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Abstract

Investigating variance in radiosensitivity amongst cell populations contributes
to the overall improvement in our understanding of the effects of low dose ionizing
radiation. The aim of this thesis was to investigate factors influencing radiosensitivity
through analysis of survival curves. The radiation-induced bystander effect and low
dose hyperradiosensitivty were observed to help elucidate relationships between

these phenomena.

First heterogeneity of a cell population was investigated and seven clonal lines
of an HCT 116 p53 wild type cell line were derived. Survival curves with a wide range
of dose points (0.5 to 15 Gy) were developed and curves were fitted with the linear-
quadratic and multi-target models. The McMaster Taylor Radiobiology Cesium-137
source was used for all irradiations in this thesis. Here it was evident that the multi-
target model provided a better fit and further analysis revealed a relationship
between the curve shoulder and toxicity of bystander effect signals. Clonal lines with
alarge shoulder size did not show evidence of the radiation induced bystander effect.
Since the lowest dose point in curves was 0.5 Gy, a more focused look was taken in
the low dose range.
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Survival curves were again produced for all clonal lines adding data to now
include six dose points in the low dose region (below 0.5 Gy). Survival curves were
re-analyzed with this extensive data set including doses from 0.01 to 15 Gy and now
instances of hyperradiosensitivty were evident in all cell lines. The linear-quadratic
model did not provide a meaningful fit to the data and so the induced-repair model
was used and found to be appropriate in low doses. It was concluded that whether the
radiation-induced bystander effect was produced or not, low dose effects such as

hyperradiosensitivity may contribute to the overall radiosensitivity of a cell line.

Finally, sex of the cell line was investigated using four cell lines. Of the four cell
lines, two were included as controls for radiosensitivity. These two cell lines were null
for the protein Artemis which assists in the repair of double strand DNA breaks. Thus,
when this protein is not functioning as normal, radiosensitivity is induced in the cell
line. Through medium transfer bystander effect assays a greater reduction in cell
survival was observed in the normal female cell line compared to the normal male cell

line.

In conclusion, this thesis contributes to the understanding of low dose effects
and non-targeted effects of ionizing radiation. Understanding these mechanisms both
separately and in combination may contribute to the betterment of radiation

therapies and radiation protection.
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Chapter 1 - Introduction

1.1 Research Motivation

The goal of this project is to determine fundamental heterogeneity in clonal
progeny of cell populations exposed to ionising radiation using cell survival models
commonly used to estimate cell death following radiation exposure. A main aim is to
reduce the uncertainty associated with low dose ionizing radiation exposures. This is
necessary to gain trust from the public during a period of time that finds governments
and industry keen on the increased use of nuclear energy. Along with this particular
interest in the nuclear industry, findings in this field provide information to better

develop radiation protection guidelines and standards.

A large portion of this project involves comparing parameters of commonly
used models such as the multi-target, linear-quadratic and induced-repair used to
model survival curves obtained through experimentation on cell populations. Here

we work with an HCT 116 p53 positive cell line, clones derived from this HCT 116 cell



line and finally cell lines with variation in sex (1BR.3, C]J176, 48BR and F02/385). This
investigation into the heterogeneity of clonal cell lines as well as variations arising
from less investigated factors such as the sex of the person from whom the cell line
was derived, assists in furthering the radiobiological understanding of cellular
response to targeted and non-targeted ionizing radiation. This work is relevant to
radiation therapy, diagnostic imaging (ex. CT scans, mammography) and radiation

protection.

While diagnostic imaging is used regularly in clinical settings, there remains
hesitancy accepting these tests due to perceived cancer risk. Data gathered on the
differences of clonal radiosensitivity will also pay particular attention to low doses of
radiation below 0.5 Gy to elucidate any phenomena that occur at very low doses.
Further research accounting for sex-effects will also focus on low doses. This research
will investigate anomalies of cell death and survival at low doses commonly
overlooked in many radiobiological studies focusing on the effects of high dose
radiation. This research will help further our understanding of factors involved in
determining individual radiation responses. There is great uncertainty concerning
low dose effects due to a number of genetic, environmental and lifestyle factors and
thus we aim to assess the factors involved in the variation of response to radiation.

This specific type of science is necessary to understand the complexity of adding



ionizing radiation exposure to an environment while maintaining the surrounding

ecosystem.

1.2 Project Aim & Thesis Outline

The aim of this thesis is to better understand lose dose effects in the context of
the radiation induced bystander effect (RIBE) and hyperradiosensitivity (HRS) while
considering other factors that add complexity to low dose effects such as sex.
Specifically, we look at clonal heterogeneity and variance in sex on overall

radiosensitivity. The following outlines each chapter of this thesis.

Chapter 2 introduces relevant radiation biology principles, current survival
curve models and the historical context of the non-targeted effects of ionizing
radiation. This chapter also highlights current problems in low dose research as well

as areas where research is lacking with respect to factors such as sex of the donor.

Chapter 3 (Paper I) investigates the clonal heterogeneity of a common cell
line, used to investigate non-targeted effects such as the radiation induced bystander
effect (RIBE) and low dose hyperradiosensitivity (HRS). Seven clonal cell lines are
derived from the parent populations and are investigated for differences in
radiosensitivity. Survival curve models are used to better understand the cell lines’

response to ionizing radiation.



Chapter 4 (Paper II) takes a more focused look at the effects of low dose
ionizing radiation. Using clonal cell lines previously derived in Chapter 3. Low dose
irradiations are conducted in order to investigate HRS and the transition of cells to a

more radioresistant response.

Chapter 5 (Paper III) continues work in the low dose range to investigate often
overlooked factors influencing individual response to ionizing radiation. Here we take
particular interest in sex as literature has suggested a difference in response to direct
irradiation between males and females, however, less is known on the influence of sex

on the outcome of non-targeted effects of ionizing radiation.

Chapter 6 summarizes the findings presented in this thesis and discusses the
significance of the findings in the context of improved treatment and radiation

protection.



Chapter 2 - Background

2.1 Contextualizing Radiobiology

Radiobiology studies the impact of radiation on biological systems. The
electromagnetic spectrum comprises various types of radiation ranging from radio
waves all the way to radiation in the ionizing part of the spectrum[1]. This includes
gamma rays and X-rays. lonizing radiation is comprised of radiation with short
wavelengths, high frequency and high energy. The complexity in radiobiology studies
lies where ionizing radiation produces effects that are damaging to living systems or
may alter their normal behaviours [1,2]. When radiation of high energy penetrates a
cell, tissue or organism, ionization occurs either in biomolecules (direct ionization) or
in the water surrounding them. The ionised molecules and free radicals formed can
then react with biomolecules (indirect effect of radiation) . The way in which ionizing
radiation events can lead to cellular damage or cell death is the premise upon which

the study of radiobiology lies.
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Figure 2.1: The electromagnetic spectrum. Radio waves, microwaves and visible light
are found lower on the spectrum. Ultraviolet light is not considered ionizing but can
cause photochemical reactions that can be damaging to tissues. This thesis utilizes
gamma radiation via a Cesium-137 source.

2.2 Low Dose Effects

While there is an overall agreement that direct ionizing radiation in high doses
defined as above 0.5 Gy have the potential to produce damaging effects, non-targeted
effects are an area of research that explores effects in neighbouring populations. Non-
targeted effects (NTEs) refer to ionizing radiation-like effects in biological systems
where there is not a direct deposition of energy[3-7]. While DNA is accepted as a

primary and critical target for the targeted effects of ionizing radiation, there is less



certainty about critical targets following non-targeted radiation exposure. Work by
Murphy and Norton, in 1915, noted effects in organs that were distant from the site
of direct exposure in X-ray irradiated mice [8]. These effects were initially described
as indirect effects but are now referred to as non-targeted effects and were not given
much attention until further research on NTEs in the 1980s. Today, indirect effects of
radiation refers to the ionization of water that then proceeds to react with a molecule
of interest due to the formation of reactive species. Non-targeted effects now have
more distinct categories: abscopal effects, clastogenic effects, genomic instability, and
radiation-induced bystander effects (RIBE). With consideration to low dose effects,
low dose hyperradiosensitivity (HRS) is also of interest showing how cells may die at
a greater than expected level at such low doses. Under such conditions, the challenge
lies in estimating risk to a patient, community, or ecosystem as many NTEs add to the
degree of damage experienced by a living cell, tissue, or organism. It is worth noting
the first instance of an adaptive response to ionizing radiation was observed using
lymphocyte culture. A group of cells were cultured in the presence of radioactive
thymidine and then were subject to a high dose of radiation. These cells were found
to develop fewer chromosomal aberrations compared to the control group which only
received an acute high dose of radiation[9,10]. Radiation hormesis is thought to be
due to low doses of radiation which contribute to the initiation of protective cellular
processes [11,12]. This thesis will pay particular attention to RIBE and

hyperradiosensitivity (HRS) described in greater detail later in this chapter.



2.2.1 Hyperradiosensitivity (HRS) and Increased

Radioresistance (IRR)

Many phenomena can come into play impacting our understanding of dose-
response relationships. One of these, hyperradiosensitivity (HRS) refers to a greater
than expected sensitivity to low doses (below 0.5 Gy) radiation exposure often
followed by a transition to increased radioresistance (IRR). Many expectations to
response following low dose exposure come from models such as linear no threshold
and linear-quadratic models. In 1985 using mice skin to study low dose radiation,
Joiner et al. found that their results fit the linear-quadratic model for X-ray exposure
down to 0.75 Gy fractional doses but at even lower doses there was more
radiosensitivity than initially expected [13]. Later in 1993 Marples and Joiner
confirmed a transition from HRS to IRR in Chinese hamster V79-379A cells showing
lower survival for X-ray doses below 0.6 Gy than predicted by the linear-quadratic
model [14]. Further work using human cell lines also reported instances of HRS/IRR.
Wouters and Skarsgard showed human tumor cells which received a single X-Ray
dose of 0.05 to 4 Gy, the linear-quadratic model fit data below 1 Gy but below this
dose displayed an enhanced level of sensitivity [15]. A dose rate of 0.51 Gy/min was
used for doses up to 1.6 Gy and a dose rate of 2.21 Gy/min was used for doses from 2

to 4 Gy. They suggested that the cell population to be hypersensitive and as damage



is sustained by the cell takes a more resistant response[15]. Following this in 1996,
Wouters et al. examined very low dose responses of five human tumour cell lines
known to display variation in radiosensitivity[16]. They found that the four most
resistant cell lines displayed HRS in low doses followed by IRR in the range of 0.3 to
0.7 Gy[16]. Lambin et al. also reported supporting evidence that doses below 1 Gy
showed an increased effectiveness of X-rays[17]. Research using the human
radioresistant T98G cell line investigated HRS with respect to phases of the cell cycle
and confirmed low dose HRS in the whole cell population rather than radiosensitive
subpopulations[18]. These previously mentioned studies concluded more
pronounced HRS/IRR transition in human cells compared to the original Chinese
hamster V79 cells. Since much of this initial work emphasized HRS in low doses, other
models such as the induced-repair model were introduced to better describe low dose
effects. Both the induced-repair and linear-quadratic model are described in further

detail in section 2.5.

Research into low dose HRS/IRR has demonstrated evidence in vivo and shows
potential for the betterment of fractionated radiotherapy. In general, reports by Joiner
et al. on mouse skin[13] and kidneys[19] and Parkins and Fowler on lungs[20] show
that the total dose needed to produce damage is decreased when the dose per fraction
is below 1 Gy [21]. Continuous, hyperfractionated, accelerated radiotherapy (CHART),
originally conducted at Mount Vernon Hospital in the United Kingdom, was able to

produce high levels of tumour control in progressed head, neck and bronchial



carcinomas[22]. This fractionated approach to treat progressed tumours was encouraging
and further trials were conducted. A report published in 1997 showed that locally advanced
non-small-cell lung cancer treated using CHART led to a significant improvement in
survival of patients[23]. Further understanding of low dose radiation and associated effects
could help significantly improve such therapy types. To gain a therapeutic advantage
while exploiting HRS/IRR would mean that more sensitivity must occur in the cancer
or tumour tissue than in normal tissues. Thus low dose curve fitting parameters
outlined in section 2.5 are of interest to investigate sensitivity in low doses as well as
the rate of transition for HRS to IRR. Skov et al. investigated the low dose response of
three hamster cell lines which deficiencies in DNA repair[24]. A cell line defective in
the subunit of DNA-PK complex that repairs double strand break was found to have
an exponential survival response (no IRR) and a cell line defective in nucleotide
excision repair responded in the same manner. In the third cell line with base-excision
repair deficiency showed HRS/IRR and thus it was suggested that this phenomenon
is linked to the repair mechanisms of double strand break (DSB) repair and nucleotide
excision repair[24]. In 2002, work by Mothersill et al. again emphasizes the presence
of HRS in low doses and how this effect results in a larger amount of cell killing than
the classical understanding of DNA DSB break repair[25]. Here they tested 13 cell
lines and saw variation in expression of RIBE and HRS and suggested that cell lines
displaying large RIBE responses don’t show HRS and those that show HRS do not

show RIBE[25]. However, this conclusion was modified later (see below).
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Previous work by our group has reported a relationship between cells showing
the HRS/IRR response and adaptive responses. The adaptive response refers to a
biological process by which radioresistance to a challenging dose is formed after
receiving a small priming dose[26-28]. In 2009, Ryan et al. show that an adaptive
response is detected in documented HRS cell lines, meaning an increase in cell
survival was observed[27]. Work by Fernandez-Palomo et al. took a further look at
the T98G (shows HRS) cell line and HaCaT (does not show HRS) cell lines and aimed
to show a link between RIBE and HRS[29]. When using a mix-match protocol of donor
and reporter cell lines, it was found that RIBE occurred when T98G donor cells were
used on both T98G and HaCaT cell lines but that there was some relationship to dose
where RIBE was only achieved below 1 Gy. When HaCaT donor cells were used, an
increased survival fraction was found in reporter T98G cell but decreased in HaCaT
cells[29]. A large amount of the research mentioned in this section emphasizes that
studies at high doses cannot accurately be extrapolated to low doses and thus

continued interest in low dose effects such as HRS/IRR is necessary.

2.3 Non-Targeted Effects
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The low dose range of ionizing radiation is defined as below 0.5 Gy and is
relevant in a variety of real-world settings. From occupational exposures and
environmental protection to the use of low dose radiation for radiation therapies and
diagnostic imaging, low dose ionizing radiation is of particular interest due to the
possible effects it may have on a population. These effects vary from our high dose
understanding of radiation effects. While it is understood that high dose exposures
lead to an overall linear dose-response relationship[1,2], phenomena occurring in low
doses results in a more non-linear relationship [3,4,21]. In low doses, it has been
noted that effects are not directly proportional to the dose received since there are
several factors (ex. age, sex, comorbidities) that also contribute to sensitivity in this
region. These low dose effects have created a sense of uncertainty in the low dose
range, creating difficulties when advising the general public regarding the various

effects of radiation.
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Figure 2.2: Examples of documented non-targeted effects of ionizing radiation. In all
cases, ionizing radiation is not directly applied to the cell or organism however effects
are observed in the non-irradiate counterpart (Figure courtesy of Dr. Carmel

Mothersill).
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2.3.1 Radiation-Induced Bystander Effect (RIBE)

Radiation-induced bystander effects refers to a response in a cell, tissue or
organism which did not receive a direct deposition of ionizing radiation but
responded to signals from an irradiated counterpart[6,7,30]. RIBE has been
demonstrated as a communication through gap junctions[31,32] as well as soluble
factors[33-36]. More recently, RIBE has also been described through physical factors
such as biophotons[37,38] and at the population level in organisms such as fish[39]
and crickets[40]. Research has shown RIBE both in vitro and in vivo however the work
presented in this thesis make use of the RIBE medium transfer assay documented

further in chapters 3 to 5.

