborators received were unintentionally mislabeled as 22B cells
but were found, through genotyping, to be urothelial carcinoma cell line T24. While this is
disappointing, due to the importance of head and neck cancer research, the specific findings of
this study remain unchanged. The target of this study was to investigate differences in metabolic
changes following irradiation between radiosensitive and radioresistant cells. The T24 cell line
retains the study's high contrast of radiosensitivity with the T24 being radioresistant and NOK
being radiosensitive. Furthermore, this study remains impactful because urothelial cancers are

also important targets for radiotherapy.
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NOK T24
No RT RT No RT RT
red pixels 74855.5 70353 60323 262169.5
Nuclei 565 922.5 419 622
Rp/Nuc 129.71 72.02 = 144.39 439.56 *
25.11 23.42 35.31 68.29
AHIF/Nuc 0.56 +0.21 3.04 +0.88

Table S3.5.1: T24 has a large increase in HIF-1a fluorescence following irradiation: This table lists the average
values for the image parameters for each field of view including the amount of number of red pixels (HIF-1a
expression), etc. Statistical comparison was based on Rp/Nuc measure which is HIF-1a signal normalized to cell
count. The error value for AHIF/Nuc was calculated by using propagation of uncertainty for a ratio.
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Chapter 4: Radiation affects cancer cell metabolism via ROS

production and interaction with mitochondria in vitro
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4.1 Introduction

Therapeutic strategies for treating cancers vary widely based on many factors like site or
known genetic mutations. Surgery to remove tumor mass in tandem with adjuvant chemotherapy
and radiation therapy are all considered standard practice. Radiation therapy is prescribed in
over half of cancer therapeutic regimens (1), and many technological efforts to improve radiation
therapy have been implemented. Intensity modulated radiotherapy (IMRT) has been
instrumental in increasing dose uniformity as well as improving normal tissue sparing by
allowing irradiation from multiple beam angles at different intensities. Conventional
radiotherapy regimens involve daily dose "fractions" administered once per day, five days per
week, to accumulate a total dose equal to the dose prescription. Technologies like RapidArc,
TomoTherapy, TrueBeam, and stereotactic radiosurgery have greatly diversified the delivery
techniques in the radiation therapy war chest for oncology practice (2-5). However, much of the
effort in the advancement of radiation therapy has been limited to these aforementioned
innovations improving dose distribution and exotic delivery techniques. Because radiation
therapy plays such an important role cancer treatment, it is essential to gain an understanding of
how radiation therapy impacts cell signaling and cellular organelles to gain a more fundamental

understanding of radiosensitivity.

The classical treatment for radiation therapy is empirical fits to cell survival curves using
the linear quadratic model (6). The model is simple but has been effective in describing
radiation effects. The linear quadratic model assumes that deoxyribonucleic acid (DNA) damage
takes place in single-hit events which are proportional to the dose delivered and multi-hit events

are proportional to the dose delivered squared.

S = exp(—aD — BD?). 4.1)
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The most concise form of the linear quadratic equation upon which the linear quadratic model is
based is shown in equation 4.1 where S is the surviving fraction of cells, D is the dose delivered
and o and P are coefficients of the curve fit. No simple model would be sufficient to characterize
the complex interactions between radiation therapy and the microenvironment of a cell either

normal or cancerous (7-14).

Chapter 3 describes a study which demonstrated that radiation has strong effects on
metabolism, as measured by fluorescence lifetime imaging microscopy, that occur promptly
within 30 minutes following irradiation in vitro (15). These changes occur well ahead of the
time scale of any of the classical radiation effects described by the four 'R's of radiation therapy:
repair, redistribution, reoxygenation and regrowth or cell death induced by replicative failure
(16). These effects take place on a time scales from several hours to days after irradiation unlike

the prompt effects observed in a recent study (6).

It is well known that available oxygen is a key modulator in the effectiveness of radiation
therapy. Cell survival assays have determined that radiation is up to three times more effective
at killing cells in well-oxygenated conditions versus hypoxic conditions. This effect, known as
the oxygen enhancement effect, was quantified decades ago (17, 18) but recognized a century
ago in the context of radium skin applicators. Oxygen is also a key player in cellular metabolic
processes as the primary electron acceptor in the electron transport chain for ATP production via
mitochondrial respiration. Metabolism and oxygen have a clear linkage which may have
interplay with radiosensitivity concerns as pertaining to oxygen enhancement. Oxygen also
impacts the availability of the HIF-1a subunit, and its ability to dimerize with HIF-1p and

regulate glycolytic and glucose transport enzymes down-stream (19-21). Therefore, it is useful
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to gain a deeper understanding of changes in cells following radiation, particularly in the context

of metabolic changes.

