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Abstract

The biological risks associated with low dose and low dose rate (LDR) radiation
exposures are not yet well characterised. Experimental studies indicate that in
addition to biological effects resulting from direct DNA damage, a variety of non-
DNA targeted effects (NTE) including radiation-induced genomic instability (RIGI),
genomic instability being a known enabling characteristic of cancer, may crucially
contribute to the overall outcome. RIGI can induce delayed mutations, chromosomal
damage and micronucleus formation in the progeny of cells many generations after

the original radiation event.

The work presented explores the role of dose and dose rate, as well as radiation
quality, on RIGI. For low-LET x-rays, the induction of RIGI in normal primary
human fibroblast (HF19) cells was investigated as a function of dose and dose rate
and as a function of dose for high-LET alpha-particles. An additional aim was to
investigate the potential role of reactive oxygen species (ROS), tumour necrosis
factor-alpha (TNF-a) and transforming growth factor-beta (TGF-B1) in the induction
of DNA damage and GI in HF19 cells following 0.1 and 1 Gy high dose rate (HDR)
and low dose rate (LDR) x-ray irradiation. The x-ray data clearly show early DNA
damage and RIGI many population doublings (PD) after exposure, not only after
high dose and high dose rate exposures, but also at similar levels following low dose
and low dose rate exposures. 0.1 Gy and 1 Gy LDR x-ray groups suggested more
damage compared to the corresponding HDR groups. However, at 20 PD the HDR
groups suggested higher induction of DNA damage compared to the equivalent LDR
x-ray irradiation groups. A higher induction of ROS following 0.1 and 1 Gy LDR
and HDR x-ray was also demonstrated providing a potential mechanism for

induction of DNA damage and RIGI.

The alpha-particle results indicate significant induction of early DNA damage and
RIGI at 10 and 20 PD at doses down to 0.001 Gy, reducing at lower doses. At these
low doses, not all cells would be traversed, but those that were traversed would
receive significant energy deposition by the traversing particle. To conclude, our
investigations have demonstrated that HF19 cells are susceptible to the induction of
early DNA damage and RIGI, not only after a high dose and high dose rate exposure

to low LET and high LET, but also following low dose, low dose rate exposures. The



results suggest that the mechanism of radiation induced RIGI in HF19 cells can be
correlated with the induction of ROS levels following exposure to 0.1 and 1 Gy LDR
and HDR x-ray irradiation.



Table of Contents

ACKNOWICAZEMENLS ....cceeuunerreiiiisnereccsisnnereccsssnnsnecsssssssnessssnssssssssnssssecs 2
PN 0] 1) e T 1 (1) 1 TR 4
ADSEIACT...ccuueeeeiiiiiinnttiiininnttecisisnnntnccsssnssnescsssssssesssssssnssssssssssssssssssssene 7
Table of CONLENTS.....ccceeeeiiineeiiiinteiiineeenineecssnnecssnneecsssseesssseesssssecans 9
Table Of FIGUIES ..uuueiiciiirrneiicnssssnniecssssnniessssssnsiessssssnssesssssnsssssssssassess 13
Table of TabIeS....cuuiieneeiiniiiiiniiiineiessneecssneecssnneecsssnescsssseecssssees 17
Chapter 1. INtroduction .........cceeeeeicerccscnniccssneecssnsecssssecsssssessansees 18
1.1 IoniSiNg radiation .......c.eeeeeivserecsscsnnnccsssnnscssssssnesssssssssssssassssssssssssssssssssssssssns 18
1.2 Low LET and high LET radiation...........cccceiiccisnnniccscsnnecsssssnnessssssscssnnns 19
1.1 Biological Effects of Ionising Radiation ...........ccccveeiccscvnrccsssnerccsssnnsecssnnns 22
1.3.1 Classical radiation biology dogma ...................ccccooeevievvviecieeeiiniaieeene, 22
1.3.2 Non-targeted effect of ionising radiQtion ................c...ccceeeveeeeecereecneeann. 24
1.3 Factors influencing the appearance and manifestation of non-targeted
CITECES couneeeinniiciiecticctttccttenteceteceeecaeessessssesssseessseessesssssassssassssaaenes 34
1.4.1 The effect of dose and doSe rate..................cccoecveevceeeiceeeiiieeiieeeeeene, 34
1.4 The mechanism of micronucleus induction as an indicator of
cytogenetic damage following irradiation ...........eeeveecvensseensecsseecsensnennne 37
1.5 AIMS Of TRESIScciniiiiinniiistinsinnsninstessnenseecsnesssnecssessssesssecsssecssnssssssssesssssessases 40
Chapter 2. Materials and Methods ............ccuveecvcericsinrccscnnnccsennees 41
2.1 MALETIALS euueeecnneiineiniinnenninnecssnneisinnesssnnecsssesssssessssseessssnsssssesssssesssssessssssssssasces 41
2.1.1 Cell Line, Cell Maintenance and Culturing ...............cc..ccoeevvvvveveveennnn.. 4]
2.1.2 The Muse Cell ANGLYZET...........c..cccovieeiiiaciieeiiieeeee e 41



2.2 IVLELROAS ceeueeeereeeeereeeenreecseeceseeeesssssssssssssssssssssssssssssssansssssssssssssssnssssssssssssssansssssss 42

2.2.1 Routine Cell CUITUFE.............cccocciioeiiiiiiiesiet et 42
222 IPFAAIALION ... 45
2.2.3 Measurements of nuclear and cellular area..................cc.cccocvevvennnen... 47
2. 2.4 ViADIIIEY ASSAY ..ot 48
2.2.5 The cell CYCle ASSAY ......ocueveaeeieaiiieeeeee e 50
2.2.6 OXIAQLIVE SIFESS ...ttt 52
2.2.7 ChromoSomal ANGLYSIS .............ccooveeiiieeiiieeiieeeie e 56
2.2.8 Alkaline Comet assay (Single Cell Gel Electrophoresis) ......................... 56
2.2.9 MICTONUCIEUS ASSAY ... 58
2.2.10 Western BlOt ASSQY ..........cccooeeeueeeeieieeieeeiie e 60
Chapter 3. Early and late effects of high LET alpha-particles on
HF19 primary human fibroblast cells..........cccevceeiivvniccscnnrcncnnnane 62
3.1 INErodUCTION c.cccccueeeeiineeeisneeesineecisnnecssneecssnnecsseecsssessssseessssnessssesssssssssssessssssssnns 62
3.2 RESULLS.ccicneiicieieiinieiinnensintecsinnecssanecsssnecssanessseessssessssseessssnsssssessssssssssssssssnssssns 62

3.2.1 Calculating the average number of alpha-particle track traversals per
nucleus and per Cell..................ccooooueiiiiiiiiiiiiieeeee e 62

3.2.2 Early and late total DNA damage in HF19 cells post low and high
doses of alpha-particle irradiation: Comet assay ...........c...ccoeevevveeennn. 65

3.2.3 Early and late induction of micronuclei in binucleate HF 19 cells post
low and high doses of alpha-particle irradiation: Micronucleus assay...72

3.3 DISCUSSION cuuuuueeeeereeeeeeeeescereseesssssssssssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssnsss 78

R I 001) 1 163 L1 ) 11 U 87

Chapter 4. Investigating the susceptibility of HF19 cells to the
induction of genomic instability following high (0.42 Gy / min)

and low (0.0031 Gy / min) dose rate x-ray irradiation.................. 88
4.1 INErOAUCTION cocueerrueeiruecsnecsuenssaessanessnecssnssssesssnssssecssnssssesssessssesssssssassssassssessanses 88
4.2 ReESUILS...uuueiniicniiiniitensticsniiseesssensticssisssesssessssesssessssssssessssssssssssassssassssssssases 90

4. 2.1 Cell VIADIIILY ..o 90

10



4.2.2 Cell cycle analySis ..............ccooeviioiiiiiiiiiiiiiiieeeeee e 93

4.2.3 A cell response curve following exposure to acute/high dose rate x-ray
IPPAAIATION. ...t 97

4.2.4 Early, intermediate and delayed response of HF'19 to dose ranges at
high (0.42 Gy /minute) and low dose rates (0.0031 Gy / minute) of x-