Literature dated to 1953 [6,7] has shown cells producing NTEs with Parsons
et al. who reported changes in sternum bone marrow in children who received spleen
irradiation for chronic granulocytic leukemia[41]. This study clearly emphasized
findings that a radiation-induced effect may be observed in distant and unirradiated
tissues. About 10 years later, in 1962, Souto et al. gave evidence that rats injected with
plasma or ultrafiltrates of blood from irradiated rats or sheep developed many
mammary tumours compared to the non-irradiated animals[42]. The tumours
developed at a significantly higher rate in the irradiated groups compared to the
unirradiated. This effect is known as a NTE via clastogenic factors. Later in 1967, work

by Hollowell and Littlefield built on the report of clastogenic factors and found that
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plasma from X-ray irradiated patients was able to induce chromosomal aberrations
in lymphocyte culture[43]. Further research by Hollowell et al. found plasma collected
from radiotherapy patients has a similar effect regarding chromosomal
damage[44,45]. The chromosomal changes were found to be the formation of
dicentrics, chromatid breaks, and chromatid exchanges and translocations and was a
significant finding which shed light on the fact that even NTEs could result in the
change of genetic information similar to the well understood mechanisms of direct
radiation[43-45]. Similarly, Goh and Sumner found in 1968, that some sort of
transferable substance is produced following total-body irradiation which also
produced chromosomal damage in unirradiated lymphocytes[46]. To build on these
findings Littlefield et al. looked at effects of donor and recipient populations and saw

an apparent variation in response[45].

While irradiations to pregnant females is understood to be dangerous due to
the developing fetus, studies by Goyanes-Vallaescusa in 1971 also found NTEs in
lymphocytes from human children and from young rabbits’ [47]. Their mothers had
been irradiated but received only nonpelvic irradiations and that before time of
gestation. This group suggested a transplacental migration of the chromosome-
breaking factor in plasma to be the reason for this damage transfer to offspring[47].
Continued work on clastogenic factors by Faguet et al. showed an increase in
clastogens after whole-body irradiation using rats[48]. They concluded that “This

activity is not due to radiation-induced depletion of protective factors nor to
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chemical-physical changes of normal plasma components but results from circulating
factors released by irradiated cells” [48]. Following this result, research on atomic
bomb survivors by Pant and Kamada concluded the presence of the factor in plasma
even 31 years post-exposure[49]. Pant and Kamada used blood plasma to conduct
experiments and observed this effect in leukocytes. In comparison they also looked at
the blood plasma of patients who underwent x-rays and a control population. An
interesting and significant conclusion was that these clastogenic factors could have
effects decades after an initial high dose radiation exposure[49]. Many of these
findings confirmed the presence of cytotoxic effects of radiation on unirradiated cells

and tissues.

The more modern studies of RIBE began with Nagasawa and Little in 1992 who
at that moment in time challenged basic concepts in radiobiology. The classical
understanding that living cells exposed to ionizing radiation would experience some
type of cellular recovery, mutation or total cell inactivation was now being extensively
challenged with large volumes of research indicating the possibility for NTEs to come
into play. The 1992 study by Nagasawsa and Little investigated low fluence alpha
particles applied to cell cultures[50]. The main idea put forward here was that if these
alpha particles were applied in a way that only some cells would receive a direct
deposition of ionizing energy, sister chromatid exchanges would be measured in more
cells than were hit directly. Other laboratories also challenged key radiobiology

principles including Seymour et al. in 1986 who found that when mammalian cells are
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irradiated cells in survivor colonies have the potential to carry lethal mutations[51].
Sometimes these lethal mutations may only be detectable after numerous divisions.
Plating efficiencies were investigated, and it was found that plating efficiencies
decreased to levels less than those of unirradiated cell populations. Alper et al. in 1988
built on Seymour et al.’s 1986 finding and concluded that “lethal mutations induced
in mammalian cells are for the most part associated with the shoulder regions of
survival curves”[52]. The rationale of this perspective explained that this region of the
curve is representative of an initial and fast acting repair mechanism which was no
longer prominent with an increase in dose[52]. In 1988 Born and Trott tested
clonogenic ability of the progeny of irradiated cells in vitro through consecutive
replating of irradiated cultures[53]. Their experiments allowed for about 5 to 25
divisions to occur after cell plating. Born and Trott’s finding that there was no
difference in plating efficiency or clonogenic survival results between an irradiated
group and non-irradiated group did not support Seymour et al. and Alper et al’s
findings[53]. Later research by Pampfer and Streffer investigated chromosome
damage in mouse fetuses following zygote irradiation[54]. It was found that cells
derived from skin biopsies of mouses fetuses that were irradiated with X-rays at the
zygote stage had increased chromosome aberration levels and was the first instance
of reporting chromosome instability in fetal fibroblasts following zygote
irradiation[54]. Various findings by Chang and Little investigated delayed
reproductive death in Chinese hamster ovary cells tying in the previously mention

work on delayed lethal effects in the form of clonogenic surviving ability[55-57].
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First, they found that with a reduction in clonogenic ability, the progeny of surviving
CHO cells showed other abnormalities such as decreased ability to attach to culture
dishes and slower cell cycle progression[55]. It was suggested here that damage
carried by surviving progeny of irradiated cells can still propagate over many mitotic
cycles[55]. They termed this effect as delayed reproductive death after the realization
that a reduction in clonogenic ability persisted in cloned progeny of CHO cells
following X-ray irradiation[55,56]. Results of follow up studies suggested DNA
double-strand breaks and their associated endogenous repair processes are involved
in the induction of delayed reproductive death in CHO cells[56,57]. Similarly, a study
by Kadhim et al. reported “exposure to alpha particles (but not X-rays) produced a
high frequency of non-clonal aberrations in the clonal descendants, compatible with
alpha-emitters inducing lesions in stem cells that result in the transmission of
chromosomal instability to their progeny”[58]. Later work by Brown and Trott with
HeLa cells found that when clones of HeLa cells were irradiated with high dose X-rays,
reduced plating efficiency and clonal heterogeneity of progeny of irradiated surviving
cells were observed[59]. Plating efficiency was decreased and continued for more
than 20 population doublings[59]. Today it is expected that there will be some effect
to surviving progeny of irradiated biological material however all of the research
mentioned here significantly helped shift the mindset of experts in the field believing

that effects of radiation occur only in the DNA of target cells[6].
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In 1997 Mothersill and Seymour reported the significant finding of an
observed decrease “in cloning efficiency in unirradiated normal and malignant
epithelial cell lines receiving medium from irradiated cultures’[60]. Medium
irradiated without cells and that of a fibroblast line had no effect on unirradiated
fibroblasts. However, medium from irradiated epithelial cells had a significantly toxic
effect on unirradiated cultures of these cells. This effect demonstrated using epithelial
cells was dependent on the number of cells present at the time of irradiation and could
be observed in culture medium taken from cells even after only 30 minutes had
elapsed after irradiation before medium harvest. They noted these findings to suggest
a factor involved with RIBE to be cell-derived[60]. Following this finding Azzam et al.
reported the significance of intercellular communication in RIBE[32]. Levels of
expression of TP53, CDKN1A, CDC2, CCNB1 and RAD51 were investigated, and it was
found that “TP53 and CDKN1A is significantly reduced in the presence of the gap
junction inhibitor lindane and in irradiated low-density cell populations”[32].
CDKN1A plays a critical role in G1 cell cycle arrest. Therefore, it was an interesting
finding to see that at doses where only 2% of nuclei would be hit with an alpha particle
track of radiation, CDKN1A induction was reported in a significantly larger population
of cells than predicted[32]. Further research by Azzam et al was significant in
confirming the role of gap junctions in RIBE. They found that lindane (connexin-43
function inhibitor) was effective in halting transduction of RIBE to non-irradiated

neighbouring cells[31,32].
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Research by various groups such as the 1998 and 2003 studies by Khan et al.
showed that even shielded regions of an organism could experience NTEs. For
example Khan et al. used rats with shielded lung areas and found that these shielded
regions resulted in increased micronuclei formation when the not shielded lung parts
are irradiated[61,62]. Another finding in 2003 highlighted a possible benefit of NTEs.
Here mice were implanted with tumors into the midline dorsum and then underwent
high dose fractionated radiations of the leg[63]. When compared to the control group
they found that the tumors in the midline dorsum grew significantly slower[63].
However later reports in 2008 by Mancuso et al. revealed an increase in occurrence
of medulloblastoma when heads of animals were shielded compared to whole-body
irradiations[64]. Previous work by our group showed RIBE in both non-irradiated

brain areas and bladders of normal and tumour bearing rats[65,66].

Further work on RIBE has proven that exposure of cell cultures or tissue
explants to low doses of gamma radiation can produce increased levels of abnormal
behaviour in cells never directly irradiated. In 2001, Seymour and Mothersill found
human keratinocytes to show RIBE following radiation exposures of 0.01 to 0.5 Gy
[67]. They found the magnitude of RIBE to be generally constant across these doses
but to saturate in the range of 0.03 to 0.05 Gy [67]. Lyng et al. studied, medium
collected form irradiated cells and its ability to induce mobilization of intracellular
calcium, loss of mitochondrial membrane potential and increase in reactive oxygen

species on cells not directly exposed to ionizing radiation[68]. Some of these events
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are involved in early initiation of the apoptotic cascade. Using this RIBE medium
transfer assay where medium collected from irradiated human keratinocytes is
transferred to unirradiated keratinocytes, rapid calcium flux, loss of mitochondrial
membrane potential, increase in apoptotic cells and reactive oxygen species and a
significant reduction in clonogenic survival were observed again giving evidence to
the relevance of NTEs, in particular RIBE [68]. Also in 2001, Mothersill et al. reported
the significance of RIBE for cancer risk assessment and treatment plans. Here they
signified the relevance of such low dose effects in vivo [69]. In this study fragments of
human tissues were irradiated ex vivo and medium was subsequently collected an
added to unirradiated explants or cell lines. It was found that a signal or factor in the
collected medium could induce cell death and protein expression in the unirradiated
counterparts and these effects were transmissible to progeny[69]. Another aspect of
RIBE worth mentioning is the role of photons. First, Le et al. showed that irradiation
using tritium (3H, low energy beta emitter) has the ability to produce photon emission
in human keratinocytes[70]. Later studies emphasized the biological relevance of
photon emission from beta-irradiated cells and found that UV photons emitted from
directly from irradiated cells influence RIBE in neighbouring cell populations. This

gave evidence of a physical mechanism for RIBE [37,38,70].

Other notable findings on RIBE by our group have investigated entire
organisms in vivo. In 2006 it was reported that fish irradiated with a whole-body dose

of 0.5 Gy (dose rate of 0.1 Gy/min) release soluble factors into water which induce
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RIBE in unexposed fish [39]. Tissue culture explants were derived from the fish and
used to examine RIBE. It was found that RIBE response varied depending on the tissue
type and that gill and fin explant cultures showed the most notable RIBE
response[39]. More recently in 2023, Li et al. demonstrated RIBE in crickets. It was
found that “cohabitated males and females matured significantly faster with no
significant difference in maturation weight than non-cohabitated populations”[40].
This finding is a novel demonstration of RIBE where introduction of irradiated
organisms influences development of non-irradiated populations. Effects were found

to be sex dependent [40].
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Figure 2.3: A representation of the non-targeted effects of ionizing radiation. Cells in
orange destined to receive a dose of radiation (left) are hit with ionizing radiation and
subsequently release a signal that triggers the purple non-targeted or healthy cell
populations (right) to exhibit changes in behaviour or cellular characteristics.

2.3.2 Low doses and the influence of sex on

radiosensitivity

As previously described, low dose effects add to the uncertainty of
radiation advisory in terms of occupational, environment and clinical exposures. To
add to the complexity of low dose radiation, factors such as sex have been found to
have influence on exposure outcomes. In general, more is understood about the

targeted effects of ionizing radiation and the same can be said with respect to sex.
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Current regulatory bodies have indicated a greater risk associated with females
exposed to ionizing radiation. Much of this risk is associated with the female
reproductive system and dose guidelines aim to protect these most sensitive tissues
and organs. However, attention must be drawn to the scarcity of research considering

sex in low dose exposures and NTEs.

Previous work by the Kovalchuk research group has suggested bystander
effects in males and females may be distinct due to differences found through direct
radiation exposures [71-73].Ina 2001 study by Mothersill et al. it was concluded that
females had an overall greater sensitivity to RIBE signals compared to their male
counterparts. While the main focus of this study was not on sex-differences in NTEs,
they did note one of the first instances where a significant difference in cell survival
was observed between sexes following the RIBE medium transfer assays[69].
Furthermore, to build on findings of targeted ionizing radiation exposure and sex,
Koturbash et al. found a selective response through bystander effect experiments[74].
A greater change was observed in spleens of male mice, but sex differences were
significantly less prominent when gonads were surgically removed. In 2022, a student
in our group analyzed published bystander data available in literature to find any
commonalities in factors influencing RIBE. Of these factors, sex of the cell line was
analyzed, and it was concluded that female cell lines produced a larger reduction in
cell survival compared to male cell lines in RIBE experiments [75]. Further

investigations on NTEs in the context of sex-linked effects is needed.
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2.4 Modelling

Modelling radiobiology has proven to be difficult as researchers aim to find
balance between a physical understanding true to their knowledge of ionizing
radiation risk and exposure, and a mathematical equation that accurately describes a
full spectrum of radiation damage from low to high doses. Survival curves are used to
describe the relationship between radiation dose and the proportion of cells that
survive and thus curve fitting models are developed to estimate dose-response. Many
models also have a range of applicability as will be discussed in this section.
Something less discussed is the applicability of these models. Whether it be for
assessing cancer risk to high dose exposures, the effects of acute or chronic low dose
radiation or for advisory of new nuclear projects, it is necessary to be critical of
modeling in order to truly understand and communicate the range and applicability
of each model. The following highlights models commonly used in the field of
radiobiology with implications for radiation therapy and the radiation protection of

parts of an ecosystem.
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2.4.1 Linear No Threshold Model

The linear no threshold (LNT) model assumes cancer risk increases with
increasing dose. The LNT model is used internationally by many health agencies and
nuclear regulators including the Canadian Nuclear Safety Commission (CNSC) to help
determine dose limits for workers and community members however it does not
account for the possibility of low dose effects [76]. The LNT model has been
challenged by various scientists who suggest that it does not accurately represent
biological effects especially at low doses [77,78]. Both RIBE and HRS oppose this

model with various findings reported at low doses.

2.4.2 Multi-Target Model

The multi-target model was an early model used to predict the cell killing. The
multi-target model describes dose response relationships with the following

mathematical equation and constant parameters.
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Survival

s(D)=1- <1 - e_D%> (2.1)

Where: S Survival Fraction
D Dose
D, Reciprocal of the final slope
Dy Reciprocal of the initial slope
Dy Quasi-threshold dose
n Extrapolation number
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The reciprocal of the final slope, D,, also represents the dose required to
reduce survival fraction to 37% for the linear portion. The parameter D, can be
proven as the reciprocal of the final slope by differentiating the survival fraction in

log-linear space and taking the limit as the dose becomes infinite.