Considering the potential relationship between metabolism, the HIF-1 complex, and
radiosensitivity for radiotherapy, it makes sense to investigate potential consequences of
radiation therapy on cellular metabolic infrastructure (7, 10, 22, 23). Of particular interest are
changes in intrinsic mitochondrial ROS production from respiration, as well as signs of
mitochondrial activity or inactivity, which can be measured via mitochondrial membrane
polarization as a proxy. Therefore, in this study we present phasor analysis of Nicotinamide
Adenosine Dinucleotide (NADH) fluorescence lifetime both before and following irradiation by
a large dose of radiation (10 Gy) in both Normal Oral Keratinocytes (NOK) and urothelial
carcinoma cells (T24). These cells were chosen because they have large contrast in intrinsic
radiosensitivity with NOK being approximately 100-fold greater radiosensitivity as compared to
T24 at large doses. Furthermore, we present comparative measurements of cellular ROS
production for these cell lines. Quantification of cellular ROS production in these normal and
cancer cells is supplemented with measurements of mitochondrial membrane potential to probe
the function of mitochondria. Finally, expression of glycolytic enzyme Hexokinase Il is

quantified.

4.2 Methods and Materials

4.2.1. Cell Culture
Two human cell lines with significant differences radiosensitivity were selected from a

panel of cell lines. T24 urothelial carcinoma cells were cultured in DMEM with 4.5 g/dl
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glucose, 10% FBS, 1% hydrocortisone, penicillin (100 units/ml), streptomycin (100 mg/ml).
Normal oral keratinocytes (NOK) cells were a kind gift of Dr. Karl Munger of Tufts University,
and cultured in keratinocyte serum-free media supplemented with both EGF and Bovine Pituitary
Extract. Cells were maintained as monolayer cultures at 37°C in a humidified atmosphere with

5% CO..

4.2.2. Cellular Irradiation

Cells were irradiated to 10 Gy using a 320 kVp small animal and cell culture irradiator
XRAD 320 (Precision X-ray Inc). The XRAD 320 has a metal ceramic anode with 1.5 mm Al +
0.25 mm Cu + 0.75 mm Sn of beam filtration. Each well was plated with 200 pL of cellular
media. For negative controls, all 96 well plates were read out with no treatment drug or
irradiation. Cells were plated to be 50% and 90% confluent on a 96-well (8 rows, 12 columns)

black-walled plate to prevent fluorescence leakage between wells.

4.2.3. Fluorescence Lifetime Imaging of Cellular NADH

Time-correlated Fluorescence Lifetime Imaging Microscopy (FLIM) was performed
using a custom multiphoton laser-scanning microscope with SPC-830 Becker Hickl FLIM
hardware (24, 25) at the Laboratory for Optical and Computational Instrumentation LOCI,
University of Wisconsin — Madison, USA. Fluorescence of cellular NADH was excited using
multiphoton excitation at a wavelength of 740 nm utilizing a Spectra Physics MaiTai Ti:Sapphire
laser. FLIM was employed to map the NADH-based metabolism of cell lines in vitro subjected
to different treatment conditions. Five regions of interest per dish were imaged 30 minutes
following radiation, and during imaging, cells were maintained at 37°C and 5% CO; in a
LiveCell™ stage top incubator. A 450/70 nm emission bandpass filter (Semrock) was utilized to

isolate the NADH autofluorescence. See section 2.2.3 for more detailed information.
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4.2.4. Cellular Reactive Oxygen Species Production

DCFDA
NOK

Control

DCFDA
124

Control

Figure 4.2.1: Plate map for ROS fluorescence measurement: A map for how this series of ROS measurements
was conducted. Two plates were read out to obtain a sham and an irradiated condition. It is standard for cell plates
to be lettered by row and numbered by column. Rows A-D are plated with NOK cells and rows E-H are plated with
T24 cells. Not depicted in the map is that columns 11 and 12 are left unplated, to get background measurements
without cells, whereas rows C, D, G and H are plated from columns 1-10 but not administered dye.