FAY TFFPAAIALION. ...t e et e s 99
4.3 DISCUSSION c.ueereneeeerrereecereeseescsssseescssssessosssssssessssessossssesssssssesssssssessossssessssssnssses 117
4.4 CONCIUSIONS .eeeeereerreeeeereeeenreesseeeeereeesssssssssscsssssssssssssssssssssssssssssssssssssssssssssssos 126

Chapter 5. The molecular mechanisms involved in the
induction of GI in HF19 cells following 0.1 and 1 Gy irradiation

at high and low dose rate. .........cceveriivvniinssercnssnnncssnnccscnnnccsnnnes 128
5.1 INrOAUCHION .uuueeeueeeeiinienineiciinnenssneecssnnecssstecsseesssseessssnessssesssssssssssssssssessssane 128
5.3 RESUILS cuceeeueriiinriiinnesinncssnicsssnecsssnncsssnesssssessssesssssesssssssssssssssssssssssssssssssssaes 129

5.3.1 Levels of ROS in HF 19 cells at 1.5 h following x-ray irradiation at
high and low dose rate expoSUTe..................ccoeveevieiieecienieeiieeieeen 129

5.3.2 Levels of ROS in HF 19 cells at 20 population doublings following x-
ray irradiation at high and low dose rate exposure.................c............ 130

5.3.3 Investigating the potential role of Tumour Necrosis Factor o. (TNF- o)
and Transforming Growth Factor 1 (TGF-f1) in radiation-induced
genomic instability in HF 19 cells following x-ray irradiation at high

and low dose rate eXPOSUTe. .............ccccccueeeieeesciieiiie e 131
5.4 DISCUSSION cuueeecneriiiuniiisnnnssaneissnessssnessssnecssssessseessssesssssssssssassssssssssssssssssssssnes 135
5.5 CONCIUSIONS ..cuuueeeineiiisneeiisnreissnneissnnecssnnecsssessssseessssessssssessssessssssssssssssssssssssnes 138
Chapter 6. General DISCUSSION ...ccccceeeeecrsscnnerccssssnsenccsssnssnecssonses 139

6.1 HF19 susceptibility to the induction of early DNA damage and GI
following exposure to alpha particle irradiation. ..........ccceeevcvneeeccccnnecenene 140

6.2 The susceptibility of HF19 cells to the induction of early DNA damage
and GI following exposure to high (0.42 Gy / minute) and low dose rate
(0.0031 Gy / minute) low LET x-ray irradiation. .........coeeeceenseessneesnees 144

6.3 The susceptibility of HF19 cells to the induction of initial DNA damage
and GI following LDR and HDR x-ray exposure in doses relevant to
diagnostic and therapeutic uses and the potential molecular
mechanisms involved in the induction of Gl.............coueeueivuennecneecnnenn. 147

0.4 FULUEE WOLK «veeeeeeeeeeieeereeeeeeneessssesseressssssssssssssssssssssssssssssssssssssssssssssssssssssssss 153

11



References.....ceeeceeneeeeneens

Presentations and posters

12



Table of Figures

Figure 1.1: Schematic of high and low LET ionising radiation tracks through a cell
TUCTEUS .ttt ettt et ettt et sbe et st e bt et e eanesbeenrenanen 21

Figure 1.2: Targeted effects of ionising radiation ............cccceververiineniineenenicnecienene 23

Figure 1.3: A schematic diagram illustrating the process of radiation-induced
ENOMIC INSTADIIILY ..evviiiiiiiiiie ettt et e 24

Figure 1.4: A schematic diagram showing bystander effects (BE) through both

intercellular gap junction and soluble factors. .........cccceeiieiiiiiiiiiiic e 25
Figure 1.5: Mechanisms of formation of MN ........ccccccoiiiiiiiiiiiiieceeee e 39
Figure 2.1: A schematic of one counting chamber of the haemocytometer..................... 44
Figure 2.2: Alpha-particle experimental desi@n...........ccoeevereiieriieriienienieeieere e 46
Figure 2.3: Confocal images of living HF19 cells stained with DIOCG6 ......................... 48
Figure 2.4: MUSe hiStOZIamMS.......ccuveiiieiieiiiesiieeieeiee e esieeeteereeebeeseessveesseessseeseesaseens 49

Figure 2.5: Summary of cell viability measurement using the Muse Cell Analyser .....49

Figure 2.6: Dot plot for DNA content and cell size index and Histogram...................... 51
Figure 2.7: Summary of measurement of the percentage of cells at various phases of

the cell cycle using the Muse Cell ANAlLySer ..........ccvevvieiiieriieiieciieeecee e 52
Figure 2.8: Summary data for 1 Gy low dose rate (0.00313 Gy/min) 30 minutes

following irradiation, with dot plot and histogram..............ccceecverieriiieniincieenieeeeeee 55
Figure 2.9: Scoring of binucleated Cells.........ccoooiriiiiniiiiiiiiiiecce 59
Figure 3.1: Measured nuclear area distributions for the HF19 cell line...........cccccceenee. 64
Figure 3.2: Measured cellular area distributions for the HF19 cell line.......................... 64

Figure 3.3: Percentage of DNA (damage) in the comet tail in HF19 cells 1 hour
following alpha-particle irradiation...........ceevuierieiiiieiie e 67

Figure 3.4: Intermediate responses within the progeny of alpha-particle irradiated cell
populations after 10 population doublings following irradiation.............ccccceeveieneennnnnn. 69

Figure 3.5: The delayed DNA damage in the progeny of alpha-particle irradiated
cells following 20 population doublings determined using the comet assay............. 71

13



Figure 3.6: Percentage of binucleate cells containing micronuclei over total
binucleate cells in control and irradiated HF19 cells at 5 hours following irradiation ... 73

Figure 3.7: Percentage of binucleate cells containing micronuclei over total
binucleate cells in control and irradiated HF 19 cells at 10 population doublings. ......... 75

Figure 3.8: Percentage of binucleate cells containing micronuclei over total
binucleate cells in control and irradiated HF19 cells at 20 population doublings
TOIIOWING TTTAAIALION......eiiiieiieeiieie ettt ettt et eb e seeeeneeas 77

Figure 4.1: Percentage of viable HF19 cells at different time points, 30 minutes, 8, 24
& 32 hours following HDR and LDR 1.0 Gy x-ray irradiation ..........ccccceceevervieneennenne. 92

Figure 4.2: The percentage of HF19 cells in G0/G1 phase (panel A), S-phase (panel
B) and G2/M phase (panel C) as a function of time (30 minutes, 8,24 and 32 hours)
after irradiation with 1 Gy x-rays at HDR (0.42 Gy / minute) and LDR (0.00313 Gy /
1001110115 TR SRS 96

Figure 4.3: Variation in the percentage of binucleate cells (BN) with micronuclei in
HF19 cells among the experiments as a function of X-ray dose.........cccceecveeeeveeecrveennnenn. 98

Figure 4.4: A bar chart representing the relationship between x-ray dose (HDR, dose
rate of 0.42 Gy / min) and the percentage of binucleate cells (BN) with micronucleus

Figure 4.5: Variation in the percentage of DNA in the comet tail after 24 h following
completion of the irradiation as a function of dose, delivered at a high dose rate (0.42
Gy / min) or low dose rate (0.0031 Gy / MIN). ....ccceerviieriiieeniieeciie e 101

Figure 4.6: The box-plot shows the distribution of damage in HF19 tail after 24 h
following completion of the irradiation as a function of dose, delivered at a high dose
1At (0.42 GY / MN). cotiiiiieiiieiie ettt ettt e et e st e et e e aaeebeessaeenseesabeesbeessneeseennseens 101

Figure 4.7: The box-plot shows the distribution of damage in HF19 tail after 24 h
following completion of the irradiation as a function of dose, delivered at a low dose
1ate (0.42 GY / TNIN). oiiiiiiiiiciie ettt ettt e s e e st eeestee e saeeesaeeesseesnseeessseeesnseeenns 102

Figure 4.8: Intermediate responses within the progeny of directly irradiated HF19
cells after 10 population doublings following irradiation as a function of dose,
delivered at a high dose rate (0.42 Gy / min) or low dose rate (0.0031 Gy / min). ...... 104

Figure 4.9: The box-plot shows the distribution of damage in HF19 after 10

population doublings following irradiation as a function of dose, delivered at a high
dose 1ate (0.42 GY / MN)....veiiiiiieiiieeeieeeeiee et e eetteeeeeeeeeeeeaeeeseseeeeseessaeessseesnseeennnes 104