The following converts Equation 2.1 into log-linear space:

In(S) =In (1 — (1 - e_D£o> >

Then differentiating both sides of the equation to get the slope of the line with respect

to the dose.

_D\"

— D,

0 1 -n (1 ¢ 0)
—In(S) = -

aD o\ Dy | /&
1—(1—eD0> ePo—1

Finally, taking the limit where the dose becomes large, we find the final slope the

model reaches.

. 0
S ) O
1—{1—e Do eDo
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Therefore, the final slope, —1/D,, is evident and it is seen that the parameter D, is the

reciprocal of the final slope.

The extrapolation number, n, gives the width of the shoulder of the curve
which determines the radioresistance at lower doses. Meaning a higher n value will
have less cell killing at low doses. There is another parameter related to the
extrapolation number called the quasi-threshold dose, D,, which is where the
extrapolated backward linear portion intersects with the x-axis at the survival
fraction of 1. This threshold is the dose that backward extrapolation would produce
no effect on cell killing although this is not actually true. The three parameters are

related by the following equation:

Dy
In(n) = D.
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Figure 2.5: The effect of changing Dy in the multi-target model with a constant n value
of 4. This shows how the final slope, Dy, changes but all lines backwards extrapolate
to the same n value on the y-axis. The small, dotted lines represent the backwards
extrapolation of each line in the legend from infinity.
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Figure 2.6: The effect of changing n in the multi-target model with a constant Dy value
of 2. This shows that all curves reach the final slope but extrapolate to a different n
value (small, dotted lines). Lines with larger n values evidently have a wider shoulder.

The above graphs, Figure 2.5 and 2.6, show the effect of each parameter. The
multi-target model is sufficient at modelling high doses and attempts to address
changes in low doses but not all low dose effects are captured. As shown in the math

in this section, there are no terms to describe low dose effects such as HRS and IRR.

31



2.4.3 Linear-Quadratic Model

The linear-quadratic model is currently used for various clinical and
radiation protection purposes and therefore was revisited in this thesis. It attempts
to address early radiobiological findings that a majority of chromosome aberrations
are a result of two separate ionizing breaks in DNA. The linear-quadratic model
describes dose response relationships with the following mathematical equation and

constant parameters.

S(D) = e~aDP-BD* (2.2)
Where: S Survival Fraction
D Dose
a Coefficient for cell killing proportional to dose
p Coefficient for cell killing proportional to square of dose
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The cell killing from the proportional a term and squared proportional 8 term are

equivalent when:

aD = BD?

Which rearranges to a dose of:

| R

This represents the dose when the majority of cell killing transitions from « to
p killing. The cell killing in high doses continuously bends with no final straight

portion on a log-linear plot, unlike what is observed experimentally in some
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experimental data. After seven or more decades of cell killing the model is not

applicable.

A decade is defined as the dose required to kill 90% of the cell population.

Which can be calculated from the linear portion of the survival fraction.
S(D) = e 9P

The a term is the slope in the log-linear space but if the reciprocal to the dose
is used it defines the dose in which 63% of the cell population is killed. This is also one

standard deviation of cell killing.

The decade killing dose can be found by setting the survival fraction to 0.1 or
10% and solving for the resulting dose. The decade Kkilling dose is proportional to the

standard deviation of killing dose or the reciprocal of the slope of the line.

D
S(D)=01=¢e Do

D
In(0.1) = ——

D,

D:D10:D0*2.3
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Again, it is worth noting that while this model is widely used in the field, it does
not contain curve fitting parameters which help accurately describe low dose effects
such as HRS to IRR. The Linear-Quadratic model is an adequate representation in
doses in the first few decades of cell killing and its advantage is the simplicity of having

only two parameters.

2.4.4 Induced-Repair Model

The induced repair model is an adaptation on the linear-quadratic model to
improve its capability in the low dose region. The induced-repair model makes a a
function of the dose to account for the hyperradiosensitivity in low doses followed by

an induced-repair response. The general formula is given by:
S(D) = e~*(D)*D-pD? (2.3)

One of the proposed a functions by Lambin et al. is shown below [79].

a(D) = ar * (1 + (g - 1) e_D£c> (2.4)
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Where: S Survival Fraction

D Dose

ar Coefficient for cell killing proportional to dose at high doses
as Slope at very low doses

B Coefficient for cell killing proportional to square of dose

D, Dose Constant

1 4
0.9 R :
c RN < Extrapolation from
Ke) S high-dose fit by LQ-
508r model 1 Figure 2.8: An example of the
"; induced-repair model on a log-
= 07k linear plot. The linear-quadratic
= model (LQ - dotted line) is also
®» HRS shown on this plot as a
06l comparison to the improved
induced-repair model (solid line).
Fit by induced repair model Graph from Radiobiology
Textbook [2].
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In this model, ar is cell killing proportional to the dose at high doses. It is like

the a in the linear-quadratic model at higher doses. This can be seen when D > D,
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the term for the a function simplifies to ar. The other a constant, as, is the slope of
the survival curve at 0 dose. This is seen by taking the derivative of the survival

fraction in log-linear space and setting the dose to zero as seen below:

First, the full induced repair model is made by taking the general induced-repair
model equation (2.3), with equation (2.4) substituted for the a component as

described by Lambin et al [79].

D

S(D) = e—ar*(1+(%—1)e_l7_c>*[)_ﬁpz (2.5)

Setting equation 2.5 in log-linear space:

In(S(D)) = —ar x (1 + (E — 1) e_D£c> * D — BD?

ar

Take the derivative to find the slope of the curve in log-linear space:

D D

% n(s(0)) 1+ (2 -1)e70e )+ (= D+ 2507w D — 24D
R = — % —_ c c —_— c | * —_
apn ar o e D, e Dce B

Finally, set dose=0 to find the initial slope as:
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as

%ln(S‘(O)) = —ar * (1 + (— — 1)) = —as

ar

The dose constant, D., shows a characteristic dose used to describe the
transition from HRS to IRR. The following math shows that D, is a local minimum
value representing the dose at which HRS is at a maximum and a transition to IRR

begins.

To find the local minimum, one can take the derivative of the induced repair model
equation described directly above and set it to zero. A slope of zero is when the local
minimum is reached. The local minimum is expected in the low dose region so the
reader will notice the  term is neglected in the following proof. It is evident that a
chain rule must be used and the equation S’(D) can only equate to zero when f'(D)

equals zero.
S(D) = e/ ®)
Using chain rule: S'(D) = f'(D)ef®)

S'(D)=0 when f'(D)=0

-2 D —ar as
f,(D):eDC(<—6¥T<1—8DC>—QS>+<D +D_)*D>:0

There will only be a minimum point if as > ar so we can approximate when adding

terms that ar = 0,
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Therefore, the dose constant also approximates the valley where HRS turns

into IRR. However, effects from large beta values or when g is small can influence the

exact HRS/IRR transition point. Overall, the induced-repair model provides a

meaningful dose-response relationship in the low dose range.

39



2.5 References

1 Hall E], Giaccia AJ. Radiobiology for the Radiologist. 7th ed. Lippincott Williams &

Wilkins 2012.

2 Baatout S, Dostal M, Valek V. Radiobiology Textbook. 2023.

3 Kadhim M, Salomaa S, Wright E, et al. Non-targeted effects of ionising radiation—
Implications for low dose risk. Mutation Research/Reviews in Mutation Research.

2013;752:84-98.

4 Mothersill C, Rusin A, Seymour C. Low doses and non-targeted effects in
environmental radiation protection; where are we now and where should we go?

Environmental Research. 2017;159:484-90.

5 Dickey JS, Zemp FJ], Martin OA, et al. The role of miRNA in the direct and indirect

effects of ionizing radiation. Radiat Environ Biophys. 2011;50:491-9.

6 Mothersill C, Rusin A, Fernandez-Palomo C, et al. History of bystander effects
research 1905-present; what is in a name? International Journal of Radiation

Biology. 2018;94:696-707.

7 Mothersill C, Seymour C. Radiation-Induced Bystander Effects: Past History and

Future Directions. Radiation Research. 2001;155:759-67.

40



10

11

12

13

14

Murphy ]B, Norton ]]. The effect of x-ray on the resistance to cancer in mice.

Science. 1915;42.

Olivieri G, Bodycote ], Wolff S. Adaptive Response of Human Lymphocytes to Low

Concentrations of Radioactive Thymidine. Science. 1984;223:594-7.

Wolff S. The adaptive response in radiobiology: evolving insights and implications.

Environmental Health Perspectives. 1998;106.

Calabrese EJ]. The Maturing of Hormesis as a Credible Dose-Response Model.

Nonlinearity in Biology, Toxicology, Medicine. 2003;1:154014203902499.

Calabrese EJ, Stanek EJ], Nascarella MA, et al. Hormesis Predicts Low-Dose

Responses Better Than Threshold Models. Int ] Toxicol. 2008;27:369-78.

Joiner MC, Denekamp ], Maughan RL. The Use of ‘Top-up’ Experiments to
Investigate the Effect of Very Small Doses Per Fraction in Mouse Skin.
International Journal of Radiation Biology and Related Studies in Physics,

Chemistry and Medicine. 1985;49:565-80.

Marples B, Joiner MC. The Response of Chinese Hamster V79 Cells to Low
Radiation Doses: Evidence of Enhanced Sensitivity of the Whole Cell Population.

Radiation Research. 1993;133:41.

41



15

16

17

18

19

20

21

Wouters BG, Skarsgard LD. The Response of a Human Tumor Cell Line to Low
Radiation Doses: Evidence of Enhanced Sensitivity. Radiation Research.

1994,;138:S76.

Wouters BG, Sy AM, Skarsgard LD. Low-Dose Hypersensitivity and Increased
Radioresistance in a Panel of Human Tumor Cell Lines with Different

Radiosensitivity. Radiation Research. 1996;146:399.

Lambin P, Marples B, Fertil B, et al. Hypersensitivity of a Human Tumour Cell Line
to Very Low Radiation Doses. International Journal of Radiation Biology.

1993;63:639-50.

Short, C. Mayes, M. Woodcock, H. Jo S. Low dose hypersensitivity in the T98G
human glioblastoma cell line. International Journal of Radiation Biology.

1999;75:847-55.

Joiner M(, Johns H. Renal Damage in the Mouse: The Response to Very Small Doses

per Fraction. Radiation Research. 1988;114:385.

Parkins CS, Fowler, | F. The linear quadratic fit for lung function after irradiation

with X-rays at smaller doses per fraction than 2 Gy. Br ] Cancer. 1986;53:320-3.

Joiner MC, Marples B, Lambin P, et al. Low-dose hypersensitivity: current status
and  possible  mechanisms. International Journal of  Radiation

Oncology*Biology*Physics. 2001;49:379-89.

42



22

23

24

25

26

27

Dische S, Saunders MI. Continuous, hyperfractionated, accelerated radiotherapy
(CHART): an interim report upon late morbidity. Radiotherapy and Oncology.

1989;16:65-72.

Saunders M, Dische S, Barrett A, et al. Continuous hyperfractionated accelerated
radiotherapy (CHART) versus conventional radiotherapy in non-small-cell lung

cancer: a randomised multicentre trial. The Lancet. 1997;350:161-5.

Skov K, Marples B, Matthews |B, et al. A Preliminary Investigation into the Extent
of Increased Radioresistance or Hyper-Radiosensitivity in Cells of Hamster Cell

Lines Known to Be Deficient in DNA Repair. Radiation Research. 1994;138:5126.

Mothersill C, Seymour CB, Joiner MC. Relationship between Radiation-Induced
Low-Dose Hypersensitivity and the Bystander Effect. Radiation Research.

2002;157:526-32.

Ryan LA, Seymour CB, O’Neill-Mehlenbacher A, et al. Radiation-induced adaptive
response in fish cell lines. Journal of Environmental Radioactivity. 2008;99:739-

47.

Ryan LA, Seymour CB, Joiner M(, et al. Radiation-induced adaptive response is not
seen in cell lines showing a bystander effect but is seen in lines showing HRS/IRR

response. International Journal of Radiation Biology. 2009;85:87-95.

43



28

29

30

31

32

33

Cohen ], Vo NTK, Seymour CB, et al. Parallel comparison of pre-conditioning and
post-conditioning effects in human cancers and keratinocytes upon acute gamma

irradiation. International Journal of Radiation Biology. 2019;95:170-8.

Fernandez-Palomo C, Seymour C, Mothersill C. Inter-Relationship between Low-
Dose Hyper-Radiosensitivity and Radiation-Induced Bystander Effects in the
Human T98G Glioma and the Epithelial HaCaT Cell Line. Radiation Research.

2016;185:124-33.

Seymour CB, Mothersill C. Radiation-induced bystander effects — implications for

cancer. Nat Rev Cancer. 2004;4:158-64.

Azzam EI, De Toledo SM, Little ]B. Direct evidence for the participation of gap
junction-mediated intercellular communication in the transmission of damage
signals from a-particle irradiated to nonirradiated cells. Proc Natl Acad Sci USA.

2001;98:473-8.

Azzam EI, De Toledo SM, Gooding T, et al. Intercellular Communication Is Involved
in the Bystander Regulation of Gene Expression in Human Cells Exposed to Very

Low Fluences of Alpha Particles. Radiation Research. 1998;150:497.

Le M, Fernandez-Palomo C, McNeill FE, et al. Exosomes are released by bystander
cells exposed to radiation-induced biophoton signals: Reconciling the

mechanisms mediating the bystander effect. PLoS ONE. 2017;12:e0173685.

44



34

35

36

37

38

39

Ariyoshi K, Miura T, Kasai K, et al. Radiation-Induced Bystander Effect is Mediated

by Mitochondrial DNA in Exosome-Like Vesicles. Sci Rep. 2019;9:9103.

Kumar Jella K, Rani S, O’'Driscoll L, et al. Exosomes Are Involved in Mediating
Radiation Induced Bystander Signaling in Human Keratinocyte Cells. Radiation

Research. 2014;181:138-45.

Mothersill C, Seymour CB. Cell-Cell Contact during Gamma Irradiation Is Not
Required to Induce a Bystander Effect in Normal Human Keratinocytes: Evidence
for Release during Irradiation of a Signal Controlling Survival into the Medium.

Radiation Research. 1998;149:256.

Le M, McNeill FE, Seymour CB, et al. Modulation of oxidative phosphorylation
(OXPHOS) by radiation- induced biophotons. Environmental Research.

2018;163:80-7.

Le M, Mothersill CE, Seymour CB, et al. An Observed Effect of p53 Status on the
Bystander Response to Radiation-Induced Cellular Photon Emission. Radiation

Research. 2017;187:169.

Mothersill C, Smith R, Wang ], et al. Biological Entanglement-Like Effect After

Communication of Fish Prior to X-Ray Exposure. Dose-Response.

2018;16:155932581775006.

45



40

41

42

43

44

45

46

Li X, Seymour CB, Mothersill C, et al. Investigation of presence and impact of
radiation-induced bystander effect in Acheta domesticus. International Journal of

Radiation Biology. 2023;1-12.

Parsons WB, Watkins CH, Pease GL, et al. Changes in sternal marrow following
roentgen-ray therapy to the spleen in chronic granulocytic leukemia. Cancer.

1954;7:179-89.

Souto J. Tumour Development in the Rat induced by Blood of Irradiated Animals.

Nature. 1962;195:1317-8.

Hollowell ], Littlefield L. Chromosome aberrations induced by plasma from

irradiated patients. A brief report. ] S C Med Assoc. 1967;63:437-42.