To measure the cellular production of ROS, NOK and T24 cells were plated as shown in
Figure 4.2.1 to 90% confluency in clear-bottomed, black-wall 96-well plates. DCFDA
(dichlorofluorescein-diacetate) dye is commonly used to monitor cellular ROS because cellular
esterases remove the acetyl groups and allow the activation of fluorescent capability of DCF by
oxidation reactions with cellular ROS. Immediately before use, chloromethyl-H,DCFDA
(Abcam, San Francisco, CA, USA) was dissolved in dimethyl sulfoxide (DMSQO) to a 1 mM
stock concentration. The dye was further diluted in PBS to yield a final cell loading
concentration of 5 uM. Cells were incubated at 37°C and 5% CO, with the DCFDA dye loaded

dye for 10 minutes for cellular update per the protocol included.
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Before treatment, cellular media was removed via aspiration and each well was rinsed
with warm PBS to remove excess dye and administered 100 uL of phenol-red free media. One
plate was subjected to sham irradiation and the other was dosed to 10 Gy radiation. After
radiation exposure, the cells were immediately placed on a fluorescent plate reader (SpectraMax
i3, Molecular Devices, CA, USA) and total well fluorescence determined using excitation 495
nm (bandwidth 9 nM) and emission 525 nm (bandwidth 15 nM). Fluorescence intensity was
read before and immediately after irradiation (approximately 2 minutes for transit time between
the irradiator and the plate reader), and at 15, 30, 45, 60, 75 and 90 minutes following irradiation.
These measurements were then plotted using MATLAB (The Mathworks, Inc., Natick, MA,

USA) and compared between plates and cell groups.

4.2.5. Cellular Mitochondrial Membrane Potential

Mitochondrial membrane potential (MMP) was measured using a TMRE
(tetramethylrhodamine ethyl ester) MMP measuring kit (Abcam - ab113852). TMRE dye is an
effective method to measure mitochondrial membrane polarization because it is positively
charged and therefore is readily taken up by active mitochondria which have a negative electric
potential. The TMRE was diluted to 1 uM in DMSO per manufacturer suggestion for well-plate
readout. 50 UM FCCP (carbonyl cyanide 4-trifluoromethoxyphenylhydrazone) was administered
as a control drug because it uncouples ATP production from respiration and prevents
mitochondrial accumulation of fluorophores. Cells were incubated with TMRE for 20 minutes at
37 °C and read out using a multi-well plate reader (SpectraMax i3, Molecular Devices, CA,
USA) at 549 nm excitation and 575 emission. Cells were again plated to 90% confluency in

clear-bottomed, black-walled 96-well plates as shown below in Figure 4.2.2.
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TMRE
NOK

TMRE + FCCP

TMRE + FCCP
124

TMRE

Figure 4.2.2: Plate map for mitochondrial membrane polarization fluorescence measurement: A map for how
this series of mitochondrial membrane potential measurements was conducted. Two plates were read out to obtain a
sham and an irradiated condition. It is standard for cell plates to be lettered by row and numbered by column. Rows
A-D are plated with NOK cells and rows E-H are plated with T24 cells. Not depicted in the map is that columns 11
and 12 are left unplated, to obtain background fluorescence measurements.

FCCP was added to rows C-F (the rows annotated with TMRE+FCCP in figure 4.2.2) to
a final concentration of 10 uM and incubated at 37°C and 5% CO, for 10 minutes. Then TMRE
was added to the media to a final concentration of 1 uM and FCCP coctail and incubated for 15
minutes again at 37°C and 5% CO,. After incubation, the drug and dye coctail was removed via
aspiration and cells were subsequently washed with warm PBS, and given 100 uL of phenol red-
free media. After radiation exposure, the cells were immediately placed on a fluorescent plate
reader (SpectraMax i3, Molecular Devices, CA, USA) and total well fluorescence determined

using excitation 549 nm (bandwidth 9 nM) and emission 575 nm (bandwidth 15 nM).

Similar to the ROS experiments, two plates were necessary: one sham and one for
irradiation to evaluate the radiation response. Again, fluorescence intensity was assessed

immediately following radiation, and then at time points of 15, 30, 45, 60, 75 and 90 minutes
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after the radiation dose. These measurements were also plotted using MATLAB (The

Mathworks, Inc., Natick, MA, USA) and compared between plates and cell groups.

4.2.6. Cellular Expression of Hexokinase-11

Expression of cellular hexokinase-11 was quantified using the Western Blot technique.
NOK and T24 cells were plated to 90% confluency in eight separate 6 cm culture dishes: four for
NOK and four for T24. Cell media was removed via aspiration before freezing to remove all
liquid from the dishes to avoid ice crystals. These fixations were performed before irradiation,
and then at 30 minutes, 6 hours and 24 hours following irradiation to track the accumulation of

HK-II.