14



Figure 4.10: Box-plot illustrating the distribution of damage in HF19 after 10
population doubling following irradiation as a function of the dose delivered at a low
dose rate (0.00313GY / MIN).coiuiiiiiiiiiieiieeiiee ettt ettt st e beeseee e 105

Figure 4.11: Delayed responses within the progeny of directly irradiated HF19 cell
populations after 20 population doublings following irradiation as a function of dose,
delivered at a high dose rate (0.42 Gy / min) or low dose rate (0.0031 Gy / min). ...... 106

Figure 4.12: Box-plot illustrating the distribution of damage in the progeny of
directly irradiated HF19 cell populations after 20 population doublings following
irradiation as a function of dose, delivered at a high dose rate (0.42 Gy / min). .......... 106

Figure 4.13: Box-plot illustrating the distribution of damage in HF19 after 20
population doubling following irradiation as a function of the dose delivered at a low
dose rate (0.00313GY / MIN).ccciiiriiiiiieiieeiieeie ettt et see et saae e b e seaeeneees 107

Figure 4.14: The percentage of binucleated cells (BN) with micronuclei (MN)
(%MN/BN) induced in HF 19 cells observed after 24 h following completion of the
TITAATALION ..ttt et ettt e bt et e bt e et e e sabeebeesaeeeneeas 109

Figure 4.15: The percentage of binucleate cells (BN) with micronuclei (MN)
(%MN/BN) induced at 10 population doublings as a function of dose following high
dose rate (0.42 Gy / min) versus low dose rate (0.0031 Gy / min) irradiations............ 109

Figure 4.16: The percentage of binucleate cells (BN) with micronuclei (MN)
(%MN/BN) at 20 population doublings as a function of dose following high dose rate
(0.42 Gy / min) versus low dose rate (0.0031 Gy / min) irradiations. .............c......... 110

Figure 4.17. Experimental design for x-ray irradiation. Cells were seeded at 1.5 x 106
in T75 flasks and incubated for = 24 hours. ........ccccceeviiiiiiiieniiiieee e, 111

Figure 4.18: The percentage of binucleate cells (BN) with micronuclei (MN)
(%MN/BN) for high (0.42 Gy / min) and low (0.0031 Gy / min) dose rate at0, 0.1
and 1 Gy immediately following irradiation, with addition of cytochalasin B
immediately following irradiation (<5 MINULES). ..cccveeerveeeriieeriie e 113

Figure 4.19: The percentage of binucleate cells (BN) with micronuclei (MN)
(%MN/BN) at high (0.42 Gy / min) and low (0.0031 Gy / min) dose rate at 0, 0.1
and 1 Gy at 10 population doublings post irradiation ...........cecceveeereeverienerneneeneenne. 113

Figure 4.20: The percentage of binucleate cells (BN) with micronuclei (MN)
(%MN/BN) at high (0.42 Gy / min) and low (0.0031 Gy / min) dose rate at 0, 0.1 and
1 Gy after 20 population dOUBIINGS. ......cc.eeeviiieriiieiieeiee e 117

Figure 5.1: Percentage of HF19 cells with ROS+ at 1.5 hours following x-ray
irradiation at 0.1 and 1 Gy HDR and LDR. Combined data from three independent
EXPEIIIMCIIES. ...eeuvieeiiieiieeieetteeteestteeteestteeteesseeebeessteesseesseeensaessseenseassseenseessseenseessseensens 130

Figure 5.2: Percentage of HF19 cells with ROS+ at 20 population doublings
following x-ray irradiation at 0.1 and 1 Gy HDR and LDR. Combined data from
three independent EXPETTMENLS. ........cccuieeiiiieeriieeciee et erre e e e e eeebeeeeereeeeens 131

15



Figure 5.3: Western Blot Analysis of TNF-a and TGF-B1 expression levels in x- ray
irradiated HF19 human fibroblasts cells at 1.5 hours following 0.1 and 1 Gy HDR
ANA LDR EXPOSUIE. ...ceeutiiiiiiiieeiie ettt ettt et set e et e seeebeesateenseeeeee 133

Figure 5.4: Western Blot Analysis of TNF-a and TGF-B1 expression levels in x- ray
irradiated HF19 human fibroblasts cells at 20 population doublings following 0.1 and
1 Gy HDR and LDR @XPOSUIE. ....cc.eeoiieiiiiiieiieeiieeieesiieeieesieeteeseneereesneesaesnseenseenens 134

Figure 6.1: A schematic of possible mechanistic interactions between DNA, ROS and
TNF-o and TGF-B1 in the induction of GI post radiation exposure with 0.1 Gy HDR
and LDR X-1ay ITAdIQtION ......eevuiieiieiiieiieeie ettt ettt e 151

Figure 6.2: A schematic of possible mechanistic interactions between DNA, ROS and
TNF-a and TGF-B1 in the induction of GI post radiation exposure with 1 Gy HDR
and LDR X-1ay ITadiation ........cc.eeouieiiieriieniieiieeie ettt ettt seae s e 152

16



Table of Tables

Table 3.1: The variation in the average number of alpha-particle track traversals per
cell and per nucleus for the HF19 cell line and corresponding calculated percentages
of nuclei and cells traversed as a function of alpha-particle dose............cccceevvervrennennne.

17



Chapter 1.
Introduction

1.1 Ionising radiation

Ionising radiation (IR) is ubiquitous in our surroundings; it can come from cosmic
rays, the food we eat, the air we breathe, the buildings we live in, and the Earth we
live on (Hughes et al., 2005). In addition, people can receive radiation from
diagnostic procedures and medical x-rays (Hughes et al., 2005). Ionising radiation
was discovered at end of the 19th century and since that time has been used
extensively in cancer treatment (Brenner, 2012). However, despite claims that IR
cures more than half of cancer patients when used in radiotherapy treatment, it is
well known that it can also cause cancer. Therefore, IR has been considered a
double-edged sword and the extent of its full effects and its mechanism of action are
still controversial (Brenner, 2012). Despite the fact that people are exposed every day
to various types of low-dose radiation, little is known about the biological impacts of
these low exposures. One of the methodologies towards fully understanding these
impacts on human health is by examining the biological impacts of low-dose radiation

through experimental studies (Rithm ez al., 2015).

Ionising radiation is highly energetic (sufficient energy to ionise an atom), and
causes changes to the structures of biological samples due to the deposition of energy
in those structures. IR includes sparsely ionising electromagnetic radiation (x- and
gamma-rays) and densely ionising radiation (a-alpha- particles). Both sparsely and
densely IR characteristics are based on the average energy transfer per unit length of
track (LET: linear energy transfer) (Hall and Giaccia, 2006; Kadhim, 2003). Low
LET radiation is composed of photons and has scattered, sparse energy deposition
patterns due to its winding path in biological samples. In comparison, high LET
radiation (for example, neutrons, alpha-particles, protons and other heavy, charged
particles) produces an insult comprising a relatively small number of densely
ionising, straight tracks which leads to a dense energy deposition path (Shikazono et
al., 2009). Exposure to naturally occurring radioactive Radon gas and its resulting
alpha-particle emitting progeny dominates human exposure and is now known to be

the second largest cause of lung cancer after smoking (BEIR VI, 1999).
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Ionising radiation can directly or indirectly interact with biological specimens and
living tissue. Direct IR interaction refers to the interaction of IR with cellular
components such as DNA molecules or proteins directly, instigating chromosome
damage, mutation and cell death (Hall and Giaccia, 2006; Nais, 1998; Scully and
Xie, 2013). However, indirect interactions of IR are explained by interactions with
cellular water molecules, producing free radicals (highly reactive atoms or molecules
with a single unpaired electron). These free radicals can interact with DNA and other
macromolecules leading to cell damage (Hall and Giaccia, 2006; Lehnert and Iyer,

2002).

In addition to conventional radiation-induced effects (chromosome damage, mutation
and cell death), IR also induces genomic instability (GI) which is defined as an
increased rate of accumulation of genomic alterations, which may appear at delayed
time-points in the progeny of the irradiated cells. These alterations include ongoing
new changes in chromosomes, gene mutations and enhanced cell death (Kadhim et
al., 2013). These responses are one of the most prominent enabling characteristics of

cancer (Hanahan and Weinberg, 2011).