Hollowell JG, Littlefield LG. Chromosome Damage Induced by Plasma of X-Rayed
Patients: An Indirect Effect of X-Ray. Experimental Biology and Medicine.

1968;129:240-4.

Littlefield LG, Hollowell JG, Pool WH. Chromosomal Aberrations Induced by
Plasma from Irradiated Patients: An Indirect Effect of X Radiation: Further

Observations and Studies of a Control Population. Radiology. 1969;93:879-86.

Goh K-O, Sumner H. Breaks in Normal Human Chromosomes: Are They Induced
by a Transferable Substance in the Plasma of Persons Exposed to Total-Body

Irradiation? Radiation Research. 1968;35:171.

46



47

48

49

50

51

52

53

Goyanes-Villaescusa V. Chromosomal abnormalities in lymphocytes of children
and baby rabbits born from mothers treated by X-irradiation before pregnancy. A

transplacentary plasmatic chromosome-Damaged factor? Blut. 1971;22:93-6.

Faguet GB, Reichard SM, Welter DA. Radiation-induced clastogenic plasma factors.

Cancer Genetics and Cytogenetics. 1984;12:73-83.

Pant G, Kamada N. Chromosome aberrations in normal leukocytes induced by the

plasma of exposed individuals. Hiroshima ] Med Sci. 1977;26:149-54.

Nagasawa H, Little ]B, Tsang NM, et al. Effect of Dose Rate on the Survival of

Irradiated Human Skin Fibroblasts. Radiation Research. 1992;132:375.

Seymour CB, Mothersill C, Alper T. High Yields of Lethal Mutations in Somatic
Mammalian Cells that Survive Ionizing Radiation. International Journal of
Radiation Biology and Related Studies in Physics, Chemistry and Medicine.

1986;50:167-79.

Alper T, Mothersill C, Seymour CB. Lethal Mutations Attributable to Misrepair of

Q-lesions. International Journal of Radiation Biology. 1988;54:525-30.

Born R, Trott KR. Clonogenicity of the Progeny of Surviving Cells after Irradiation.

International Journal of Radiation Biology. 1988;53:319-30.

47



54

55

56

57

58

59

60

Pampfer S, Streffer C. Increased Chromosome Aberration Levels in Cells from
Mouse Fetuses after Zygote X-irradiation. International Journal of Radiation

Biology. 1989;55:85-92.

Chang WP, Little ]B. Delayed Reproductive Death in X-irradiated Chinese Hamster

Ovary Cells. International Journal of Radiation Biology. 1991;60:483-96.

Chang WP, Little ]JB. Evidence That DNA Double-Strand Breaks Initiate the
Phenotype of Delayed Reproductive Death in Chinese Hamster Ovary Cells.

Radiation Research. 1992;131:53.

Chang WP, Little ]B. Persistently elevated frequency of spontaneous mutations in
progeny of CHO clones surviving X-irradiation: association with delayed
reproductive death phenotype. Mutation Research/Fundamental and Molecular

Mechanisms of Mutagenesis. 1992;270:191-9.

Kadhim MA, Macdonald DA, Goodhead DT, et al. Transmission of chromosomal

instability after plutonium a-particle irradiation. 1992;355.

Brown DC, Trott KR. Clonal Heterogeneity in the Progeny of HeLa Cells Which

Survive X-irradiation. International Journal of Radiation Biology. 1994;66:151-5.

Seymour CMAC. Medium from irradiated human epithelial cells but not human
fibroblasts reduces the clonogenic survival of unirradiated cells. International

Journal of Radiation Biology. 1997;71:421-7.

48



61

62

63

64

65

66

Khan MA, Hill RP, Van Dyk |. Partial volume rat lung irradiation: An evaluation of
early DNA damage. International Journal of Radiation Oncology*Biology*Physics.

1998;40:467-76.

Khan MA, Van Dyk ], Yeung IWT, et al. Partial volume rat lung irradiation;
assessment of early DNA damage in different lung regions and effect of radical

scavengers. Radiotherapy and Oncology. 2003;66:95-102.

Camphausen K, Moses M, Menard (, et al. Radiation Abscopal Antitumor Effect Is

Mediated through p53. Cancer Research. 2003;63:1990-3.

Mancuso M, Pasquali E, Leonardi S, et al. Oncogenic bystander radiation effects in
Patched heterozygous mouse cerebellum. Proc Natl Acad Sci USA.

2008;105:12445-50.

Fernandez-Palomo C, Schiiltke E, Brauer-Krisch E, et al. Investigation of Abscopal
and Bystander Effects in Immunocompromised Mice After Exposure to
Pencilbeam and Microbeam Synchrotron Radiation. Health Physics.

2016;111:149-59.

Fernandez-Palomo C, Schiiltke E, Smith R, et al. Bystander effects in tumor-free
and tumor-bearing rat brains following irradiation by synchrotron X-rays.

International Journal of Radiation Biology. 2013;89:445-53.

49



67

68

69

70

71

72

Seymour CB, Mothersill C. Relative Contribution of Bystander and Targeted Cell
Killing to the Low-Dose Region of the Radiation Dose-Response Curve. Radiation

Research. 2000;153:508-11.

Lyng FM, Seymour CB, Mothersill C. Production of a signal by irradiated cells
which leads to a response in unirradiated cells characteristic of initiation of

apoptosis. Br ] Cancer. 2000;83:1223-30.

Mothersill C. Individual variation in the production of a ‘bystander signal’
following irradiation of primary cultures of normal human urothelium.

Carcinogenesis. 2001;22:1465-71.

Le M, McNeill FE, Seymour C, et al. An Observed Effect of Ultraviolet Radiation
Emitted from Beta-Irradiated HaCaT Cells upon Non-Beta-Irradiated Bystander

Cells. Radiation Research. 2015;183:279.

Besplug ], Burke P, Ponton A, et al. Sex and tissue-specific differences in low-dose
radiation-induced oncogenic signaling. International Journal of Radiation Biology.

2005;81:157-68.

Pogribny I, Raiche |, Slovack M, et al. Dose-dependence, sex- and tissue-specificity,
and persistence of radiation-induced genomic DNA methylation changes.

Biochemical and Biophysical Research Communications. 2004;320:1253-61.

50



73

74

75

76

77

78

Kovalchuk O, Burke P, Besplug ], et al. Methylation changes in muscle and liver
tissues of male and female mice exposed to acute and chronic low-dose X-ray-
irradiation. Mutation Research/Fundamental and Molecular Mechanisms of

Mutagenesis. 2004;548:75-84.

Koturbash I, Kutanzi K, Hendrickson K, et al. Radiation-induced bystander effects
in vivo are sex specificc Mutation Research/Fundamental and Molecular

Mechanisms of Mutagenesis. 2008;642:28-36.

Gresham C. An investigation of various intrinsic and external factors that influence
in vitro cell survival outcomes during radiation-induced bystander effect

experiments. 2023. http://hdl.handle.net/11375/29000

Hooker AM, Bhat M, Day TK, et al. The Linear No-Threshold Model does not Hold

for Low-Dose lonizing Radiation. Radiation Research. 2004;162:447-52.

Cohen BL. The Linear No-Threshold Theory of Radiation Carcinogenesis Should

Be Rejected. 2008;13.

Tubiana M, Feinendegen LE, Yang C, et al. The Linear No-Threshold Relationship
Is Inconsistent with Radiation Biologic and Experimental Data. Radiology.

2009;251:13-22.

51



79 Lambin P, Fertil B, Malaise EP, et al. Multiphasic Survival Curves for Cells of
Human Tumor Cell Lines: Induced Repair or Hypersensitive Subpopulation?

Radiation Research. 1994;138:S32.

52



Chapter 3 - Isolated Clones of a
Human Colorectal Carcinoma Cell
Line Display Variation in
Radiosensitivity Following Gamma

Irradiation

Desai, R.1, Seymour, C.1, Mothersill, C.1

1Department of Biology, McMaster University, Hamilton,

ON, Canada

Accepted in Dose Response (2022).

53



3.0 Preface

The initial concept of the research presented in this chapter and methods were
developed by Dr. Carmel Mothersill. Experimental work and the first draft of the
paper were completed by the first author. This includes all irradiation, cell culture,
experimentation, statistical analysis, and manuscript writing. All authors contributed
to revision and editing of the manuscript following comments received during the

peer-review process.

The following article is published by the journal of Dose-Response on

September 10, 2022. The article is available online at:

https://journals.sagepub.com/doi/full/10.1177/15593258221113797

Citation: Desai R, Seymour C, Mothersill C. Isolated Clones of a Human Colorectal
Carcinoma Cell Line Display Variation in Radiosensitivity Following Gamma

Irradiation. Dose-Response. 2022;20(3). d0i:10.1177/15593258221113797

54


https://journals.sagepub.com/doi/full/10.1177/15593258221113797

3.1 Abstract

Objective: To determine whether the width of the shoulder and the size of the

bystander effect are correlated using clonal lineages derived from a cultured cell line.

Methods: HCT 116 (p53 wildtype) cells were grown at cloning density and individual
viable colonies were picked off and grown to establish a series of cell lines from both
unirradiated and irradiated progenitors. These cell lines were then irradiated to
generate full survival curves. Highly variant clones were then tested to determine the

level of the bystander effect using a medium transfer protocol.

Results: The multi-target model gave the best fit in these experiments and size of the
shoulder n is assessed in terms of radiosensitivity. The parent cell line has an n value
of 1.1 while the most variant clones have n values of 0.88 (Clone G) and 5.5 (Clone A).
Clonal lines subject to irradiation prior to isolation differed in bystander signal

strength in comparison to clonal lines which were not initially irradiated (P =.055).

Conclusions: Based on these experiments we suggest there may be a link between
shoulder size of a mammalian cell line and the strength of a bystander effect produced

in vitro. This may have implications for radiotherapy related to out-of-field effects.
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3.2 Introduction

The impacts of ionizing radiation (IR) on human cells are important for
radiation protection, environmental risk assessment, and radiation therapy!.
Recently, the effects of low dose IR have gained attention due both to the increasing
use of IR in medical diagnostics, the use of novel protocols in radiotherapy such as
FLASH and MRT, and the interest in small modular reactors as energy sources in
remote environments!2. High dose direct IR generally leads to significant cell death
through processes such as reproductive death or apoptosis3-> while non-targeted and
low dose radiation appears to involve other mechanisms!267. Radiation-induced
bystander effects (RIBE) are of particular interest since they involve cell killing,
transformation and initiation of cell signaling pathways in cells that have not been
directly exposed to IR but have received signals from directly exposed cells?8-14, RIBE
have been widely studied both in vivo and in vitro and they appear to be associated
with low dose radiosensitivity.9.10.121315-18 wjth some suggestion that they require
wildtype p53 to be expressed!®. This is relevant since many tumors have
compromised p53 function??-22, meaning that additional killing due to RIBE would
predominantly affect normal cells around the tumor rather than the tumor itself.
However, the research in this area is quite controversial with contradictory reports
about RIBE even in laboratories using the same protocols and cells?3. A possible
explanation for this is “drift” within cultured cell lines leading to clonal heterogeneity

in populations of genetically identical cells. To test whether this might be a factor, we
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decided to revisit clonal heterogeneity with respect to clonal sensitivity. Through
investigation of clonal populations we aim to approach in a more systematic way the
often heterogenous nature of malignancies?42>. The literature often refers to clonal
heterogeneity within a tumor as a “fuel for resistance” and studying this key challenge
in optimizing individual therapies is necessary to advance cancer treatment2425, Since
radiotherapy can lead to second malignancies?6-28, some cell lines were derived from
cultures of cells exposed to 1 Gy to determine whether there was greater variability
in terms of radiosensitivity in these lines. With a better understanding of the
heterogeneity of response in clonal sub-populations we may gain a new perspective

which could improve radiation treatment!4.

3.3 Methods

3.3.1 Human Cell Cultures

The immortalized human epithelial HCT116 (p53 wildtype) cell line derived
from a large intestine/colon carcinoma was used in this study. Clonal cell lines were
isolated from this parent cell line. These cells were routinely cultured in Roswell Park
Memorial Institute (RPMI) 1640 growth medium supplemented with 10% fetal
bovine serum (FBS), 100 U/mL penicillin, 100 ug/mL streptomycin, and 2.05 mM L-
Glutamine. This growth medium was also used in the bystander effect assays. Cells

were grown in 75 cm2 Falcon tissue culture flasks at 37°C and 5% COZ2. Subcultures
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were conducted using 0.25% phenol red-free trypsin solution with 0.192 mM EDTA
every 6-7 days. Trypsinized cells were neutralized using a greater volume of growth
media. Cell cultures were 70-80% confluent upon culture. Cell concentrations were
determined using Bio-Rad TC20 automated cell counter (Bio-Rad Life Science
Research Divison, Canada). All reagents were purchased from Gibco, ThermoFisher

Scientific.

3.3.2 Clonal Isolation

Petri dishes were seeded with 200-300 cells. These were allowed to form
viable colonies of at least 50 cells. After 7 days, individual clones of various sizes were
chosen for clonal expansion. These colonies were scraped off the dish and
resuspended in small multiwall plates (Falcon, 6-Well Flat Bottom Tissue Culture
Plate, VWR Canada). The clones were passaged into T25 flasks when confluent and
grown to produce a sufficient supply of cells for the experiments. Some clones were
isolated from plates where cells had been exposed to 1 Gy radiation after cells had
adhered to the culture plate in order to examine the effect of this dose on subsequent

clonal heterogeneity (Figure 3.1).
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Figure 3.1: Diagram of clonal isolation methods.

3.3.3 Irradiation

All irradiations were performed using a Cesium-137 gamma-emitting source
with a dose rate of 198.4 mGy/min and flasks were placed 30 cm away from the
source (Taylor Radiobiology Source, McMaster University). Direct irradiations for
survival curve data generation were conducted 15-20 hours post seeding.
Irradiations to generate medium for bystander effect assays were also completed in

this manner.
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3.3.4 Clonogenic Survival Assay and Survival Curves

Flasks containing approximately 70% confluent cultures were used for
clonogenic survival assays. Cells were removed from the flask using a Trypsin-EDTA
working solution described above. Detached cells were neutralized with growth
medium and mixed to form a single cell suspension. These cells were counted and
plated to perform a clonogenic assay using the method described by Puck and
Marcus??. Cell seeding densities were determined using the plating efficiencies (PE)
determined for each clonal cell line. Clonogenic assays were conducted to develop full
survival curves upon irradiation of cells at the following dose points: 0, 0.5, 1.0, 3.0,
5.0, 7.0, 10.0, and 15.0 Gy. This wide range in dose points provided an overall
assessment at cell survival across doses. Flasks were irradiated at the appropriate
dose and returned to the incubator immediately following irradiation and grown for
nine days at 37°C in an atmosphere of 5% CO2 in air. On day nine, all flasks were
stained with 15% Carbol Fuchsin solution (Ziehl Neelson, Millipore Sigma). Colonies
were counted manually to determine the surviving fraction for each dose. The data
were entered into GraphPad Prism 8 software (GraphPad Software Inc., LaJolla, CA),

to generate survival curve graphs.