Following treatment, cells were lysed with RIPA lysis buffer (10 mM Tris-Cl (pH 8.0), 1
mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140 mM NaCl, 1 mM
PMSF) and were sonicated. Equal amounts of protein were analyzed by SDS-PAGE (35 mg),
and then the proteins were transferred to polyvinylidene difluoride (PVVDF) membranes, analyzed
by specific primary antibodies, and detected via incubation with IRDye® secondary antibodies

and subsequent imaging on the Odyssey Fc (LI-COR).
The primary antibodies used were:
Control 1: GAPDH (D16H11) XP® Rabbit mAb #5174 Cell signaling technologies
Control 2: a-Tubulin (DM1A) Mouse mAb #CP06 Calbiochem
HK-11: polyclonal Anti-Hexokinase 11 Picoband™ #A01389 BOSTER biological technology.

The secondary antibodies used were:
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IRDye 800CW Goat anti-Rabbit LI-COR

IRDye 800RD Goat anti-mouse LI-COR.

4.3  Experimental Results

To investigate changes in metabolism, we performed phasor analysis of NADH FLIM of
NOK and T24 as depicted in figure 4.3.1. No appreciable change in metabolism was observed
following irradiation for NOK cells. This is in contrast with T24 cells which do show a
significant metabolic impact. Both cell types responded similarly to mitochondrial perturbation
by mitochondrial complex 1V blocker, potassium cyanide. It should be noted that the metabolic
signature of T24 cells do not lie on the line between negative control and mitochondrial control
(KCN). This lack of co-linearity suggests that the metabolic change in T24 cells may not be due

to changes in oxidative phosphorylation.

To quantify changes in cellular ROS production, we measured fluorescence of DCFDA,
which is plotted in figure 4.3.2. NOK cells showed a significant uptick in ROS production
following irradiation. This increase in ROS production was not observed for T24 cells, which
remained relatively constant. There was no statistically significant change in ROS concentration
for T24 following irradiation. It should be noted that NOK has a less predictable growth rate
than T24 cells, and therefore differences in confluency may manifest after cell growth over two
nights. This may account for the increased variance in fluorescence intensity of NOK ROS.
Furthermore, radiation had only a small impact on mitochondrial membrane polarization
dropping only by approximately 10% as pictured in figure 4.3.3. However, when subjected to

control drug FCCP, NOK mitochondrial showed a marked decrease in fluorescence intensity of
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Figure 4.3.1: Radiation-induced metabolic changes in T24 are non-mitochondrial: A plot of gmax vs smax as
determined by phasor analysis of NADH FLIM data for NOK and T24. KCN, a mitochondrial complex IV inhibitor
is used as a metabolic control drug. Interestingly, the data does not show mitochondrial inhibition as the likely

effect of irradiation for either cell line.
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Figure 4.3.2: NOK has increased ROS production following irradiation: Cellular ROS production as measured
by fluorescence intensity of DCFDA plotted against time following sham irradiation (red) and a 10 Gy dose of
irradiation (blue).
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Figure 4.3.3: T24 mitochondrial membrane polarization unchanged by radiation: Mitochondrial membrane
polarization as measured by fluorescence intensity of TMRE sequestered by active mitochondria. These data are
plotted against time following sham irradiation (red) and a 10 Gy dose of irradiation (blue).
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TMRE. The behavior of T24 is strikingly different; there is no statistically significant change in

mitochondrial membrane polarization for either the irradiated cells or the sham cells.

Finally, expression of HK-11 was quantified via Western Blot before irradiation and then
0.5, 6 and 24 hrs following irradiation. Figure 4.3.4 compares HK-I1 expression in the NOK and
T24 cells. It was observed that HK-11 expression was significantly lower in the case of NOK
cells than in T24 cells as shown in Figure 4.3.4. The original Western Blot image is included in

the supplemental material, (figure S4.5.1).

4.4 Discussion

Incident ionizing radiation induces a flood of free radicals that create reactive oxygen
species (ROS) such as: superoxide, hydroxyl and peroxyl radicals when interacting with water
in cells. It is these ROS that inflict biological damage rather than the paltry amount of energy
absorption imparted by incident radiation. For a dose prescription of 60 Gy to a tumor with a
mass of two grams, the energy deposited is mere 0.12 J -- an insignificant amount of energy.
Therefore, radiation therapy may be perhaps more correctly regarded as free radical therapy.
These ROS and free radical species generated by interactions between water molecules and
organic fragments with energetic electrons chemically interact with the entire cell, damaging
organelles such as mitochondria (9, 26). These ROS also break DNA strands which require the
activation of DNA repair machinery, which in cancers may be faulty. Moreover, other damage
to genetic information may occur such as alkylation of DNA strands. Upon accumulation, these
epigenetic changes may eventually lead to replicative failure upon serial cell division. In
addition to DNA damage, oxidative stress causes many changes in normal cellular processes,