1.2 Low LET and high LET radiation

Ionising radiation is divided into two types according to the density of ionisation: low
and high LET emissions. It has long been known that high LET irradiation has a
greater biological impact compared to low LET (for the same absorbed dose), with a
wide variety of biological effects. This difference between low and high LET is
mainly due to the radiation track structure deposited over a biologically relevant
scale (Goodhead, 1999). Low LET forms of radiation are composed of photons (for
example x-rays or gamma-rays) and have scattered, sparse energy deposition patterns
leading to isolated lesions. In comparison, high LET radiation forms (for example
neutrons, alpha-particles, protons and other heavy, charged particles) produce an
insult comprising a relatively small number of densely ionising, straight tracks which
lead to a dense energy deposition path. As a result clustered damage would be
produced as shown in figure 1.1 A (Shikazono et al., 2009). High LET particles
induce damage in DNA molecules in a number of positions when the ionising tracks

traverse the interphase chromatin of 30 nm fibre and large and bigger loop structures.
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This can induce a greater induction of DNA fragments across a large number of
bases (=0.1 kbase-Mbase). The overall number of double-strand-breaks (DSBs)
produced per unit dose of high and low LET irradiation has a low dependency on the
type of LET due to the balance between the number of particles and the elevation of
the local ionisation density. However, the degree of DSB complexity rises with
increasing LET (Goodhead, 1999). For example, 70 % of DSBs produced by high
LET contain three or even more breaks (Goodhead and Nikjoo, 1997). This induction
of complex DNA damage shows the relationship between the LET and the resulting
biological effects. The more complex the components of the initial damage, the more
severe final biological damage appears due to the less rapid working of the cell’s
repair system. Thus the deposition of high LET radiation in cells results in a greater
number of unrepaired DSBs (Delara et al., 1995). The difference in the structure of
the track of high and low LET is not only restricted to the DNA scale but it is also
significant at the cell and tissue scale as well. With low LET radiation (e.g. x-ray),
the energy of 1 Gy is delivered as sparsely ionising tracks with approximately 1000
tracks/cell, homogeneously distributed across the cell, and all cells receive the same
dose of radiation. This produces approximately 20 — 40 DSBs and 20 % complex
DSBs (figure 1.1). When reducing the dose to less than 1 mGy, all cell populations
are irradiated with a decreased energy/dose. However, the high LET (alpha particles)
has a heterogeneous energy deposition pattern with a highly densely ionising track. 1
Gy high LET produces approximately 3-4 ionising tracks (dependent on cell
morphology) leading to approximately 30-40 DSBs and 70 % complex DSBs (figure
1.1) (Kadhim et al, 2006). Additionally, high LET alpha-particles induce more
GIl/chromosomal instability in mouse and human bone marrow cells compared to x-

ray at an iso-effective dose killing (Kadhim et al., 1992; Kadhim et al., 1994).
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Figure 1.1: Schematic of high and low LET ionising radiation tracks through a cell
nucleus. [A] represents the tracks of high LET radiation such as alpha -particles. [B]
displays the tracks of low LET radiation such as gamma rays or x -rays. Adapted

from Kadhim et al. (2006).

For example, exposure to 2.5 Gy from either *Fe or 28Si charged particles (high LET
radiation) causes greater prolonged defects in the proliferation and the contribution of
club progenitor cells to the maintenance of the airway epithelium than the relative
equivalent 5 Gy of low LET gamma-rays (McConnell et al, 2016). This
understanding of the difference in the damage induced following exposure to high
and low LET radiation is crucial for therapeutic development (heavy-ions) and risk
assessment of tissue damage following radiation exposure or radiotherapy
(McConnell et al., 2016). Recently, Werner et al. (2017) have stated that high LET
(heavy-ions) was more effective compared to low LET (x-ray) at induction of
micronucleus formation, a marker of genomic instability. Micronucleus induction
levels in mouse bronchial epithelial cells receiving 1 Gy were higher in the progeny
of cells irradiated with heavy- ions (nucleon iron, nucleon silicon, and oxygen heavy
ions) compared to x-rayirradiated cells at 7 days following irradiation (Werner ef al.,

2017).
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1.1 Biological Effects of Ionising Radiation

1.3.1 Classical radiation biology dogma

The classical dogma in the radiobiology field affirms that the biological effects of
radiation are due to the deposition of radiation energy in the cell nucleus (Morgan,
2012). The biological effects of IR can be either due to direct interaction between IR
and DNA or due to indirect interaction through radiolysis products (Hall and Giaccia,
2006; Scully and Xie, 2013). These ROS are a number of reactive molecules and free
radicals derived from water molecules, most notably the OH radical which has a
diffusion distance of ~4nm within the reactive environment of the cell, as shown in
figure 1.2 (Roots and Okada, 1975). Thus, all types of ionising radiation induce
single-strand breaks and single-base damage (Goodhead, 1999). Clustered DNA
damage is produced even with low LET irradiation as a result of the nearby cluster of
ionisations produced from many low energy secondary electrons (e.g 0.1-1 keV).
Thus, DNA DSBs can be produced due to direct or indirect (nearby OH) ionisation
or a combination of direct and OH ionisations. However, the level of DSB
complexity significantly increases with LET (Goodhead, 1999). Thus, the biological
consequences are unchanged through one or two cell generations/population
doublings (Sawant et al., 2002). According to this theory, IR can produce DNA
damage during irradiation or immediately after irradiation (Ward, 1999; Ward,
2002). Since radiation deposits its energy along highly structured tracks, the resulting
patterns of ionisation and excitation events are highly efficient at producing
correlated sites of damage to DNA. Radiation, therefore, not only produces single-
strand- breaks (SSB) or base damage but combinations of these within a few base
pairs, leading to the production of not only DSBs but also complex SSBs (SSBs
which have additional base or strand breaks) (Bohm et al., 2010).
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Direct Effect

Indirect effect

argeted effects

Figure 1.2: Targeted effects of ionising radiation. Targeted effects of IR can be induced
directly or indirectly. Direct effects are caused when the IR hits the DNA directly,
whilst the indirect effects occur when the IR interacts with water molecules leading to
the production of free radicals, which then can lead to DNA damage. Adapted from
Kadhim and Hill (2015) and Hall and Giaccia (2011).
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1.3.2 Non-targeted effect of ionising radiation

In the last two decades, there has been a shift in the classical paradigm describing IR
effects. Much evidence has demonstrated that radiation can also induce non-targeted
effects which include genomic instability (GI) (figure 1.3) and bystander effects (BE)
(figure 1.4) (Morgan, 2012; Kadhim et al., 2013; Kadhim and Hill, 2015). GI is
thought to be a critical step in the onset and progression of cancer (Kadhim et al.,

1992; Kadhim et al., 1994; Hanahan and Weinberg, 2011).

Radiation

N generations

cell death

cell mutation normal cell chromosome aberration

Figure 1.3: A schematic diagram illustrating the process of radiation-induced genomic
instability. The progeny of irradiated cells, showing delayed chromosomal instability,
mutations, and cell death. Adapted from Kadhim and Hill (2015).
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Figure 1.4: A schematic diagram showing bystander effects (BE) through both
intercellular gap junction and soluble factors. The deleterious effects of radiation are
found in cells that have not been irradiated but are in the vicinity of the irradiated cells.
Adapted from Lam ef al. (2015).

1.3.2.1 Genomic instability (GI)

Radiation-induced GI can be defined as an increased tendency to develop alterations
in the genome during the life cycle of the cell following radiation. When IR passes
through biological tissue, some progeny of the surviving irradiated cell population
exhibit delayed and transmissible GI responses as shown in figure 1.2 (Morgan,
2012). These responses (instabilities) are manifested as chromosomal alterations,
changes in a number of sets of chromosomes, micronucleus formation, gene
mutations and amplifications (Morgan et al., 1996; Wright, 1998; Little, 2000;
Kadhim et al., 2013).

There are several factors which influence the induction of GI; these include genetic
predisposition, cell type and radiation quality. Several studies have concluded that
the relationship between GI response and genetic background might be due to the
modification of proteins responsible for conserving genomic integrity or changing
oxidative metabolism (Kadhim, 2003). Furthermore, it has been shown that the rate
at which a radiation dose is delivered has an important effect on the induction of GI
at late cell division. For example, micronucleus (MN) formation was used to measure

the DNA damage after 7 days in both high and low dose rate irradiated mouse
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lymphocytes cells. The frequency of micronucleus induction in the high dose rate
population cells was higher compared to the equivalent low dose rate population

cells following in vivo exposure to 0—4.45 Gy x-rays (Turner et al., 2015).