60



3.3.5 Bystander Effect Assay

Falcon tissue culture flasks (25 cm2 ) were seeded with cells in 5 mL growth
media for the following treatments and incubated for 6 hours at 37°C and 5% COZ2:
plating efficiency, direct irradiation (2.0 Gy), bystander effect donor and recipient,
and sham donor and recipient (Figure 3.2). Sham donor flasks were not irradiated but
a medium transfer was completed from sham donor flasks to sham recipient flasks to
ensure there was not an effect of medium change. All donor flasks were seeded with
100 000 cells while all other flasks were seeded with 200 cells. After 6 hours, the
direct irradiation and bystander effect donor flasks were irradiated with the Cesium-
137 source at 2 Gy. Following irradiation, flasks were immediately returned to the
incubator for 1 hour. After 1 hour of incubation, medium transfer of donor flasks was
completed. The medium from donor flasks was filtered using a 0.22-pum filter and 30
mL plastic syringe (Millipore Sigma) to ensure no cells were present in the irradiated
cell culture medium (ICCM). Approximately ~15 mL media was collected from
triplicate donor flasks. Growth medium from the recipient flasks was then poured off
as waste and the previously filtered ICCM was added to the recipient flasks. This
method of medium transfer was used for both the bystander effect and sham
treatment flasks. All flasks were grown for 9 days and then stained with 15% Carbol

Fuschin and counted manually.
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Figure 3.2: Bystander effect assay methods.

3.3.6 Statistical Analysis

For all survival curves, data are presented as a mean of three replicates in
three independent trials (n=9). Least square error linear regression analyses were
performed on data to produce the multi-target and linear-quadratic models using
GraphPad Prism 8. Data for bystander effect assays were also collected as mean of
three replicates in three independent trials. Standard error of the mean error bars
are used in all figures. To determine variance between groups in bystander effect
experiments, t-tests were conducted between the sham and bystander groups and

the sham and direct irradiation groups for each cell line. These post hoc analyses
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were performed using Welch'’s t-test. Significance was determined at the 95%

confidence level.

3.4 Results

3.4.1 Survival Curves

Figure 3.3 displays the parent HCT116 p53+/+ line alongside all clonal cell
lines derived from either an irradiated or nonirradiated population prior to clone
isolation. Data were not fitted to any established model for this figure. Clonogenic
survival over a dose range of 0-15 Gy after direct exposure to a cesium-137 gamma
source shows variation between each clonal line. Plating efficiency variations were
also observed between clonal lines and are presented in Table 1. The linear-quadratic
and multi-target models were both fitted to all survival curve data. Using the linear-
quadratic model, parameters alpha and beta were noted to demonstrate variation in
radiosensitivity (Table 3.1). Here, we see unexpected negative values for alpha of
clone A and beta for clone G (Table 3.1A). Alpha and beta values indicate cell killing
proportional to the dose and cell killing proportional to the square of the dose,
respectively. Negative values for such parameters have no physical meaning and
suggest the fitted equation is inadequate to describe the present data. Using the multi-

target model, parameters n and Dy are observed where n is a common indicator for
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low dose radiosensitivity or the size of the cell survival curve shoulder. In comparison
to the parent cell line, Clone A had the largest n value of 5.5 while Clone G had the
smallest n value of 0.88 (Table 3.1A). A prominent shoulder for Clone A can be seen
in Figure 4A and C. Both clone A and clone G were derived from unirradiated
progenitor cells. It is apparent that curve fitting parameters obtained through either
model show variation in radiosensitivity indicating the presence of heterogeneity in
the initial cell HCT116 p53+/+ cell population. These curve fitting models highlight
differences in cell survival response to consistent radiation doses; however, the

multi-target model provided an overall better fit to data presented in this study.
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Table 3.1: Summary of survival curve parameters obtained through survival curve fitting with the linear-quadratic and
multi-target models for radiation induced cell killing. Values n and Dy determined using the multi-target model. Alpha
and beta values determined using the linear-quadratic model.

Table 3.1A: Cell lines derived from a control HCT 116 p53*/* population.

Parent

Parameter Line CI (95%) Clone A CI (95%) Clone F CI (95%) Clone G CI (95%)
Multi-Target
n 1.119 092-14 5.525 3.1-30 1.462 1.3-1.7 0.8770 0.82-0.93
Do 1.834 1.5-22 1.092 0.68-1.4 1.754 1.6 -2.0 1.836 1.7-2.0
r 0.96 0.95 0.98 1.00
Linear-
Quadratic
a 0.4436 0.36 -0.53 -0.05818 -0.16 — 0.042 0.2843 0.23-0.34 0.6424 0.61-0.67
B 0.02148 -0.0056 - 0.057 0.1467 0.10-0.20 0.05235 0.033 -0.074 -0.01319 -0.021 - 0.0030
r 0.97 0.95 0.98 1.00
Plating
Efficiency (%) 33.87 32.16 28.94 25.78
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Table 3.1B: Cell lines derived from a previously 1Gy irradiated HCT 116 p53+/* population.

Parameter Clone B CI (95%) Clone C CI (95%) Clone D CI (95%) Clone E CI (95%)

Multi-Target

n 1.338 1.1-1.6 1.375 1.0-1.8 1.411 1.2-1.7 1.082 0.96-1.2
Do 1.670 14-2.0 1.837 1.5-23 1.350 1.2-1.6 2.341 21-26
r 0.97 0.94 0.98 0.98
Linear-
Quadratic
a 0.3756 0.29-0.45 0.2847 0.19-0.38 0.4006 0.33-0.47 0.3441 0.30-0.39
B 0.04009 0.010-0.078 0.05284 0.018 —0.096 0.08510  0.047-0.13 0.01764 0.0060 — 0.031
r 0.97 0.95 0.98 0.98
Plating
Efficiency (%) 33.87 33.47 24.44 2747
Note:
Do multiple event cell killing
n size of curve shoulder
a cell killing proportional to dose
cell killing proportional to square of the dose
CI (95%) confidence interval
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3.4.2 Bystander Effects

Bystander effect assays were conducted to investigate differences in
bystander signal strength in the clonal cell lines. Figure 3.5 displays a response in each
clonal line following a bystander medium transfer treatment. In each bystander assay
donor and reporter cells are of the same clonal line so that irradiated cell culture
medium (ICCM) is filtered from donor cells of a clonal line and added to reporter cells
of the same clonal line. Direct groups in Figure 3.5 for all parent and clonal lines were
exposed to 2 Gy direct gamma irradiation and subsequently, an expected significant
decrease in cell survival compared to the sham group is observed. Of all clonal lines
presented, clones A, F and D did not display a significant decrease in cell survival
following addition of ICCM indicating there was no or a weak bystander signal. Figure
3.5 A and B display the cell surviving fraction of the parent and clone A, however,
clone A exposed to direct ionizing radiation shows less cell death (71% surviving
faction) compared to that of the parent population (57% surviving fraction). Most
clonal lines derived from a non-irradiated parent line showed significantly stronger
bystander signals (P < .0001). Clonal lines subject to irradiation prior to isolation
significantly differed in bystander signal strength in comparison to clonal lines which
were not initially irradiated (P =.055). A correlation between n value and bystander
signal strength was also observed irrespective of whether the clone was derived from

irradiated or non-irradiated parent populations (Figure 3.6). Figure 3.6 displays the
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relationship between n value and surviving fraction following bystander treatment

where clone A is omitted due to the unusually high shoulder size.
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Figure 3.4: Survival curves of parental line, non-irradiated and irradiated progeny
cell lines fit with either the multi- target or linear-quadratic model. The parental line
and clones A, F, and G are derived from an initial population not exposed to radiation.
Clones B, C, D, and E were initially treated with 1.0 Gy prior to clone isolation. (A)
Parental line and clones A, F, and G fitted with the linear-quadratic model. (B) Clones
B, C, D, and E fitted with the linear-quadratic model. (C) Parental line and clones A, F,

and G fitted with the multitarget model. (D) Clones B, C, D, and E fitted with the multi-
target model.



3.5 Discussion

Initial findings regarding sublethal damage and defective colonies sparked
interest in the idea that cells exposed to x-ray radiation have the potential to form
colonies of various sizes?%30. The data presented in this study demonstrate variability
that arises in a given population of cells and how radiosensitivities differ across clonal
populations. The results show that clonal populations of the same initial culture
exhibit variation in radiosensitivity when subject to the same dose. When modeled
with the multi-target model, a prominent shoulder region can be observed in clone A
suggesting a heightened radioresistant nature compared to the parent population
from which it was derived. This prominent shoulder was characteristic of a large n
value not observed in other clonal populations derived from the same non-irradiated
parent population. Most other clonal populations have a relatively smaller n value and
overall suggest a more radiosensitive nature compared to the previously mentioned
clone A. Both the multi-target and linear-quadratic models were fitted to the data
because they are mathematical expressions, which have shown to be good fits to most
in vitro data. However, as can be seen here, using parameters from the fittings to
compare the shoulder size, especially between the two models, is misleading as the
fits are very poor. Therefore, they cannot be used to derive biological mechanistic
explanations. However, it is useful to present the results of these fits if only to
discount them. Besides, there are several interpretations of the LQ-model apart from

Chadwick and Leenhouts derivation with double strand breaks,31:32 for example, the
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ATM-shuttling hypothesis developed by Foray and his group3334 which proposes that

delay in ATM-shuttling following radiation exposure causes radiosensitivity.

When all clonal populations were tested for the presence of bystander signals
following the bystander medium transfer assay, it was demonstrated that most clonal
populations regardless of their origin from a non-irradiated or irradiated population,
displayed a significant reduction in cell survival following receipt of ICCM (Figure
3.4). However, clone A with the largest, and highly unusual, n value did not produce
bystander signals suggesting a decreasing bystander signal strength with large
shoulder size (Figure 3.4B). Unfortunately, the rest of the clones had n values quite
close together, but a correlation plot (Figure 3.5) does suggest a trend for bystander
induced survival reduction to correlate with the n value (r? = 0.44). There is a trend
for n value to correlate with bystander induced reduction in survival however other
additional factors could be involved. Also, while to our knowledge no previous
experiments were set up to examine this relationship, there is anecdotal evidence in
the literature that shoulder size and bystander signal strength are related inversely.
The paper by Mothersill et al. (2002) examined parent cell lines and radiosensitive
lines with various DNA repair defects derived from these parents.3> Irrespective of
the nature of the repair defect, all radiosensitive lines were more radiosensitive than
their parent line. Also many radioresistant cell lines such as PC3 do not show
bystander associated cell death while radiosensitive lines such as SW48 do show

strong bystander effects.3>

72



In certain clonal populations, bystander signals were not produced even
though they were radiosensitive. Consistent with previous findings this could suggest
the presence of a low dose hyperradiosensitivity with increased radioresistance as
the dose increased (HRS/IRR) mechanism. In instances of hyperradiosensitivity a
generally greater than expected response to radiation is observed. However, various
studies have shown that certain cell lines only respond to bystander signals in the

lower dose region where HRS is seen.16:15

Apart from the findings in relation to RIBE, the data in this paper suggest that
the mathematical expressions based on classical target theory predictions do not
provide good fits to these results. This is important to note because many of the
classical experiments were done using a few cell lines such as CHO or V79 cells. These
have high plating efficiencies of the order of 80-90% but limited expression of tissue
of origin characteristics. Most modern radiobiology is done using lines which express
important parameters related to epithelial cell or tumor function, but which have
plating efficiencies below 50%. High plating efficiencies are necessary to derive
meaningful target theory based conclusions. This is because of the statistical
probability that radiation is the cause of a cell not forming a colony if the PE is high.
With a low plating efficiency, the cause of not forming a colony need not be the
radiation effect. Nowadays the focus is on molecular effects so that plating efficiency

is not such an issue.
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In conclusion, the data presented show marked clonal heterogeneity in cell
lines derived from both irradiated and unirradiated progenitors. This manifests as
differences in doubling time, plating efficiency and radiosensitivity. The data also
reveal a weak correlation between shoulder size (a surrogate for low dose
radioresistance) and the ability of ICCM to reduce the plating efficiency of
unirradiated cells. The data also suggest that the commonly used mathematical
expressions traditionally used to fit survival curve data provide poor fits to the data
in this paper, possibly due to the low plating efficiency of the cell lines. In conclusion,
the results may have implications for tumor radiotherapy where clonal heterogeneity

is an important limitation for treatment.
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Figure 3.5: Recipient -cells
exposed to culture medium
from irradiated cells. Sham
represents cells exposed to cell
culture  control  medium.
Bystander represents cells
exposed to irradiated cell
culture medium collected from
donor cells irradiated with 2.0
Gy. Direct represents cells
irradiated directly with 2.0 Gy.
(A-D) Bystander effect assay
conducted on parent cell line
and isolated clones not subject
to irradiation prior to isolation.
(E-H) Bystander effect assay
conduced on isolated clones
subject to irradiation prior to
isolation. In all bystander effect
assays, both recipient and
donor cells are of the same
parent or clonal line. All data is
presented as the mean + SEM
(n=9). (***P <.0001), (**P <
.005) indicates a significant
difference between treatment
groups and sham.
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transferred to recipient cells. Data presented here include n values and bystander
surviving fraction for the parent HCT116 p53+/+ line and clones B through G.
Correlation gives an r2 value of 0.44.
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4.1 Abstract

The goal of this study is to investigate dose response relationships after low radiation dose
exposure using clonal cell lines previously determined to vary in radiosensitivity. Clonal
cell lines of a parent HCT 116 (p53 wildtype) cell line were previously isolated and grown.
This series of progeny cell lines contains both unirradiated and irradiated progenitors. The
latter were included to increase the potential for variation. All progeny cell lines were
irradiated at doses ranging from 0.01 to 0.5 Gy and subsequently investigated for instances
of low dose effects such as hyper-radiosensitivity (HRS) and increased radioresistance
(IRR). The induced-repair model fitted to the data assisted in identifying the dose. At which
the transition from hyperradiosensitivty (HRS) to increased radioresistance (IRR) occurred
in clonal cell lines. Clonal cell lines previously shown to exhibit radiation induced
bystander effects (RIBE) also exhibit a pronounced HRS/IRR transition after low dose
exposure. This contradicts some previous conclusions from our group. We suggest low
dose effects like RIBE and HRS/IRR may be related to p53 status of the cell line and have
the ability to manifest in concert rather than mutually exclusively depending on p53 status.
This research may have direct implications for improvement of low-dose radiation risk

assessment and radiation protection.
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4.2 Introduction

Low dose effects of ionizing radiation have been studied extensively over the years
with regard to both acute and chronic effects as well as effects often dominating in low
doses such as Non-targeted effects (NTE), hyper-radiosensitivity (HRS) and increased
radioresistance (IRR) [/—5]. Generally, where instances of HRS/IRR are noted, a cellular
sensitivity to low doses of ionizing radiation (below 0.5 Gy) are observed followed by IRR
after higher doses. When observing the HRS component, a larger than expected
radiosensitivity is occurring while IRR is seen as a shift to a more radioresistant cell
response. This IRR has predominantly been observed to occur after doses exceeding 0.5Gy
while HRS typically occurs after doses less than 0.5 Gy [2,6,7]. Many groups have reported
HRS/IRR responses following stress from ionizing radiation in mammalian cell
culture[2,6,8—14] and in human skin[/5]. Research into HRS/IRR has indicated that it
could be important in fractionated radiation therapy[/6,/7]. Researchers have suggested a
possibility for increased effectiveness of fractionated therapy through exploitation of the
HRS/IRR transition where fractionated therapy is prescribed in very small doses per
fraction. For this reason, the total dose required to produce damage would decrease when
the dose per fraction is less than 1 Gy. This effect was found true for mouse skin, kidney

and lungs[7,18-20].
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Due to the transition from HRS to IRR in the low dose region, modelling of these
data proved difficult when using widely accepted models such as the linear-quadratic
model for cell survival [6,2/—-23]. The linear-quadratic model has been demonstrated to
largely underestimate the effects of low dose radiation exposures, where HRS occurs
[6,24,25]. An overall shift to utilizing models that consider low dose sensitivities is of great
importance to better portray data after low doses [26,27]. For example, the induced-repair
model developed by Joiner and colleagues who first defined HRS/IRR has been a good
option as this model contains sensitivity parameters such as ar and as to better demonstrate
effects in low doses [10,11,24]. To provide better standards for radiation protection and

improved radiotherapy, the HRS/IRR response need further investigation [3,7,15,26].