which can lead to the activation of apoptotic pathways (8, 9, 14, 27). However, particularly in
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Figure 4.3.4: T24 expresses significantly more HK-11 than NOK: Western blot data for Hexokinase-11
expression in NOK and T24 cells. It is interesting to note that the concentration of HK-I1 is much higher for T24
cells versus NOK.
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cancers, these prolonged stresses can result in the selection for adaptive responses, such as

metabolic reprogramming and circumvention of cell-death machinery (8, 28-30).

Indeed, phasor data of NADH fluorescence lifetime data in Figure 4.3.1 indicate that a
prompt change is induced by irradiation of the cancerous, radioresistant T24 cells within 30
minutes, but not in benign, radiosensitive NOK cells. The data indicate that in T24 cells, free
NADH concentration is increased. This effect is somewhat surprising because one might expect
that the radiosensitive cells would show a response; however, the opposite effect is observed.
However, one of the consequences of HK-II upregulation is the bolstering of cellular radical-
scavenging defenses via pentose phosphate pathway production of NADPH (31). It is possible
that the initial spike of radiation-induced ROS was mitigated by elevated concentrations of
NADPH in the radioresistant T24 cells. It is important to note that the metabolic signature
observed for T24 following irradiation does not lie on the line between negative control and
mitochondrial perturbation using KCN, which indicates that the change in metabolic signature

may not be mitochondrial in origin (32).

The net products of glycolysis of one molecule of glucose are shown in Equation 4.2.

Glucose + 2NAD* — 2 Pyruvate + 2 ATP + 2 NADH. (4.2)

In this reaction, two units of ATP are expended (not shown on left-hand side) to generate four
ATP molecules for a net gain of two molecules of ATP. Also important is the generation of two
pyruvate molecules by lactase dehydrogenase as the principle reactant for the Tricarboxylic Acid
Cycle (TCA) or Krebs cycle for oxidative phosphorylation. Finally, it should be noted that two

molecules of NAD™ are reduced to two equivalents of free NADH. Therefore, it stands to reason
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that in the case of T24 cells, the origin of the change in metabolic signature to higher free NADH

population lies in increased glycolytic activity.

TMRE fluorescence measurements of mitochondrial membrane polarization also showed
a very interesting effect. In the case of NOK cells, a slight decrease in polarization following
irradiation was observed, but not a down to the level of FCCP control achieved in both the
irradiated and sham cases. Conversely, TMRE fluorescence of T24 mitochondria was not
changed for cells irradiated cells, or for either case when treated with FCCP. The lack of change
in mitochondrial membrane polarization indicates that the effect of radiation on these cells'

metabolic signature as measured by FLIM in T24 are non-mitochondrial in origin.

A previous study by our group demonstrated that HIF-1a expression increased by 300%
in T24 cells following irradiation. Conversely, NOK cells showed a slight decrease in HIF-1a
expression (15). It is somewhat counter-intuitive, then, that NOK cells demonstrate a significant
increase in ROS production in NOK cells, whereas their cancerous T24 counterparts show no
statistically significant change in cellular ROS levels. This is surprising because ROS and free
radicals produced by irradiation have been previously linked to stabilization of HIF-1a, which
plays a key role in cellular responses to hypoxia (33). However, it should be noted that oxygen
concentration and ROS levels are not the only mechanisms by which HIF-1a may be stabilized,
loss-of-function of the VHL being an obvious one mechanism. Another example an oxygen-
independent stabilizer of HIF-1a is the accumulation of TCA cycle intermediates, which
interfere with the function of HIF prolyl hydroxylases thus preventing the "flagging” of HIF-1a
for ubiquitination and subsequent destruction (34-36). When the HIF-1 heterodimer forms, it
serves as a transcription factor for glucose transport enzymes, the hexokinase family of

glycolytic enzymes, and pro-angiogenic signaling as well (37-39).
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Hexokinase-11 is a transcription target of HIF-1 and is found to be over-expressed in
many cancers (40, 41). Moreover, in these two cell lines, there is a higher concentration of HK-
Il present in T24 cells as compared to NOK cells. HK-I1 is advantageous for cells that are
actively proliferating because it has two active catalytic binding sites for glucose-
phosphorylation which improves its glucose turnover potential (42-44). This is particularly
advantageous because it allows for energy production without the loss of carbon skeletal
components needed for proliferation and anaplerosis. Moreover, HK-II activation has been
correlated with protection against injury and death because of its ability to associate with the
outer mitochondrial membrane as well as its antioxidant defense bolstering properties (31, 41,

45, 46).