Baverstock has suggested that due to the observed high frequency of instability and
the deficiency of sharp proof of participation of DNA double-strand-breaks in the
initiation of instability, it could rather be due to the modification in the expression
leading to a disruption in cellular homoeostasis (Baverstock, 2000). Additionally,
chromosome instability can be induced by complex cytokine-like signal transduction
processes within the progeny of the surviving irradiated cells (Moore et al., 2005;
Natarajan et al., 2007). Morgan has also hypothesised that deposition of radiation in
DNA starts a series of genomic events which can lead to an increased rate of mutation
and chromosomal changes in the progeny of irradiated cells that survived the initial
radiation insult. Although the multiple phenotypes which result from irradiation are
comparatively well characterised, the molecular, biochemical and cellular events that
initiate and sustain instability remain unknown (Morgan, 2012). Genomic instability
can be produced by the traversal of the cell by only a single alpha-particle track
(Kadhim et al., 2001). Kadhim et al. (2001) have observed a significant elevation in
formation of aberrant cells in immobilised human T- lymphocytes at 12-13
population doublings following high LET irradiation using microbeam technology
(Kadhim et al., 2001). Limoli et al. (1997) have observed that the DNA lesions do
not necessarily result in chromosomal instability. However, the complexity or quality
of DNA SBs plays a significant role in initiating this phenotype (Limoli ef al., 1997).
On the other hand, Azzam’s studies have shown that genetic damage can be
exhibited not only in directly irradiated cells but also other cells in their vicinity

(Azzam et al., 2001).

1.3.2.1.1 In vivo evidence

Radiation-induced genomic instability has been observed in vivo (Watson et al.,
2000). A significant induction of chromosome aberrations in the haemopoietic system
of CBA/H mice was observed at 24 months following a whole body exposure to high
(neutron) and low (x-ray) LET irradiation (Watson et al., 2001). Watson et al. (2000)
reported the first evidence of in vivo chromosomal instability induced by a bystander

mechanism. A mixture of irradiated and labelled un-irradiated bone marrow cells of
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CBA/H mouse transplanted into female recipients displayed a significant induction
of chromosome aberrations in the labelled un-irradiated cells (Watson et al., 2000).
Numerous studies have reported that whether in vivo or in vitro (animal or human)
the expression of GI in irradiated cells depends on their genotype (Kadhim et al.,
1994; Ponnaiya et al., 1997, Watson et al., 1997). Moreover, radiation-induced
chromosomal instability (CIN) (dicentric or centric chromosomes and micronuclei)
was observed by Tanaka et al. (2008). The induction of micronuclei in spleen and
bone marrow cells were shown after continuous gamma-ray exposure at dose rates of
20 mGy/day to 200 mGy/day, with differences in the level of micronucleus
formation observed between dose rates (Tanaka ef al., 2008). Additionally, Salomaa
et al. (1998) have observed an increase in chromosomal instability in long-term
cultures (lymphocytes) of donors after a whole body exposure to gamma-ray '*’Cs

with different doses and dose rates (3, 1, 0.5 Gy) (Salomaa et al., 1998).

IR and a number of chemical mutagens can induce the phenomenon of
transgenerational GI which can be defined as an increase in the induction of
instability in the nonirradiated offspring of irradiated parents that may affect
offspring’s mutation rates (Dubrova, 2003). The induction of instability due to
exposure to IR in the germline of irradiated parents could affect offspring mutation
rates, cancer predisposition and other characteristics (Morgan, 2003). Koturbash et
al. (2006) have observed transgenerational GI in the thymus tissue of the offspring
following combined parental exposure. The offspring revealed profound changes in
DNA methylation and a significant accumulation of DNA SBs in thymus tissue
which in turn could result in GI and serve as a precursor for transgenerational

carcinogenesis (Koturbash et al., 2006).

Additionally, exposure to low doses and low dose rates of IR could lead to
transgenerational GI. Suman et al. (2017) have found that exposure to clinically
relevant low doses of x-ray induced transgenerational intestinal tumorigenic effects
in mice (6 to 8 weeks old APC!'63¥*)_ This was observed in the offspring of male
and female direct parent irradiated groups and male parent irradiated groups (25 cGy
x-ray irradiation) (Suman et al., 2017). Grygoryev et al. (2013) have studied the
effect of transgenerational exposure to low dose rate (2.4 and 21 mGy/day) gamma-

ray irradiation in the liver and muscle tissue of the Japanese medaka fish. An
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increase in the level of unrepaired 8- hydroxyguanine and DSB in muscle and liver
tissue was observed over four generations with different patterns based on the
radiation dose rates. This suggests that the initial exposure to radiation generates GI

as the generations progress (Grygoryev et al., 2013).

1.3.2.2 Biological implications of genomic instability
The best definition of the stochastic delayed effects of IR is the multi-step processes

that lead to carcinogenesis (Fearon and Vogelstein, 1990). Many experiments have
demonstrated that cancer develops through a long series of mutation steps including
colorectal cancer (Fearon and Vogelstein, 1990). The increase in delayed effects of
ionising radiation can lead to an increase in GI, which is believed to be the most
distinct enabling characteristic of cancer (Hanahan and Weinberg, 2011). Moreover,
GI phenomena can increase the mutation frequency, which can lead to a second or
third mutation in an individual. Although the mutation frequency is often very low
even following irradiation, GI would enhance the multi-step process of mutation by a
factor from 10 to 10,000 (Pichierri et al., 2000). The individual who has a genetic
predisposition to increased radiosensitivity has been shown to have a higher cancer
risk associated with GI (Pichierri et al., 2000). In order to estimate and understand
the delayed stochastic effects of IR in general and the mechanism of carcinogenesis
in particular, a thorough assessment of the mechanisms of how GI is elicited after

radiation exposure is required (Streffer, 2000).

1.3.2.3  Mechanisms of GI

Some studies have suggested a number of mechanisms involved in the induction of
GI. These include epigenetics and inflammation, in addition to factors such as
microRNAs and reactive oxygen species (Fenech, 2006; Aypar et al., 2011;
Filkowski et al., 2010). For example, the biological changes associated with GI could
be due to epigenetic factors that include changes in DNA methylation, RNA-
associated silencing and histone modification (Kovalchuk and Baulch, 2008). The
deficiency in DNA methylation and its mediators could lead to misregulation of
multiple cell cycles, silencing of tumour suppressor genes, and changes in DNA
repair and chromosome stability genes. These changes are eventually involved in GI
induction of various human diseases, including cancer (Meng et al., 2015). Several

studies have investigated the possibility of DNA methylation being involved in the
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mechanism of GI induction (Kovalchuk and Baulch, 2008; Kovalchuk et al., 2004;
Gaudet et al., 2003). Dodge et al. (2005) have observed that DNA hypomethylation
in mouse embryonic fibroblast cells (MEFs) due to the Dnmt3b-deficiency revealed
an increase in chromosomal breaks, aneuploidy, polyploidy and fusions. These
findings suggest that GI could be induced by the DNA hypomethylation which in
turn results in spontaneous immortalization or premature senescence of Dnmt3b-
deficient MEFs (Dodge et al., 2005). The changes in DNA methylation and
accumulation of DNA SBs in offspring of combined parental radiation exposure can
also induce transgenerational GI in the thymus tissue. This, in turn, could result in GI
and could serve as a precursor for transgenerational carcinogenesis (Koturbash et al.,
2006). Other studies performed by Kaup et al. (2006) indicated the persistence of
dysregulation of CpG methylation in the surviving progeny of a human keratinocyte
cell line, up to 20 population doublings following irradiation. This was observed
from both directly and bystander irradiated cells, using an arbitrarily primed
methylation sensitive PCR (Kaup et al., 2006). Additionally, Holm et al. (2016) have
reported that aberrant methylation in subsets of basal-like breast cancer can lead to
the induction of GI (Holm et al., 2016). Moreover, Mauro et al. (2016) have
observed the persistence of methylation changes in V79 cells and human HaCaT
keratinocytes for many cell generations in the absence of further arsenic treatment
following an initial arsenic exposure. These DNA methylation changes most likely

contribute to long-lasting arsenic-induced GI (Mauro et al., 2016).