Along with the HRS/IRR transition, other low dose phenomena such as the
radiation-induced bystander effect (RIBE) are of interest. RIBE refers to cellular effects in
a cell, tissue or organism which was not directly exposed to ionizing radiation but behaves
as though it received a direct deposition of ionizing radiation as a result of signals emitted
from irradiated counterparts[29—3/]. While much research has focused on low dose effects,
less focus has been on how the effects may present together. Our group has aimed to
investigate the relationship between these low dose effects to better understand the
mechanisms in vitro. An early paper [4] using lines known to display (or not) HRS/IRR
suggested that RIBE and HRS were mutually exclusive however in 2016, Fernandez-

Palomo et al. conducted studies on the T98G and HaCaT cell lines where combinations of
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these cells were tested to observe bystander signals. For example, media collected from
irradiated T98G cells was applied to recipient HaCaT cells and vice versa, to observe if a
bystander response would be induced. The T98G cells were previously determined to
display a strong HRS/IRR transition while HaCaT cells did not display low-dose
hypersensitivity. Using the RIBE medium transfer assay [30], medium from irradiated
T98G cells was found to decrease cell survival in both T98G and HaCaT recipient cells.
However, medium from HaCaT cells increased cell survival in recipient T98G cells and
decreased cell survival in HaCaT cells. It was also noted that T98G cells only displayed
RIBE when exposed to doses less than 1 Gy. Ultimately it was suggested that the
relationship between HRS/IRR and RIBE is more complex than previously understood and
the effect often varies depending on the cells and dose in question. This clarified the

previous understanding that HRS/IRR and RIBE are mutually exclusive mechanisms.

A study in 2022 by Desai et al. aimed to further investigate cell survival following
ionizing radiation using popular curve fitting models [27]. Here the goal was to investigate
potential heterogeneity in a cell population and the effects this may have on
radiosensitivity. Clonal cell lines were isolated from an HCT 116 p53*/* parent population
and survival curves were developed and fit with the multi-target and linear-quadratic
models. Medium transfer bystander assays were also conducted on the parent and all clonal
lines and a link between radiosensitivity and RIBE was determined. Overall, cell lines

determined to be more radiosensitive produced strong bystander signals while the more
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radioresistant lines did not [27]. However, there was still a gap in our understanding of
whether the HRS/IRR transition was also present. Due to the high doses involved in the
study, it was not possible to make any assumptions about low dose-response relationships.
Therefore, it was decided to experiment using low doses. The present study utilizes the
same parent and clonal cells lines from Desai et al. 2022 to investigate radiosensitivity in

low doses.

4.3 Methods

4.3.1 Cell Culture

The HCT116 (p53 wildtype) cell line was originally derived from a large
intestine/colon carcinoma. Clonal cell lines were previously isolated by our group [27] to
give rise to 7 clonal HCT116 cell lines. These cell lines are designated clone A to clone G.
The parent HCT116 cell line was also maintained for comparison. All cells were regularly
cultured in Roswell Park Memorial Institute (RPMI) 1640. RPMI 1640 was supplement
with 10% fetal bovine serum (FBS), 100 U/mL penicillin, 100 ug/mL streptomycin, and
2.05 mM L-Glutamine. Cell cultures were grown in 75 cm? Falcon tissue culture flasks at
37 °C and 5% COa. Cells were detached for experimentation and subcultures using 25%

phenol red-free trypsin solution with 0.192 mM EDTA every 5-7 days and subsequently
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neutralized using a greater volume of growth media. Cells were cultured when 70 to 80%

confluent. All mentioned reagents were purchased from Gibco, ThermoFisher Scientific.

4.3.2 Cell Irradiations

Irradiations were conducted using a Cesium-137 source with a dose rate of 198.4
mGy/min. To achieve desired doses with time of exposure, flasks were consistently placed
30cm away from the source (Taylor Radiobiology Source, McMaster University). Direct

irradiations for survival curve data were conducted 15-20 hours post cell seeding.

4.3.3 Clonogenic Survival Assay

Confluent cell culture flasks were used for clonogenic survival assays. Cells were
detached from tissue culture flasks using the Trypsin-EDTA working solution described
previously and neutralized with supplemented RPMI 1640 growth medium. Cell seeding
concentrations were determined using the Bio-Rad TC20 automated cell counter (Bio-Rad
Life Science Research Division, Canada). Cells were seeded in T25 Falcon tissue culture
flasks to perform a clonogenic assay using the method described by Puck and Marcus [32].
Clonogenic assays were conducted to develop low-dose survival curves. Cells were seeded

and irradiated at the following dose points: 0, 0.01, 0.03, 0.05, 0.1, 0.3, and 0.5 Gy. This
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range in dose points allowed for assessment of cell survival in the low dose range.
Parameter results from Desai et al. 2022 were also re-analyzed and stated in Table 1 for
complete full range data. Following irradiation, flasks were immediately returned to the
incubator and grown for nine days at 7°C in an atmosphere of 5% CO?2 in air. Flasks were
stained with 15% Carbol Fuchsin solution (Ziehl Neelson, Milipore Sigma) on day nine of
growth. Colonies were then counted manually and surviving fraction for each dose was
determined. GraphPad Prism 10 software (GraphPad Software Inc., LaJolla, CA) was used

to generate survival curve graphs and to fit curves.

4.3.4 Statistical Analysis

All data presented is a mean of three independent trials using three replicates (n=9). Least
square error linear regression analyses were performed on data to produce the linear-

quadratic and induced-repair models using GraphPad Prism 10.

4.4Results

Figures 1-8 display the HCT116 p53™* parent cell line along with all previously
isolated clones. All clones were derived from an irradiated (Figures 4.3, 4.4, 4.5 and 4.6)

or non-irradiated (Figures 4.1, 4.2, 4.7, and 4.8) parent population prior to clone isolation.
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All Figures 4.1 to 4.8 demonstrate changes in cell survival following a low dose radiation
exposure to a Cesium-137 gamma emitting source. All cell survival curves are fitted with
the induced-repair model and linear-quadratic model. To build on previous findings from
Desai et al. 2022, linear-quadratic curve fittings (in Table 4.1 of that paper) are included
while induced-repair model fittings show an improvement in low dose curve fits. Clonal
variation in radiosensitivity following direct exposure of doses ranging from 0 to 15 Gy is
evident in all survival curves. Large scale curves with dose points from 0 to 15 Gy show
overall downward trends in cell survival following radiation but graphs zoomed into the
low dose range display further cell killing in low doses, not visible in the full range survival
curve (small panel in Figures 4.1- 4.8). Curve fitting parameters are summarized in Table
4.1. When low dose data are fitted with the linear-quadratic model, our physical
understanding of radiation effects is not represented accurately by the mathematical model.

Particularly where negative beta values are report
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Table 4.1: A comparison of survival curve fitting parameters using the (A) linear-quadratic and (B) induced-repair

model.

(A) Linear Quadratic Model

Combined Data

D ietal. (2022
_ Progenyof esai etal. (2022) (0.0,0.01, 0.03, 0.05, 0.1, 0.3, 0.5, 1.0, 3.0, 5.0, 7.0, 10, 15)
Cell Line Irradiated
Progenitors CI B CI 2 o CI 8 CI 2
(95%) (95%) (95%) (95%)

Parent -0.0056-

. 0.44 0.36-0.53 0.021 0.97 0.44 0.35-0.52 0.023 -0.0063-0.061 0.96
Line 0.057

Clone A -0.058 -0.16-0.042 0.15 0.10-0.20 0.95 0.059 -0.029-0.15 0.10 0.069-0.14 0.95
Clone B Yes 0.38 0.29-0.45 0.040 0.010-0.078 0.97 0.47 0.40-0.54 0.012 -0.010-0.041 0.97
Clone C Yes 0.28 0.19-0.38 0.053 0.018-0.096 0.95 0.43 0.34-0.52 0.012 -0.013-0.046 0.95
Clone D Yes 0.40 0.33-0.47 0.085 0.047-0.13 0.98 0.52 0.39-0.65 0.036 -0.016-0.11 0.93
Clone E Yes 0.34 0.30-0.39 0.018 0.0060-0.031 0.98 0.50 0.40-0.60 -0.013 -0.025-0.011 0.90
Clone F 0.28 0.23-0.34 0.052 0.033-0.074 0.98 0.39 0.29-0.49 0.021 -0.0068-0.059 0.93

-0.021-
Clone G 0.64 0.61-0.67 -0.013 0.0030 1.0 0.66 0.59-0.73 -0.019 -0.032-0.0086 0.97
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(B) Induced-Repair Model

Progeny of
Cell Line Irradiated ar CI (95%) as CI (95%) B CI (95%) as/ar dc CI (95%) r2
Progenitors
P:;f:t 0.38 0.29-048 3.4 1.9-11 0.039 0.0054-0083 9.0 0087 0.027-0.16 0.97
Clone A 0.018  -0.049-0.086 9.5 3.3-15 012  0090-0.15  52e2 0045 0.031-0.14 097
Clone B Yes 0.39 0.33-044 43 34-54 0036 0.015-0061 11  0.098 0.076-0.12  0.99
Clone C Yes 0.083 022023 26 1.9-3.5 012 0.066-0.23 32 027 0.19-044 097
Clone D Yes 0.44 036-0.53 18 12-27 0.068  0.026-0.12 40 0.034 0.025-0.048 0.97
Clone E Yes 0.33 0.26-039 6.2 52-74 0022 00059-0.041 19 015  0.12-017  0.98
Clone F 0.33 0.28-040 13 9.4-19 0.037 0017-0.061 40 0044 0.033-0061 0.98
Clone G 0.59 0.52-0.63 4.6 37-58  0.0032 -0.016-0.028 80  0.096 0.073-0.12  0.99
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Table 4.2: Summary of induced-repair model parameters with consideration of HRS
and RIBE.

Line ar as dc HRS RIBE
Parent 0.38 3.4 0.087 X X

A 0.018 9.5 0.045 X

B 0.39 43 0.098 X X

C 0.083 26 027 X X

D 0.44 18 0.034 X

E 0.33 6.2 015 X X

F 0.33 13  0.044 X

G 0.59 46 0.096 X X

To better model low dose data, curves are fitted with the induced-repair model
(Equation 4.1). This model described by Lambin et al. comprises parameters characteristic
of the induced-repair process which give insight into the radiosensitive or radioresistant
nature of the cell line (Table 4.1). Specifically, parameters ar and as provide this
information (Table 4.1.B). Parameter ar represents the slope of the linear component’s
resistant portion, while as describes the slope of the linear component’s sensitive portion.
Table 4.1.B states as/ar ratio values representing the magnitude of induced radioprotection
as dose increases [9/. When the as term is equal to the ar term, induced-repair is no longer
sufficient and radiation exposure is mainly lethal. It is important to note, these parameters
are originally derived from the linear-quadratic model to better represent low dose effects.
Values for d. can also be found in Table 4.1.B. where maximum HRS is observed and a

transition to IRR begins.

S = exp (—ar<1+(§—1) e;_cci>d—ﬁd2> @.1)
ar '
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Using the induced-repair model, instances of HRS/IRR are observed (Figures 1-8).
The parent line and all clonal lines display the HRS/IRR transition (Figure 8). Out of all
the cell lines presented, clone G displays a greater than expected level of cell killing at low
doses but continues to trend downwards starting from even the smallest doses. Regardless
of whether clonal lines were isolated from a pre-irradiated progenitor population, there is
an overall variance in radiosensitivity between clonal lines as evident by the curve fitting
parameters and cell survival curves. The parent line (Figure 1) and all clonal lines A to G
(Figures 2-8) display a greater than expected level of cell killing at doses generally below
0.1 Gy but beyond this point there is a transition towards increased radioresistance to low

doses.
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Figure 4.1: Cell survival curve of parent HCT 116 p53*/+* cell line. Data points are
fitted using the Induced-Repair and Linear-Quadratic models for cell survival
following ionizing radiation. Dose points are 0, 0.01, 0.03, 0.05, 0.1, 0.3, 0.5, 1.0, 3.0,
5.0, 7.0,10.0, 15.0. Error bars are standard error of the mean for n=9.
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Figure 4.2: Cell survival curve of clone A derived from parent HCT 116 p53+/* cell
line. Data points are fitted using the Induced-Repair and Linear-Quadratic models for
cell survival following ionizing radiation. Dose points are 0, 0.01, 0.03, 0.05, 0.1, 0.3,
0.5, 1.0, 3.0, 5.0, 7.0,10.0, 15.0. Error bars are standard error of the mean for n=9.
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Figure 4.3: Cell survival curve of clone B derived from an irradiated parent HCT 116
p53*/* progenitor population. Data points are fitted using the Induced-Repair and
Linear-Quadratic models for cell survival following ionizing radiation. Dose points are
0, 0.01, 0.03, 0.05, 0.1, 0.3, 0.5, 1.0, 3.0, 5.0, 7.0, 10.0, 15.0. Error bars are standard
error of the mean for n=9.
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Figure 4.4: Cell survival curve of clone C derived from an irradiated parent HCT 116
p53*/* progenitor population. Data points are fitted using the Induced-Repair and
Linear-Quadratic models for cell survival following ionizing radiation. Dose points are
0, 0.01, 0.03, 0.05, 0.1, 0.3, 0.5, 1.0, 3.0, 5.0, 7.0, 10.0, 15.0. Error bars are standard
error of the mean for n=9.
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Figure 4.5: Cell survival curve of clone D derived from an irradiated parent HCT 116
p53*/* progenitor population. Data points are fitted using the Induced-Repair and
Linear-Quadratic models for cell survival following ionizing radiation. Dose points are
0, 0.01, 0.03, 0.05, 0.1, 0.3, 0.5, 1.0, 3.0, 5.0, 7.0, 10.0, 15.0. Error bars are standard
error of the mean for n=9.
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Figure 4.6: Cell survival curve of clone E derived from an irradiated parent HCT 116
p53*/* progenitor population. Data points are fitted using the Induced-Repair and
Linear-Quadratic models for cell survival following ionizing radiation. Dose points are
0, 0.01, 0.03, 0.05, 0.1, 0.3, 0.5, 1.0, 3.0, 5.0, 7.0, 10.0, 15.0. Error bars are standard
error of the mean for n=9.
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Figure 4.7: Cell survival curve of clone F derived from parent HCT 116 p53+/* cell
line. Data points are fitted using the Induced-Repair and Linear-Quadratic models for
cell survival following ionizing radiation. Error bars are standard error of the mean
for n=9.
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Figure 4.8: Cell survival curve of clone G derived from parent HCT 116 p53+/* cell
line. Data points are fitted using the Induced-Repair and Linear-Quadratic models for
cell survival following ionizing radiation. Dose points are 0, 0.01, 0.03, 0.05, 0.1, 0.3,
0.5, 1.0, 3.0,5.0,7.0,10.0, 15.0. Error bars are standard error of the mean for n=9.
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4.5 Discussion

Low dose radiation phenomena such as HRS/IRR and RIBE continue to be an area
of interest due to new research on how these effects are present in conjunction with one
another. Widely used models like the linear-quadratic model have been shown not to
describe accurately, low dose cell killing because they tend to underestimate the effects of
low dose radiation [6,7,21,24]. To address these low dose related issues, certain groups
have worked to describe cellular and molecular pathways involved with the HRS/IRR
transition, but others have taken a more mechanistic approach of investigation. In the past
our group has investigated the HRS/IRR transition in the context of the bystander effect
[2,6] to better understand when these effects are likely to occur in low doses and how we
can better our efforts towards radiation protection. The data presented in this study build
on previous work by our group which demonstrated a link between radiosensitive clonal
populations and their ability to produce bystander signals. We found that the more
radiosensitive clonal cell lines (small survival curve shoulder) displayed the bystander
effect while the most radioresistant did not. We also found that the overall parent cell line
from which all clonal lines were isolated was generally radiosensitive with a small survival
curve shoulder size and thus was able to produce bystander signals. However, it was also
noted that certain clonal populations with similar shoulder size and sensitivity were not
able to produce the bystander effect. Thus, we postulated that there may be other low dose

effects acting alongside RIBE.
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There are various instances of HRS/IRR in laboratory and clinical settings that offer
likely causes for the phenomena to occur, such as defective DNA repair or cell cycle
regulation while other groups have suggested the phenomena useful in improving cancer
treatments by sensitizing tumours [/,3,7,11,22,28]. The data presented here focus primarily
on a mechanistic understanding of the link between bystander effects and low-dose

HRS/IRR.