These data all fit together to suggest that the comparatively radioresistant T24 cells
promptly respond with a measureable shift in metabolic signature indicating an increase in free
NADH population. The increase in HK-II expression in concert with the lack of change in
mitochondrial ROS or mitochondrial membrane potential suggests that this increase in free
NADH may be the result of an increase in glycolysis. Indeed, HK-I1's role in cell death
machinery, as well as antioxidant defense, further suggests that the capacity for prompt response
may modulate treatment response. Most critically, the response occurs on the same time scale as
the duration of a hypofractionated or stereotactic radiotherapy treatment. These effects occur

well ahead of cell death and may play a role in modulating treatment efficacy during treatment.

45 Conclusion

Radiation therapy has been a crucial tool in the practice of oncology and is prescribed in
therapeutic regimens for a multitude of cancer types and applications. Because of its prevalence,

it is important to gain a deeper understanding of the host of biological effects induced. These
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effects are manifold and much more complex than can be accounted for in the simplistic linear
quadratic model (47). Sublethal damage to DNA and cell kill are merely a subset of the effects
created by radiation therapy: these other effects include changes in perfusion and oxygenation
(16, 48, 49), changes in vasculature and angiogenesis (50), and even prolonged injuries to
organelles due to oxidative stress (8, 9, 19). Radiation therapy is also not subject to interstitial

fluid pressures and perfusion issues that affect drug-based cancer treatments (51).

A deeper understanding of metabolic changes induced by irradiation and their
mechanistic underpinnings provides an opportunity to enhance our grasp on what factors impact
and modulate radiosensitivity. Furthermore, aberrant metabolism is known to play a key role in
both cancer progression and metastatic aggression. It is the authors' opinion that to advance
radiotherapy efficacy, it is desirable to understand its impact on cellular signaling and metabolic
changes that may occur not only between fractions, but also during fractions. The timescale of
these effects is particularly important in the context of hypofractionated treatment regimens
which limit therapeutic opportunity to average over dynamic effects due to fewer fractions (47,
52, 53). A deeper understanding of interplay between these phenomena may provide
opportunities to tailor therapeutic regimens to be more patient-specific based on their cancer

metabolic profiles and improve its adaptability in future treatment regimens.

4.6  Supplemental material

The original image of the Western Blot for HK-I1 is provided below in figure S4.6.1.
The figure was cropped so that data for HK-I1 expression from NOK was above data from T24.
This was done so that the figure 4.3.4 would be consistent in the order of listing the cell lines
with NOK being first and T24 being second. Also, figure 4.3.4 lists the expression following 30

minutes because it is the most relevant timescale to the rest of the data presented in this work.
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Figure S4.6.1: Full Western Blot image of HK-II for T24 and NOK: The full image of the Western blot of
Hexokinase-11 expression in NOK and T24 cells. Figure 4.4 is comprised of the data for NOK - NO RT, NOK - 0.5
hr, T24 - No RT, and T24 - 0.5 hr. These data are rearranged to follow the format of other figures where NOK cells
are listed first.
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Chapter 5: Conclusions and Future Work
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5.1 General conclusions

5.1.1. Restatement of specific aims

The aim of this work was to gain a deeper understanding of how radiation therapy affects
the biological system and how those effects may impact the efficacy of radiation therapy itself.
Oxygen is a key modulator of radiosensitivity, and clearly, metabolism plays an important role in
oxygen consumption and availability. To evaluate these effects, we quantified changes in
cellular metabolism and HIF-1 signaling following irradiation in both a radiosensitive (NOK)
and radioresistant (T24) cell line. To probe the mechanistic underpinning of these metabolic
changes in these two cell lines following irradiation, we assessed changes in mitochondrial
membrane polarization and ROS production as well as expression of HK-11, a HIF-1

transcription target.

5.1.2. Radiation affects cellular metabolism promptly

One of the key findings of this work is that radiation induces detectable and quantifiable
metabolic changes within thirty minutes of irradiation. It should be noted that the thirty minute
time window was imposed on the study because of the physical distance between the cabinet
irradiator in the small animal facility of the Wisconsin Institute for Medical Research and the
microscopy facility at Laboratory for Optical and Computational Instrumentation. Indeed, the
changes observed may well have occurred faster than the thirty minutes elapsed. Therefore,
these prompt changes in metabolism occur on timescales well before the effects of the 4 R's of
radiobiology: repair, redistribution, reoxygenation, and repopulation. Moreover, these effects are

classically be attributed to the impact of cell death and how that death affects the consumption of
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oxygen. The data presented show that these effects also depend on cell type, and may instead be

related to a fifth 'R, intrinsic radiosensitivity.