The process of inflammation can also be involved in radiation-induced GI. There is
much evidence relating to the inflammatory responses, which occur post irradiation.
These include macrophages that are activated and secrete cytokines that cause non-
targeted effects (Mukherjee et al., 2013; Lorimore et al., 2008; Lorimore et al.,
2011). Lorimore et al. (2011) have suggested that inflammation can play a role in
mediating and sustaining the effects of IR and the induction of GI in bone marrow
cells. The bone marrow cells showed an increase in the induction of chromosomal
instability at 1 hour and for up to 3 months following exposure to 4 Gy gamma-ray
whole body irradiation (Lorimore ef al., 2011). Gudkov ef al. (2011) have stated that
the chronic inflammation, which is commonly observed in various tissues of older
mammals results in general suppression of p53 function. This would help in

understanding the increased risk of cancer detected in ageing animals and humans
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(Gudkov et al., 2011, p.53). Additionally, adding the inflammatory cytokines (IL-1,
IFN-y and tumour necrosis factor alpha (TNF-a)) to three human cholangiocarcinoma
cell lines (in vitro) produces ROS which in turn lead to the generation of nitric oxide
(NO) in inflamed tissues by inducible nitric oxide synthase (iNOS). These findings
indicated that activation of iNOS and the increased NO production in response to
inflammatory cytokines caused DNA damage and inhibited global DNA repair
activity by 70 % (Jaiswal et al., 2000). Lorimore et al. (2008) found that IR induced
chromosomal instability as a consequence of proinflammatory cytokine signalling. A
macrophage (which secreted a major proinflammatory cytokine TNF-o) obtained
from the bone marrow of the whole body irradiated CBA/Ca mice (4000 mGy
gamma irradiation) displayed a high induction of chromosomal instability (Lorimore
et al., 2008). Proinflammatory cytokines (TNF-a) at certain concentrations which are
not cytotoxic could play a role in the initiation of genomic instability through free
radical generation following exposure to 0.1, 1 or 2 Gy low LET irradiation
(Natarajan et al., 2007). Recently, Usman et al. (2017) observed that chronic
inflammation in a childhood obesity, case—control study in a cohort of obese and
healthy weight 11-15-year-olds, could generate a harmful microenvironment that in
turn caused damage to the DNA (Usman et al., 2017). There is also much evidence
relating to oxidative stress as a causative agent of radiation- induced GI (RIGI)
(Clutton et al., 1996; Limoli and Giedzinski, 2003; Limoli et al, 2003). The
persistent generation of ROS has been observed in cells for days and months
following irradiation (Petkau, 1987). The major cellular sources of ROS associated
with RIGI are the mitochondria. These ROS inductions can induce single or double-
strand breaks of the DNA backbone as they contain an unpaired electron and are
extremely reactive. Therefore, this damage may result in loss of fundamental genetic
information if not properly repaired (Cooke et al., 2003). Wei et al. (2015) have
reported that ROS induced inflammation in hematopoietic stem and progenitor cells.
These ROS are related to insulin resistance and hyperglycemia in the bone marrow
microenvironment that generate genomic instability and activation of adaptive
oncogenic pathways in the cells (Wei et al, 2015). The low-dose fractionated
radiation with 0.01 Gy/fraction or 0.05 Gy/fraction x-ray for 31 days exposure is able
to induce an increase in mitochondrial ROS and a reduction in cellular levels of the

antioxidant glutathione in normal human fibroblast cells. The excess of ROS resulted
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in disruption of normal negative feedback control of AKT/cyclin D1 signalling
which in turn led to growth retardation, cellular senescence and genomic instability

in low-dose fractionated irradiated cells (Shimura et al., 2016).

1.3.2.4 Bystander effects (BE)

Radiation-induced bystander effects is the phenomenon where the biological effects
occur in cells that are not hit directly by radiation but communicate with irradiated
cells through gap junction communications and/or secreted signals (bystander
signals) from neighbouring irradiated cells (Figure 1.4). Bystander effects would
magnify the biological impact of the radiation dose given, which can lead to DNA
damage, GI, chromosome mutation and cell death. BE indicate that the IR effects are
greater than those present in directly irradiated cells because they encompass a
cluster of cellular responses in cells that are not hit directly by radiation (Morgan,
2012; Kadhim et al., 2013). Several studies have demonstrated that the important
feature of BE is the rise in the effects at low IR doses with little or no uplift at higher

IR doses (i.e. plateau-type dose responses) (Goodhead, 2010).

Morgan has reported that understanding of non-targeted effects is still in its infancy
mainly because the majority of information we have obtained are from in vitro studies.
Moreover, the significant impact of non-targeted effects on human health is still to be
explained (Morgan, 2012). The BE are a vital factor in radionuclide therapy as in
addition to direct damage of radiation to target cells, BE occur in non-hit
neighbouring cells. Therefore, healthy cells can also express some radiation-induced
damage. There is still little knowledge about the assessment of whether and to what
extent BE are involved in radiation-induced damage in the human organism (Widel,

2017).

1.3.2.5 The mechanisms of BE

The main factors that induce BE in non-irradiated cells are types of cellular
communications. BE are thought to occur as a result of receiving signals from
irradiated cells via gap junction communications or by soluble diffusible factors,
which are predominant in sparsely populated cultures (Widel, 2016; Al-Mayah et al.,
2015; Marin et al., 2014; Butterworth et al., 2011; Boyd et al., 2006).
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These types of communications induce transmissible signals that are produced by
irradiated cells, including reactive oxygen species (ROS) (Kashino et al., 2007),
nitric oxide species (NOS)(Shao et al., 2006) and cytokines (Banaz-Yasar et al.,
2008) that can migrate to bystander non-irradiated cells either through media
(Lehnert et al., 1997; Mothersill and Seymour, 1998) or gap junctions (Azzam et al.,
1998; Azzam et al., 2001). Hei has suggested that irradiated cells generate cytokines
and prostaglandin E2 which eventually play a vital role in activating signalling

pathways (Hei et al., 2011).

Furthermore, recent studies suggested that microvesicles and exosomes are involved
in radiation-induced bystander signalling (Al-Mayah et al., 2012; Jella et al., 2014).
Production of ROS, reduction in cell viability and calcium influx were observed after
the addition of irradiated cell conditioned medium (ICCM) to unirradiated cells.
However, these effects, especially the production of ROS (key mediators of
radiation-induced BE), were abrogated in unirradiated cells treated with ICCM in
which exosomes were removed. Interestingly, similar effects in ICCM such as the
production of ROS, reduction in viability and calcium influx were observed in
unirradiated cells following the addition of isolated exosomes from ICCM (Jella et
al., 2014). BE and GI are seen both in vitro and in vivo. It has been found that the
bystander signals are not produced by all cell types and also that not all cell types
respond to bystander signals (Mothersill and Seymour, 1997; Hagelstrom et al.,
2008). The variation in genetics and epigenetics (change in gene expression without
any change in DNA sequences), as well as radiation types/doses and activation times
after exposure to the signals, can play an essential role in changing these processes.
Mothersill has observed that medium from irradiated human epithelial cells might
decrease the survival of un-irradiated cells. However, this did not happen in the case
of human fibroblasts (Mothersill and Seymour, 1997). In addition, BE can be
affected by two factors: firstly, cell density at the time of irradiation; secondly,
analysis time (Lyng et al.,, 2000). There is much evidence to suggest that the
experimental and biological system, biological endpoints, radiation type and dose,
time of analysis following irradiation, and system analysis should be taken into
consideration when interpreting different experimental approaches (Kadhim et al.,

2013).
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1.3.2.6  The interlink between GI and BE

Much evidence has demonstrated that GI has been observed in the progeny of
irradiated and bystander populations (Bowler et al., 2006). Lorimore et al. (2003) have
reported that there is a link between BE and GI (Lorimore et al., 2003). Several in
vitro and in vivo studies using different experimental approaches have confirmed such
a link. For example, from a grid shielding experiment, Lorimore et al. (1998) have
documented that although an unshielded cell’s viability was greatly reduced, there
was no significant difference in the level of chromosome instability induction in the
progeny of the shielded and the unshielded groups (+ grid and — grid respectively)
(Lorimore et al., 1998). These results suggest that the majority of cells presenting
chromosomal instability were not directly irradiated, indicating that intercellular
communication between the directly irradiated and unirradiated cells produced the cell
damage (i.e. BE induced DNA damage in early stages through a communication

process) (Kadhim et al., 2013).