To test this idea, low dose survival curves ranging from 0 to 0.5 Gy were developed
and instances of HRS were identified. Interestingly in 2022 Desai et al., found clones A, D
and F were not able to produce bystander signals but all other clones including the parent
population exhibited RIBE. Clone A, determined to be the most resistant did not display
the bystander effect but did indeed show the HRS/IRR transition below 0.1 Gy. On the
other hand, the previously determined most radiosensitive line, clone G, did not show a
strong HRS/IRR transition. There was no apparent influence of whether clones were
derived from irradiated progeny or not. In this study we demonstrate a link between HRS
and RIBE. Previous work from our group initially reported HRS/IRR and RIBE as mutually
exclusive [2]. Later work however[6] found that in the T98G line, which shows HRS/IRR,
bystander signals were only seen in the HRS dose range and not in the IRR dose range
(0.01Gy). This suggested that IRR mechanisms inactivated RIBE. In the present work we
show various instances where both mechanisms may occur concurrently. For example,

clone G which did not display the strongest HRS/IRR was still able to produce RIBE at a
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dose of 2 Gy. Alternatively Clone A determined in this study to be an HRS clonal line, did
not produce RIBE at 2 Gy. Values for d. listed in Table 4.1.B are all doses below 0.27 Gy
which emphasizes the importance of this research in low doses showing that low dose
radiation does have a relatively significant effect on cell survival which is often overlooked
when commenting on the effects of ionizing radiation. The results also emphasize the
importance of looking over a wide dose range and in many cell lines before making
sweeping statements! In regard to what might underlie this variation in the relationship
between HRS and RIBE, we have shown previously that both p53 null or deficient and p53
wild type cells have ability to produce bystander signals however cells responding to the
signal or cells designated as reporter cells in the RIBE medium transfer assay must have
normal p53 status to show RIBE over a range of doses. This might help explain previous
results by our group which have shown RIBE only in HRS zone doses [6,33]. T98G is a
p53 null cell line while HCT 116"" has wild type p53. It is possible that when p53 wild
type is present, cells are able to respond to RIBE signals across the whole dose range but
if p53 is null or mutant, they either have no RIBE or lose the capacity to respond as the
IRR mechanisms kicks in. Further work with a greater variety of cell lines might address
this question. Lines with mutant p53 may show the bystander effect in the very low dose
region while wild type lines maintain the bystander effect response over a larger dose range
[6,33]. Clearly more work needs to be done to clarify the low dose response relationship

and the influence of HRS/IRR, RIBE and p53 status.
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In conclusion, we have demonstrated that clonal populations isolated from a
heterogeneous HCT116 p53** parent cell line exposed to ionizing radiation display various
instances of the HRS/IRR transition. It was found that models like the induced-repair model
are useful in demonstrating low dose effects while the linear-quadratic model provides little
to no information in low doses. The linear-quadratic model is evidently not appropriate for
low range survival curve fitting as they were developed with the aim of modeling high
doses rather than low dose effects. We also demonstrate that whether bystander signals are
produced or not, effects of HRS can lead to the overall increased sensitivity of a cell line
in low doses. This is of particular interest when calculating risk to low dose exposures
which currently may be too liberal in approach. Understanding the mechanisms of these
low dose effects and the doses at which they may be produced will ultimately lead to better

radiation therapies and protection efforts [3,7,15,28].
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5.1 Abstract

This study aims to investigate whether bystander effects following radiation exposure can
be modulated by the sex of the donor from which the cell line was originally derived.
Previous research suggested using donor explants, a greater sensitivity in females
compared to males. Survival curves were developed with doses ranging from 0.01 to 3.0
Gy for four fibroblast cell lines. Two cell lines from males and two from females. Of these
cell lines one male and one female line were null for Artemis. The protein Artemis has
been found to be involved in the repair of radiation induced DNA double strand breaks and
thus Artemis-null cell lines have compromised ability to repair DNA breaks which render
the lines more radiosensitive. For this reason, Artemis-null lines were included as controls
for radiosensitivity. Low dose hypersensitivity (HRS) and radiation induced bystander
effect (RIBE) is noted in both male and female derived cell lines. A significant difference
in cell survival is reported following both direct and bystander exposure to radiation
between the male (1BR.3) and female (48BR) cell lines. The 48BR (female) cell line was
found to show a more sensitive response to both direct and bystander irradiation compared
to 1BR.3 (male). Our findings of greater female radiosensitivity support previous data and
suggest there is an influence of donor sex on the non-targeted effects of ionizing radiation.
An unexpected finding that RIBE did not depend on Artemis status may suggest that DNA

damage repair status is not relevant to RIBE induction.
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5.2 Introduction

Ionizing radiation is known to have the ability to cause damage in living systems
due to energy deposition in DNA. There are various factors that can influence the way a
system may react to the stress of radiation. These can include age, genetics, lifestyle factors,
comorbidities, and sex [/]. All of these complex factors can impact the radiosensitivities
of different populations and the way in which systems may respond or be damaged by
radiation. The literature [/—3] has noted that of these factors, sex is often overlooked but
research on this particular factor has considerable relevance for radiation protection [/].
This paper aims to build on findings of notable differences between the male and female
response to ionizing radiation by focusing on low dose responses which are both clinically
and environmentally relevant. In order to address this question of radiosensitivity, Artemis-
null female and male cell lines are included as a control for radiosensitivity. Due to the
compromised status of Artemis, a greater sensitivity to radiation in these lines is expected.
This helps establish a good comparison against male and female lines with normal Artemis

status.

There is a large body of evidence that supports the idea that males and females
respond to ionizing radiation differently. Research groups have investigated the disparity
in radiosensitivity between males and females in animals and have found alterations in

cellular pathways such as apoptosis and DNA methylation [3-5]. For example, male and
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female mice show differences through epigenome analysis which revealed sex-specific
disparities in DNA and histone methylation, DNA methyltransferases and methyl-binding
proteins when tissues are exposed to ionizing radiation. The liver and spleens of female
mice revealed increased hypomethylation. Brain tissues and overall behavior were also
altered more in females. Such investigations have found a greater long term radiosensitivity

in females over males.

The Life Span Study based on data collected from Japanese survivors of Hiroshima
and Nagasaki has been a major source for information on health effects because the cohort
consists of survivors of varying sex and age [6,7]. It is evident that cancer risk is increased
in these high dose exposed populations and that individuals exposed at a younger age have
a higher associated risk of cancer (pediatric females being most sensitive [7]). Whether
acute doses below 0.5 Gy significantly increased risk of radiation induced disease is less
understood. So, while research suggests some role of sex-linked effects in response to

radiation exposure, focused efforts are still needed in low doses.

Studies have also reported differences in acute and chronic exposure to ionizing
radiation and such effects have been observed in various environmental and clinical
settings. For example, a study by Pogribny et al., reports that radiation-induced DNA
methylation changes were both sex and tissue dependent following acute and chronic
radiation exposures [5]. Following a 5 Gy X-ray acute exposure, significant genome

hypomethylation was observed in female mice livers. Alternatively, no significant change
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was observed in male mice livers. When studying chronic exposures, no significant DNA
methylation was noted. Other studies have also investigated different tissues with varying
times post irradiation with the general understanding being epigenetic processes affected

by ionizing radiation vary in tissues, organs, and sex of the organism.

In a 2008 study by Koturbash et al. the radiation induced bystander effect (RIBE)
was investigated with respect to the level of radiation induced DNA damage [3]. The
radiation-induced bystander effect refers to cells, tissues or organisms that were not
exposed to direct ionizing radiation but behave as though they were. It was found that there
is a difference in RIBE between males and females and that male spleen tissue showed a
greater level of DNA damage. Interestingly the group emphasizes the need for further
investigation of bystander spleens of male and female mice due to in vitro data that suggests
a temporal difference in cellular response [3]. Overall they reported a greater loss of DNA
methylation and accumulation of DNA damage in spleen of whole body and head-exposed
male mice than females but note the mechanisms of sex differences should be further
investigated [/,3]. Furthermore, a 2001 study by Mothersill et al. investigated the role of
gender, smoking status and the existence of a bladder malignancy on production of
bystander signals using tissues from more than 100 patients [8]. An overall significant
difference between males and females was observed using HPV-G cells as reporter cells
for the bystander medium transfer assay. It was concluded that females displayed more

toxicity to bystander effects than males [§]. Previous work by a student in our group
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analyzed published bystander data available in literature to determine whether there was
any commonality in studies from different laboratories with regard to a number of factors
influencing RIBE. One of these factors was the sex of the cell line. [2]. The conclusion
based on these studies involving 64% male cell lines and 32% female cell lines was that
female cell lines, on average produced a larger reduction in cell survival compared to male

cell lines.

This evolving understanding of the various factors involved in an ionizing radiation
induced response peaks further curiosity about non-targeted effects. While groups work to
elucidate underlying processes and mechanisms, these confounding factors such as sex in
the context of non-targeted effects should also be given attention. To further understand
the influence of sex on RIBE, the present study investigates four cell lines for changes in

radiosensitivity following a low dose range of ionizing radiation exposure.
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5.3 Methods

5.3.1 Cell culture

Four cell lines (1BR.3, 48BR, CJ176 and F02/385) were used in both survival curve and
radiation induced bystander effect assays. Cell lines 1BR.3 (Artemis wild type) and CJ176
(Artemis null) are of male origin and 48BR (Artemis wild type) and F02/385 (Artemis null)
are of female origin. Artemis null cell lines are included in experiments to ensure
radiosensitivity in these cell lines. A cell lines were provided by the Genome Damage and
Stability Center in the United Kingdom. All cells were cultured regularly using Dulbecco's
Modified Eagle Medium (DMEM) supplemented with 15% FBS, 100 U/ml penicillin, 100
ug/mL streptomycin, and 20.5 mM L-Glutamine. Growth media was changed weekly, and
cells were cultured when 70-80% confluent. Cell cultures were frown in 75 ¢cm? Falcon
tissue culture flasks (VWR Canada) and incubated at 37°C and 5% CO». Cells were
trypsinized for cell culture and experiments using 25% phenol red-free trypsin solution
combined with 0.192 mM EDTA when growth was confluent. All reagents were purchased

from Gibco, ThermoFisher Scientific.
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5.3.2 Irradiations

The McMaster Taylor Radiobiology Cesium-137 source was used for all irradiations. The
source had a dose rate of 198.4 mGy/min during the experiments at a source to flask

distance of 30 cms.

5.3.3 Survival Curve Assays

Cell cultures grown to confluence were used to set up for clonogenic survival assays. Cells
were detached using the trypsin working solutions described in 2.1. Trypsinized cultures
were neutralized with a greater volume of DMEM growth media. Cell seeding
concentrations were determined using a Bio-Rad TC20 automated cell counter (Bio-Rad
Life Science Research Division, Canada). For all experiments cells were seeding in T25
Falcon tissue culture flasks (VWR Canada). T25 flasks were seeded using the clonogenic
assay method described previously by Puck and Marcus[9]. In this assay, low densities
(300 cells) of cells destined for irradiation are plated in T25 flasks. Plating efficiencies of
approximately 30% were achieved. Clonogenic assays were used to develop survival
curves with doses of 0, 0.01, 0.03, 0.05, 0.1, 0.3, 0.5, 1.0, 2.0 and 3.0 Gy. Low dose, dose
points were chosen to observe ionizing radiation effects in the low dose range. After
irradiation all experimental flasks were immediately returned to the incubator and grown

for 11 days at 37°C in an atmospheric environment of 5% CO; in air. Media was then
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discarded, and flasks were stained with 15% Carbol Fuchsin solution (Ziehl Neelson,
Milipore Sigma) on day 11 of growth. Cell colonies were then counted and surviving
fraction was determined. GraphPad Prism 10 software (GraphPad Software Inc., LaJolla

CA) was used to create survival curve graphs.

5.3.4 Radiation-Induced Bystander Effect Assay

T25 Flacon flasks were used for all bystander effect assay. Cells were seeded in the T25
flasks with SmL DMEM growth media (described in 5.3.1) and incubated for 6 hours at
37°C and 5% COa.. Plating efficiency, direct irradiation (2.0 Gy), bystander effect donor
and recipient, and sham donor and recipient flasks were seeded for each trial. Sham donor
flasks were not irradiated but serve as a medium transfer control to confirm no effect of the
assay’s medium change. All donor flasks were seeded with 150 000 cells while all other
flasks were seeded with 300 cells. Post 6-hour incubation, direct irradiation and bystander
effect donor flasks were irradiated as described in 5.3.2 to 2.0 Gy. Upon completion of
irradiation, flasks were returned to the incubator for an hour and then medium transfer of
donor medium to recipient flasks was completed. Medium from recipient flasks was
discarded and donor media was transferred using a 0.22-um filter and 30 mL plastic syringe
(Millipore Sigma). A filter was used on the syringe to ensure no cells were transferred to

the recipient flasks. This medium transfer bystander assay technique was used for both
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bystander effect and sham treatment flasks. All flasks were then incubated as previously
described for 10 days and stained with 15% Carbol Fuschin on the final day. Colonies could
then be counted, and data was used to make bar graphs for treatment comparison using

GraphPad Prism 8.