In particular, this work investigates how two distinct cell lines — one cancerous (T24)
and one non-cancerous (NOK) -- respond metabolically to a large dose of radiation. These two
cell lines possess significantly different radiosensitivities with T24 cells have a two decade
survival advantage over NOK cells at 10 Gy. Interestingly, the data presented in this work show
that the radioresistant T24 cell line that shows a strong metabolic response. This is in stark
contrast to the non-cancerous NOK cells where there is no statistically significant observable
change in metabolic signature following irradiation. Again, it is important to note that the
changes observed in the cancerous T24 cells manifest themselves within thirty minutes of
irradiation. This is a critical observation because the changes manifest themselves within a

timescales similar to the duration of a typical hypofractionated treatment.

5.1.3. Metabolic signatures indicate increased glycolysis in cancerous cell line
While there is no statistically significant observable metabolic change in the non-
cancerous cells as measured by fluorescence lifetime of NADH, a strong shift in the NADH
lifetime signature of the cancerous T24 cells clearly manifests itself. The data presented here
also show that these changes are not related to mitochondrial metabolism. This evidence
includes measurements of cellular ROS and mitochondrial membrane polarization which are not
sensitive to radiation. Cellular ROS production remains unchanged in the case of T24 cells.
Moreover, the T24 fluorescence of mitochondrial membrane polarization was found to be
unchanged following radiation or by the addition of FCCP which decouples ATP production

from mitochondrial respiration.
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We hypothesize that these changes are related to the increased expression of HIF-1a
observed in the cancerous T24 cells that was conspicuously absent in the non-cancerous NOK
cells. HIF-1 is a critical protein factor particularly in cancer cells because it has been implicated
in therapeutic resistance as well as the role it plays in tumor progression via growth and
proliferation as well as angiogenic signaling. Moreover, its upregulation has been implicated in
the development of metastatic phenotypes in many cancers. HIF-1 acts as a transcription factor
to the hexokinase family of enzymes, as well as glucose transporters which allow for greatly
increased glucose turnover not only for energy production, but also for the production and

retention of biomass for proliferation.

5.1.4. Importance of genotyping cell lines for in vitro studies

Our collaborator is in the process of writing a perspective on the importance of
genotyping cell lines prior to research studies. It is not uyncommon for the identity of a particular
cells line to be taken at face value. As we learned in this study, it was very easy to receive a cell
line mislabeled as a head and neck cancer cell line and proceed with the work without knowing.
Fortunately, for the purposes of this work, which was to assess how metabolic changes manifest
differently in response to radiation for a radioresistant and a radiosensitive cell line, the site of
the cell lines was not as important as the metabolic findings. After genotyping for identification,
and further testing for verification, it was found that the same cell line (T24) was used
throughout the entirety of this work. However, in the future, we recommend that genotyping be

performed for in vitro work.
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5.2  Future Work

5.2.1. Extension of metabolic profiling to various cell lines in-vitro:

This work seeks to explore the changes in metabolism resultant from radiation therapy in
an in vitro cellular model. However, this work has been limited to the comparison of two head
and neck cell lines, one cancerous (T24) and one non-cancerous (NOK). These two models were
chosen because they have distinct radiosensitivities where NOK is radiosensitive and T24 is
radioresistant. A logical next step would be to evaluate shifts in metabolic profile following
irradiation for a battery of cell lines of varying radiosensitivity. In this way, it may be possible to
characterize a potential relationship between metabolism and radiosensitivity. This would be an
excellent starting point for implementing metabolic profiling for intervention in radiation therapy

treatment regimens.

5.2.2. Metabolic profiling of radiation response of different primary tumor sites
The cell lines in this work were chosen because they lie on opposite sides of the
radiosensitivity spectrum, and also because urothelial cancers may be treated with radiation. As
radiation therapy is an important component of head and neck cancer treatments, it would be
valuable to perform this study on UM-SCC-22B head and neck cancer cells as the study had
originally intended. It would also be interesting to perform similar in vitro metabolic and
mitochondrial profiling studies on human cell lines derived from other primary tumor sites. It
would be particularly interesting to perform these studies on cell lines derived from sites that are
not typically treated with radiation therapy. Studies of this nature may provide different avenues

into exploring the mechanism underlying contrast in radiosensitivities.
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5.2.3. Extension of metabolic profiling to 3d culture and animal models:

In vitro work with cell lines makes logical sense as a starting point because it cell culture
provides a tractable system which allows the separation of metabolism from confounding effects
like perfusion or matrix stiffness. However, these advantages that in-vitro work present are also
limitations; while cell culture is tractable, it is also unrealistic. Changes in vasculature and fluid
pressures have significant impact on the delivery of oxygen and other nutrients, which

significantly impacts metabolism.