BE and GI have common manifestations of damage e.g. chromosomal
rearrangements, micronucleus induction, and delayed lethal mutation/reproductive
cell death. For example, Zhao et al. (2014) have observed that progeny of bystander
AG1522 cells that were co-cultured with irradiated HeLa Cx26 cells showed an
enhanced micronucleus formation at 20 population doublings following exposure of
the HeLa cells to 0.5 Gy, 3.7 MeV alpha-particles irradiation (Zhao et al., 2014).
Additionally, de Toledo et al. (2017) have found an increase in micronucleus
induction and a rise in oxidative changes in the progeny of bystander cells (normal
human fibroblasts) co-cultured with confluent cells (normal or tumor human cells)
exposed to either high LET (alpha-particles, 80 cGy, or energetic iron, 200 cGy) or
low LET (!*’Cs 7 rays, 4 Gy) irradiation. This expression of GI, which is expected to
have a role in the generation of second primary cancers in radiotherapy patients, is
most likely reliant on the type of junctional communication that occurs between the
bystander and irradiated cells in the first few hours following irradiation (de Toledo

etal.,2017).
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1.3 Factors influencing the appearance and manifestation
of non-targeted effects

The non-targeted effects following exposure to IR are influenced by several factors
such as cell type, genetic predisposition, and dose as well as radiation quality
(Kadhim, 2003; Kadhim et al., 2013; Morgan, 2003). Additionally, the rate at which
a radiation dose is delivered is one of the main factors of the biological effects of

radiation (Zeman, 2017).

1.4.1 The effect of dose and dose rate

Despite daily exposure to different kinds of low doses and low dose rates of
radiation, little is known about the biological risks of these low dose exposures (Rithm
et al., 2015). These risks are the main factors in the establishment of risk assessment
and radiation protection (ICRP, 2007). A major risk of exposure to low doses and
low dose rates of radiation is cancer and the control of this risk is an essential

consideration in developing radiation protection practice (Goodhead, 2009).

One of the main hypotheses used to assess cancer risks associated with radiation
exposure is the linear-no-threshold (LNT) model, which assumes that Radiation-
induced damage elevates linearly as dose increases (Vaiserman, 2010). With high
LET radiation such as alpha-particles, findings show a linear relationship between
cancer risk and the increase in radiation dose (Darby et al., 2005). However, the risk
associated with low doses and low dose rates of low LET radiation is less than is
estimated by linear extrapolation from high doses and high dose rates. This decrease
in risk is defined by the Dose and Dose Rate Effectiveness Factor (DDREF) for
which the ICRP recommendation is 2 (ICRP, 2007).

The term ‘“high dose rate” (HDR) is commonly applied to acute exposures that
endure for a few minutes. In comparison, the term “low dose rate” (LDR) applies to
prolonged exposures lasting many hours or days. In general, a given dose of low
LET (e.g. x- or gamma-rays) is more effective if it is delivered within a few minutes
(HDR) as opposed to a protracted dose given over a period of hours, days or weeks

(Hall and Brenner, 1991; Hall and Bedford, 1964).
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The various manifestations of GI (micronuclei, apoptosis and chromosomal
aberration induction) are induced as a result of exposure to low doses of both high
and low LET (Smith et al., 2003). There is considerable evidence that exposure to
low doses of high LET irradiation induces GI in both directly irradiated and non-
irradiated cells (bystander cells). For example, a single alpha particle traversal was
shown to induce a significant increase in chromatid-type aberrations in human T-
lymphocytes at 12-13 population doublings following exposure (Kadhim et al.,
2001).

Additionally, exposure to 0.2, 0.5 and 1 Gy x-ray irradiation induced GI in the form
of delayed aneuploidy of chromosomes in human fibroblasts at 5 passages following
irradiation (Cho et al., 2015). Turner et al. (2015) have studied the effect of dose and
dose rate of x-ray irradiation on the induction of micronuclei as biodosimetry markers
in mouse lymphocytes at 24 hours and 7 days following in vivo exposure to 0—4.45
Gy x-rays. The findings showed an increase in micronucleus induction over the dose
range 0-4.45 Gy x-rays for both HDR and LDR groups with a monotonic rise in
formation of binucleate cells with micronuclei (MN/BN) with doses up to 2.2 Gy.
However, the HDR group displayed more induction of binucleate cells with
micronuclei (MN/BN) compared to the equivalent LDR group (Turner et al., 2015).
The effect of dose rate was also observed by Chen, et al. (2016) in the induction of
damage in rodent testes at 1 day following in vivo Synchrotron radiation (SR) x-ray
exposure. The results showed that exposure to HDR 4 Gy (1.1 Gy / s) SR x-ray
irradiation displayed higher y-H2AX (DSBs) levels compared to the equivalent LDR
exposure (0.11 Gy/s). The dose rate, therefore, has been thought to be an important
factor in SR x-ray induced cell damage. This could be used to establish a useful base

to control the cell damage in medical applications using SR x-ray (Chen et al., 2016).

Despite the importance of the dose rate in evaluating radiation damage to cells, the
molecular mechanisms involved in radiation dose rate effects are still not well
known. Nakajima et al. (2017) have observed that the alterations in protein expression
in the livers of mice following prolonged x-ray exposure (in vivo) were different
compared to the equivalent acute radiation exposure group. For example, an increase
in the expression of proteins related to apoptosis and inflammation (e.g. caspase

12) were displayed at 3 months following a sub-lethal dose of 4 Gy x-ray low dose
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rate exposures. However, exposure to 4 Gy x-ray HDR showed an increase in the
expression of the protein MyD88 which is related to innate host defence pathways and

works as a radioprotector (Nakajima et al., 2017).

Tang and Loke stated that the molecular mechanisms involved in low dose IR induced
GI are due to activation of signal transduction pathways such as extracellular signal-
related kinase (ERK), mitogen-activated protein kinase (MAPK), tumor necrosis
factor receptor alpha (TNF-a), ROS, Ataxia telangiectasia-mutated (ATM) and
protein 53 (P53) pathways (Tang and Loke, 2015). With low radiation doses, the
indirect reaction is the predominant mechanism leading to induction of ROS where it

occurs in the vicinity of DNA (Brigelius-Flohé and Maiorino, 2013).

Moreover, exposure to low dose rate irradiation can lead to distinctive gene
expression patterns compared with those observed following acute exposures
(Ghandhi et al., 2015). As the DSB repair system is known to work for hours to days
following irradiation, the dose rate would range between a Gy per hour and a week,
i.e. in the range of 0.001Gy / minute to 0.1 Gy / minute (Niwa et al., 2015). It is also
critical to determine whether a person has received a dose at a low dose rate, whether
from internal or external sources of radiation, which may cause a mild health risk

compared to a corresponding single acute dose exposure (Hall and Brenner, 1991).

Studies into the fraction of cells surviving various rates of IR have demonstrated that
the cell survival curves rise and the curves gradually become shallower and straighter
as dose rate decreases in studies into early clonogenic cell survival in mammalian
cells (Hall and Bedford, 1964; Hall, 1972; Ben-Hur and Elkind, 1974). These results
are known to be due to the repair of the critical radiation damage (e.g. DSBs). This
repair occurs during irradiation and minimises the chance of severe consequences
which could result from the interaction between two or more lesions and which could
otherwise result in chromosomal aberrations (Frankenberg-Schwager et al., 1981).
While these studies showed dose rate effects at lower dose rates, the findings were
complicated by the absence of evidence of a connection between DSB yields and cell

survival (Turner et al., 2015).
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1.4 The mechanism of micronucleus induction as an
indicator of cytogenetic damage following irradiation

There are various manifestations of radiation-induced genomic instability which
include delayed micronucleus formation, delayed chromosome breaks, delayed
dicentrics, delayed apoptosis and delayed reproductive death (Trott ef al., 1998). The
cytokinesis- block micronucleus (CBMN) assay is an efficient assay capable of
directly and indirectly measuring the different dysfunction of cellular and nuclear

aspects of the cell such as:
1- Chromosome breaks, DNA mis-repairs, and asymmetrical rearrangement
2- Anaphase checkpoint gene mutations
3- Telomere end-fusions
4- Programmed cell death by necrosis or apoptosis
5- Chromosomal instability phenotype
6- Alteration in mitotic activity and/or cytostasis

7- 7- DNA hypomethylation

(Fenech, 2007)

Micronuclei (MN) are acentric chromatid fragments, acentric chromosome fragments
or whole chromosomes, wrapped with nuclear membrane and released outside the
main daughter nuclei. Such displaced chromosome and chromatid fragments or
whole chromosomes become separated from the spindle during the segregation
process in anaphase and eventually fail to be part of the new daughter nuclei at the

end oftelophase during mitosis (Fenech et al., 2011).