5.3.5 Statistical Analysis

Survival curve and bystander data in this study is a result of a mean of three independent
trials using three replicates (n=9). Least square error linear regression analyses were used
to produce induced-repair model fits using GraphPad Prism 10 (GraphPad Software Inc.,
LaJolla CA). Standard error of the mean (SEM) error bars is used in all figures. Variance
between groups in the bystander effect assays was determined using t-tests between the
sham and bystander and sham and direct irradiation groups. Post hoc analyses completed

using Welch’s t-test. Significance was determined at the 95% confidence interval.
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5.4 Results

5.4.1 Low Dose Cell Survival Curves

Cell survival curves are found in Figures 5.1 to 5.4 fitted with the induced-repair
model. Here variances in radiosensitivity are observed between male cell lines and female
cell lines and findings are summarized in Table 5.1. Both Artemis-null cell lines; male
(CJ176) and female (F02/385), display a rapid decrease in cell survival. The as/ar ratio
indicates the magnitude of induced radioprotection as dose increases[10] and d. represents
the dose where there is maximum HRS and a transition to IRR. Values for as can also be
found in Table 5.1, directly indicating radiosensitivity. As expected in the Artemis-null cell
lines CJ176 and F02/385, their radiosensitivity in low doses is much greater than their
normal counterparts 1BR.3 and 48BR respectively. This shows hyperradiosensitivity in the
very low doses. When comparing normal male 1BR.3 to normal female 48BR, it is evident
that 48BR is more radiosensitive in low doses. This is again shown by the larger as value

for 48BR cells compared to 1BR.3 cells.
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Figure 5.1: Cell survival curve for 1BR.3 (male, Artemis wild type) cells exposed to
Cesium-137 gamma radiation for doses of 0 to 3.0 Gy. Data are fitted with the
Induced-Repair model. (A) Full survival curve for 1BR.3 cells. (B) Enlarged survival
curve portion with dose points between 0 and 0.5 Gy. Error bars are SEM for n=9.
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Figure 5.2: Cell survival curve for CJ176 (male, Artemis null) cells exposed to Cesium-
137 gamma radiation for doses of 0 to 3.0 Gy. Data are fitted with the Induced-Repair
model. (A) Full survival curve for CJ176 cells. (B) Enlarged survival curve portion with
dose points between 0 and 0.5 Gy. Error bars are SEM for n=9.

128



48BR
(female, Artemis wild type)

9
[
.8
=
Q
o
W 0.1
o
£
2
4
=
»
0.01 T T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0
Dose (Gy)
(B)
1.0~
S
c
.2 0.8
8 i !
I
o
(=
]
4
=
? 0.6
0.4 .
0.0 0.5
Dose (Gy)

Figure 5.3: Cell survival curve for 48BR (female, Artemis wild type) cells exposed to
Cesium-137 gamma radiation for doses of 0 to 3.0 Gy. Data are fitted with the
Induced-Repair model. (A) Full survival curve for 48BR cells. (B) Enlarged survival
curve portion with dose points between 0 and 0.5 Gy. Error bars are SEM for n=9.
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Figure 5.4: Cell survival curve for F02/385 (female, Artemis null) cells exposed to
Cesium-137 gamma radiation for doses of 0 to 3.0 Gy. Data are fitted with the
Induced-Repair model. (A) Full survival curve for F02 /385 cells. (B) Enlarged survival
curve portion with dose points between 0 and 0.5 Gy. Error bars are SEM for n=9.
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Table 5.1: A summary of survival curve fitting parameters using the Induced-Repair model.

Parameter F02/385 CI (95%) 48BR CI (95%) CJ176 CI (95%) 1BR.3 CI (95%)
or 1.2 1.0-1.3 0.61 0.49-0.72 -0.80 -4.8-0.15 0.10 *-0.40
as 10 8.1-14 3.5 2.5-5.1 4.4 3.3-5.9 1.2 0.65-2.4
B -0.071  -0.15-0.052 0.12 0.051-0.21 2.1 1.0-5.3 0.33 -0.081-*
d. 0.055  0.043-0.071  0.098 0.060-0.14 0.18 0.10-0.44 0.33 0.16-*

as/or 8.3 5.8 -5.6 7.2
r? 0.97 0.97 0.96 0.95
* - unbound confidence interval value
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5.4.2 Radiation Induced Bystander Effect

RIBE assays were conducted to investigate differences in bystander signals
between male and female cell lines. Figure 5 demonstrates the differences in cell survival
following either receipt of irradiated cell culture medium or through a direct 2.0 Gy dose
of ionizing radiation. Both donor and recipient cells in each scenario are of the same origin.
For comparison, a sham group is also included to indicate there is no effect of the medium
transfer RIBE assay on the bystander and direct treatment groups. All cell lines displayed
sensitivity to direct irradiation and bystander medium transfer. RIBE was also observed in
all cell lines regardless of sex or Artemis status. Female cell line 48BR displayed a stronger
bystander effect response and increased cell killing following exposure to irradiated cell
culture medium compared to male cell line 1BR.3. Both 48BR and 1BR.3 cell lines are
normal for Artemis status. When comparing cell lines null for Artemis status to each other,
they did not exhibit a significant difference in response to direct or bystander radiation.
Comparison between the two male cell lines revealed a significant difference in survival
following both direct and bystander irradiation however the same comparison between the
female cell lines did not result in a significant difference. These findings are summarized

in Table 5.2.
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Figure 5.5: Radiation induced bystander effect (RIBE) assays using for (A) F02/385
(female, Artemis null), (B) 48BR (female, wild type), (C) CJ176 (male, Artemis null)
and (D) 1BR.3 (male, wild type) cell lines. For all cell lines donor and recipient cells are
of the same kind. Sham represents a RIBE protocol control exposed to only transferred cell
culture medium from non-irradiated donor cells. Bystander represents cells exposed to
irradiated cell culture medium collected from donor cells irradiated with 2.0 Gy. Direct
represents cells irradiated directly with 2.0 Gy. All data is presented as the mean + SEM (n

= 9). (****p < .0001), (*p <0.05) indicates a significant difference between treatment
groups and sham.
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Table 5.2: Statistical differences between response to direct ionizing radiation and
bystander radiation of cell lines with varying Artemis status. 1BR.3 and C]J176 are of
male origin and 48BR and F02 /385 are of female origin.

Cell Lines Artemis Status Sex of Cell Line Direct I or.lizing Byst.a n.der
Radiation Radiation
1BR.3 vs. 48BR both wild type 418BBP§3fer?:;lee p<0.05 p<0.0001
CJ176 vs. F02/385 both null : 021/137865?;2% ns ns
1BR3 vs. CJ176 1ng31'7"‘éilr‘ljutl5l’pe é}glf;z EZ}E p<0.05 p<0.05

48BR wild type 48BR female
48BR vs. F02/385
vs. F02/ F02/385null  F02/385 female ns ns

5.5 Discussion

Overall, a greater sensitivity to the bystander signals is observed in females
compared to males (Figure 5.7) which opposes the in vivo RIBE data published by
Koturbash et al. in 2008. This finding in cell culture is an interesting result as much data
on sex effects of ionizing radiation heavily supports the idea that female species are more
sensitive to radiation damage due to the presence of reproductive tissues and organs which
is not the case in the present study. This finding suggests a greater than expected role of
hormones or x-linked factors. While differences are noted between our cell culture work
and in vivo work by other groups, it is important to note that different species may vary in

response to stress such as radiation. Data published by Mothersill et al. in 2001 using HPV-
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G reporter cells provides supporting evidence for findings of this present study [8]. A
greater decrease in clonogenic cell survival when cells are treated with irradiated cell

culture medium from female donors compared to male donors was concluded [§].

This study also highlights differences in the bystander effect in cell lines of male or
female origin. Ionizing radiation can be utilized clinically and diagnostically to help with
the treatment of diseases, however the effects it may have on neighboring cell populations
can be of concern. Additionally, as radiation science research aims to improve standards
for safety, it is important to consider the non-targeted effects of radiation and how the role
of sex can affect outcomes. In this study we test four cell lines; two male and two female,
to better understand RIBE. Of the four cell lines, two are null for the protein Artemis.
Artemis is known to function in ionizing radiation induced double strand break repair [11].
Artemis null cell lines CJ176 (male) and F02/385 (female) are used as controls for
radiosensitivity to ionizing radiation. Cell lines 1BR.3 (male) and 48BR (female) have

normal Artemis status.

Comparison of all cell lines reveals a novel finding that there is no significant
difference in cell survival following direct or bystander irradiation between female 4§BR
and F02/385 cell lines (Table 5.2) meaning the presence or absence of the ARTEMIS gene

does not affect female radiation response in these experiments. However, a significant
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difference was observed in the direct and bystander irradiated groups for male cell lines
I1BR.3 and CJ176. Here cells null for Artemis that have impaired ability to repair double
strand DNA breaks do show a more radiosensitive response both to direct irradiation and
to bystander signals. The ARTEMIS gene has been reported to be responsible for diseases
such as radiosensitive-severe combined immunodeficiency (RS-SCID) and various studies
both in vitro and in vivo have noted the protein Artemis is required for the non-homologous
end joining (NHEJ) pathway in DSB repair [//—18]. Cells deficient in Artemis experience
increased sensitivity to ionizing radiation compared to their normal counterparts
[11,12,18]. Since a significant difference is not observed between the two female cell lines
used, we put forward evidence that DNA is not the only primary target of low dose ionizing
radiation [20,21]. In classical radiation biology, target theory describes that cells contain at
least one critical target that if hit by a track of ionizing radiation would kill the cell or
produce some type of damaging effect [2/—23]. This target has been widely accepted as
DNA however, researchers have postulated other possible targets [20,24]. To further
elucidate the mechanisms in play here, further research questioning the targets of low dose
ionizing radiation is required. Particularly due to the interconnectedness of DNA to a
majority of biological processes, evidence for other targets of ionizing radiation damage

can be difficult to obtain.

Today, much research relies on the use of the linear-quadratic (LQ) model to model

cell killing following ionizing radiation exposure, but when modeling dose response
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relationships particularly in low doses, the LQ model often underestimates possible effects
[10,25-28]. Previous findings by Desai et al. highlighted the poor fit of the linear-quadratic
model and suggested difficulties in low dose modeling. For this reason, data in this present
study are fit using the induced-repair (IR) model found to provide a better fit particularly
in low doses [25]. As evident in Figures 5.1 to 5.4, low dose HRS is observed where a
greater than expected reduction in cell survival is evident at low doses following a bout of
increased radioresistance at doses generally greater than 0.1 Gy. This low dose effect is

modeled more accurately using the IR model.

In summary, this paper supports other in vitro work suggesting human female cells
and tissue explants are more sensitive to RIBE signals than males, but it disagrees with in
vivo studies in mice suggesting that males have a more sensitive response. An unexpected
finding was that in the female cell lines the presence or absence of the ARTEMIS gene did
not affect either the direct response to low dose radiation or the bystander response.
However, in males Artemis null cells were more radiosensitive and had greater sensitivity
to bystander signals. This study highlights the importance of continued investigation of low
dose effects of ionizing radiation with particular attention to sex for improving

recommendations on radiation safety.
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Chapter 6 - Conclusion

The research conducted in this thesis sought to explore low dose responses in a
variety of situations. Through exploring heterogeneity of a cell line as well as the influence
of factors such as sex on radiosensitivity, a better understanding of low dose effects is
achieved. Dose-response relationships derived from high dose exposures do not
extrapolate to the low dose region due to evidence of low dose effects [1,2]. However
certain dose-response relationships such as data modelled with the induced-repair
model represent the low dose region with improvement [3]. This is emphasized
throughout this thesis and is summarized below. This final chapter summarizes main

findings of this thesis and recommendations for future work.
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6.1 Main Findings

6.1.1 Isolated clones of a human colorectal carcinoma
cell line display variation in radiosensitivity following

gamma irradiation

The work presented in Chapter 3 aimed to identify variation in radiosensitivity
in clonal populations of an HCT 116 p53 wild type cell line. Seven clonal lines were
isolated from the parent population and grown for use in developing cell survival
curves. The parent and all clonal lines were irradiated with doses ranging from 0.5 to
15 Gy and fitted with two commonly used models to describe the dose-response
relationship. The linear-quadratic model and multi-target model were used, and it
was determined that the multi-target model provided the overall best fits. Medium
transfer bystander effect assays were also conducted for the parent and all clonal
lines. Upon analysis of curve fitting parameters and bystander effect assay results, a
relationship was determined between the extrapolation number, n, from the multi-
target model and the extent to which bystander cell killing occurred. Clone A had the
largest n value while Clone G had the smallest. It was found that Clone A did not
respond to non-targeted exposure to radiation through the bystander medium
transfer assay, but Clone G did show a significant reduction in cell survival following

receipt of the bystander medium transfer. Variation of clonal populations in their
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response to bystander treatment also lends evidence to the heterogeneity of the

initial cell population, ultimately contributing to the overall sensitivity of the cell line.

6.1.2 Heterogeneity of radiation response in clonal

variants of a human cell line.

Chapter 4 took a closer look at low dose radiation responses and built on the
work presented in Chapter 3. Using the previously derived clonal cell lines, the low
dose portion of all cell line survival curves was expanded giving insight to the
presence of low dose phenomena such as the transition of HRS to increased IRR. All
clonal lines were irradiated to include six doses in the range of 0.01 to 0.5 Gy. Survival
curves were then fitted with the linear-quadratic and induced-repair models. It is
evident that even with an extensive data set, the linear-quadratic model has difficulty
accurately representing low dose data. The induced-repair model provided a better
fit to the data due to parameters designed to represent low dose effects. Low dose
hyperradiosensitivity was found in the parent and all clonal lines below 0.27 Gy. This
shows that low dose exposures have the potential to significantly influence overall
dose-response relationships. It was also found that the radiation induced bystander
effect and low dose hyperradiosensitivity can occur concurrently in a cell line
suggesting the mechanisms may be linked. These findings build on previous work by

our group that once suggested RIBE and HRS/IRR to be mutually exclusive
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mechanisms [4] and the range in which these responses can occur together may only
be in a select dose range [5] suggesting that p53 has a role in the range of doses in

which these two phenomena can occur.

6.1.3 Influence of sex of the cell line on the bystander

effect and low dose irradiation.

The work reported in Chapter 5 aimed to investigate whether there is a role
or influence of sex of a cell line on RIBE. The interest of this study was focused on low
dose effects and RIBE. Here four cell lines (two male and two female) were used and
of these four cell lines, two are null for the protein Artemis (one male and one female).
The null cell lines were included as a control for radiosensitivity since Artemis is
involved in DNA double strand break repair and thus Artemis-null cell lines render
more radiosensitive. Survival curves were developed with doses in the range of 0.01
to 3.0 Gy and curves were fitted with the induced-repair model previously
determined to describe low dose effects more accurately. It was found that the two
Artemis-null cell lines were most radiosensitive, but the normal female cell line
(48BR) was more sensitive than the normal male cell line (1BR.3). This was evident
through the alpha curve fitting parameters as designed to demonstrate low dose
responses. Low dose hyperradiosensitivity was observed in all cell lines. RIBE

medium transfer assays were also conducted on all four cell lines and a significant
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reduction in cell survival was evident in all cell lines. Most notably, the female normal
cell line 48BR displayed a significantly higher reduction in cell survival following

bystander medium transfer compared to the normal male 1BR.3 cell line.

6.2 Concluding Statements & Future Work

The work presented in this thesis investigated low dose responses to radiation
and analyzed various curve fitting models. Through demonstration of instances in
which HRS and RIBE are observed, a better understanding of low dose effects is
gained. Exploring the commonly used HCT 116 p53 wild type cell line revealed
heterogeneity adding to the overall radiosensitivity of the cell line and found HRS in
very low doses. The influence of sex of the cell line on RIBE and low dose HRS
highlights the importance of continued focus on low doses. Thus, future work should
continue to investigate cell lines with interest in p53 status, sex and other factors
which may contribute to the overall radiosensitivity of a cell line, tissue or organism.
Factoring in all of these components will contribute to elucidating the pathways
which render living systems more radiosensitive and vulnerable to chronic and acute

exposure.
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