Extension of metabolic profiling to 3d culture in collagen gels is reasonable as a next step
for quantification of metabolism in response to radiation. Changes in matrix stiffness can be
simulated by altering collagen density in the gels to examine the effect on metabolism.
Moreover, as "tumor microenvironment on a chip™ technology becomes more sophisticated, it is
possible to build mock blood vessels to simulate metabolite delivery. Therefore, 3d culture on

collagen gels may be a viable bridge to animal models.

Finally, extension of metabolic profiling to animal models is a crucial step because
animal models allow the observation of the effects of radiation on metabolism in an even more
realistic environment. Study of animal models allows for metabolic profiling while the effects of
angiogenesis manifest themselves. Moreover, the effects of acute and chronic hypoxia which
arise from torturous vasculature on metabolism may be observed and quantified. Clearly,
moving towards more realistic models for metabolic profiling is an important step if such

profiling were to ever be implemented for therapeutic adaptation.
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5.2.4. Further exploration of mechanism of radiosensitivity/protection:

It is also important to develop a more robust understanding of the mechanistic
underpinnings of the radiosensitivity contrast between different cell lines. As stated previously
in this work, HK-11 plays a role in cellular protection by preventing apoptotic cell death. A
thorough study of HK-I1 knockdown and its impact on cell survival as a function of radiation
dose is needed. A study of this nature would be useful to elucidate the potential role of HK-I11 in
the radiosensitivity signaling cascade. It would also be valuable to explore other targets of the
HIF-1 complex in the context of radiosensitivity. Studies which examine the effects of glucose
transport enzymes or monocarboxylate transferases inhibition and how they impact

radiosensitivity may be tremendously impactful for future targeted intervention.

Finally, an exploration of lactate production following radiation would provide deeper
insight into the metabolic changes underlying the changes in NADH lifetime signature. The
catalytic cleaving of glucose into two pyruvate molecules is the first step of glycolysis. Pyruvate
molecules are then converted to a stoichiometric equivalent of lactate. Exploration of lactate
conversion would be further evidence that the NADH lifetime signature observed the

radiosensitive cells are indeed due to an induction of the Warburg Effect.

5.2.5. Multiscale study of metabolism integrating different modalities:

As shown in this study, metabolic profiling employing NADH FLIM is a powerful tool
for investigating changes in cells following irradiation; however, NADH FLIM is not without
limitations. Firstly, while NADH is the dominant fluorescence emitter, there is also non-
negligible fluorescence emission from NADPH, the phosphorylated form of NADH. These
emissions from the NAD(P)H species are very difficult if not impossible to distinguish from each

other. Moreover, visible light has very poor penetration depth into tissue because it is heavily
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scattered. This property of tissue presents significant challenges with regards to FLIM studies in

live animals without endoscopic or window approaches.

Furthermore, while this study explored mitochondrial activity with fluorescence
measurements of ROS, polarization and oxygen consumption, these modalities are even more
strictly limited to in vitro studies. Therefore, it is necessary to integrate other experimental
techniques to advance to in vivo studies. Functional magnetic resonance imaging (fMRI)
utilizing hyperpolarized Carbon-13 is a promising method to characterize metabolism on the
tissue level because it can be integrated organic molecules in the metabolic chain such as glucose
or pyruvate. Using MR spectroscopy, it is possible to identify the molecule species containing
the hyperpolarized Carbon-13 atoms. In this way, the conversion of glucose to lactate can be
quantified, and this can help determine if energy production is indeed from glycolysis. This
allows metabolic profiling at the tissue level. Positron emission tomography (PET) is another
tool which allows for systemic monitoring of a whole animal. PET imaging with F*8-2-deoxy-
glucose is an extremely powerful tool for localizing metastases clinically because glucose is
taken up by tumor sites and thus appear brighter on a PET image. Monitoring glucose uptake
following radiation with PET, and lactate conversion with fMRI could shed light on shifts in

metabolic demands and pathways induced by treatment.