MN formation can be induced due to chromosomal aberrations, accumulation of
DNA damage and defects in the repair system of the cell. MN induction can be
induced by different genotoxic agents such as IR and could result in GI, cancer
development or cell death. Micronucleus formation, therefore, is considered to be

one of the hallmarks of genomic instability (Luzhna et al., 2013).
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Regarding the mechanisms of MN formation, those MN containing acentric
chromosome or chromatid fragments are a result of unrepaired or misrepaired DNA
breaks. This occurs when the repair capacity of the cells is insufficient to repair an
excessive level of DSB production. This is due to either inappropriate function of
enzymes involved in the non- homologous end-joining pathway (NHEJ) (Hartlerode
and Scully, 2009) or mis-repair of DSBs caused by the dysfunctional homologous
recombination (HR) (O’Donovan and Livingston, 2010).

Micronucleus formation also results from imperfect segregation of sister chromatids
due to absence or inappropriate attachment of chromosome kinetochores and spindle
microtubules. When the attachment between microtubule and kinetochore is stable,
this attachment produces tension at kinetochores, fixing the chromatid in the correct
place. However, if the attachment is an unstable type such as monotelic (one
kinetochore is attached and the second sister chromatid unattached), merotelic (both
spindle poles are attached to one kinetochore), or syntelic (both sister chromatids are
attached to a single spindle pole), this does not lead to a significant tension at

kinetochores, thus making the bond easy to dissociate (Cimini and Degrassi, 2005).

However, the main mechanisms of micronucleus formation from whole
chromosomes or chromatids derive from (a) hypomethylation of satellite
paracentromeric/centromeric repeats, (b) kinetochore defects, (c) microtubule
depolymerisation, and (d) defects in checkpoint genes at anaphase (Figure 1.5)
(Luzhna et al., 2013). Satellite DNA is usually hypermethylated which causes
elongation in satellite repeats, decreasing the kinetochore protein function. This
inappropriate kinetochore assembly causes defects in the connection between
chromosomes and microtubules of the mitotic spindle at anaphase (Fenech et al.,
2011). Due to the effect of genotoxic agents, at times the mitotic spindle may fail to
pull apart the chromosomes/chromatids during the segregation process as a result of
tubulin depolymerisation. For example, Aypar et al. (2011) have found that high (Fe
ions, 1 Gy) and low (x-rays, 2 Gy) LET radiation induced hypomethylation of repeat
elements LINE-1 and Alu in a human-hamster hybrid cell line and alteration in
miRNAs with six following low LET and three following high LET. Those miRNAs
were involved in five major pathways: DNA methylation, apoptosis, chromatin

remodelling, DNA repair and a cell cycle checkpoint, all of which may eventually
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involve the induction of GI. Aypar stated that the misexpression in miRNA could be

one of the mechanisms of micronucleus induction (Aypar et al., 2011).

When a DSB is produced in the chromosome and stays unrepaired until replication
and the broken ends are misjoined, it results in the formation of dicentric
chromosomes and acentric fragments which are subsequently replicated. At
anaphase, nucleoplasmic bridges (NPBs) and acentric chromatid fragments (which
form MN) are formed when the centromeres are pulled to the opposite poles of the

cell. The NPBs may fracture to form micronuclei (Thomas et al., 2003).

v Metaphase

' Anaphase

Telophase
MN
: / chromosomes or chromatids
Acentncl chromosome or 1-hypomethylation of satellite
chromatid fragments paracentromeric/centromeric
1-Unrepaired DNA breaks repeats
2-Misrepaired DNA breaks 2-kinetochore defects

3-microtubule depolymerisation
4-defects in checkpoint genes at
anaphase

Figure 1.5: Mechanisms of formation of MN. Adapted from Luzhna ef al. (2013).
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The consequences of MN induction on a cellular level are vital as it may cause a loss
or gain in genetic material in the daughter cells and generate a major chromosome
rearrangement. This may lead to initiation and continuation of malignant cell
transformation. Even though the fate of micronuclei has been addressed by many
studies utilising different approaches, the mechanisms underlying the potential fate
of MN are still not fully described. However, Hintzsche et al. (2017) have reviewed
six possible principles for potential fate of micronuclei. The four main possibilities
are: extrusion of micronuclei from the cell, reincorporation within the main nucleus,
degradation and persistence in the cytoplasm. Another two additional fates were
expressed as possibilities: the removal of micronuclei by apoptosis and the

condensation/chromothripsis of the premature chromosome. (Hintzsche et al., 2017)

1.5 Aims of Thesis

This study aims to explore the role of dose, dose rate and radiation quality (x-rays vs
alpha-particles) on the induction of genomic instability in HF19, a primary human
fibroblast cell line. Cells are analysed at early (1 h following alpha-particles, and
immediately and 24 h following x-ray) and late (10th and 20th population doubling)
time points, to investigate the induction of genomic instability (GI). Under these
radiation conditions, the results were interpreted in light of the biophysical differences
between the spatial and temporal distribution of radiation tracks through the cell and
across the cell population. An additional aim is to investigate the potential role of
ROS, TNF-a and TGF- BI in the initiation of processes that could lead to DNA
damage and genomic instability in HF19 cells after HDR and LDR x-ray irradiation.

As most studies have focused on the differences between low and high LET exposure
induced DNA damage, in particular, alpha particles and gamma rays, there has been
a lack of focus on the differences between low and high dose rate irradiation induced
GI. Therefore, our novel contribution to knowledge is to give a better understanding
of how low and high dose rate irradiation affects the induction of GI. Additionally, it
adds to our understanding of how radiation dose rate affects the molecular
mechanisms involved in the induction of GI, which would contribute to the
evaluation of radiation protection, radiation damage, and medical diagnosis and

treatment of radiation exposure.
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Chapter 2.
Materials and Methods

2.1 Materials
2.1.1 Cell Line, Cell Maintenance and Culturing

HF19, a primary non-transformed human fibroblast, was used for all studies. These
cells were derived from non-transformed human fibroblasts from the lung of a 14-
week-old female foetus, designated HF19 by Cox and Masson (Cox and Masson,
1975) from MRC, Harwell Campus, Oxfordshire, UK. These cells were cultured in
Minimum Essential Medium with Earle’s salts without L- Glutamine, and
supplemented with 10 % Foetal bovine serum (Sigma: F7524), 2 mM L- Glutamine,
(Gibco: 25030), 1 % Non-essential amino acids (Gibco: 11140) and 1 % (wW/v)
penicillin / streptomycin solution (Sigma: P0781) in a fully humidified 5 % CO>
incubator at 37°C. Cells were grown initially in 25 c¢cm? (T25) to 80 % - 90 %
confluence. Media was removed from the tissue culture flask; cells were washed
twice with 2 ml of sterile DPBS (Dulbecco's phosphate-buffered saline, Gibco,
14190) for 1 minute to remove residual media. The DPBS was discarded and cells
were rinsed for 30 seconds with 0.025 % (w/v) trypsin-EDTA solution (0.025 g of
1:250 trypsin (DIFCO, 0152-13-1) and 100 ml of 0.02 % Ethylenediaminetetraacetic
acid solution, EDTA (Sigma, E8008)). Cells were then incubated in a humidified 5
% COz incubator at 37°C for 3-5 minutes to allow cells to detach from the flask base.
Pre-warmed growth media (15 ml) was added to the flask to inactivate trypsin and to
enable collection of detached cells from the flask. Approximately 1.5 x 106 cells were
transferred to 75 cm? (T75) tissue culture flasks. Cells were re-incubated in a
humidified 5 % CO: incubator at 37°C for several population doublings during cell

propagation. Cells were passaged twice weekly.

2.1.2 The Muse Cell Analyzer
The Muse cell analyser is a small, fluorescence-based instrument. It is intended for
simple and intuitive operation as well as needing a little support. It is provided with an

integrated touchscreen that gives an easy-to-utilize software for operating the system.
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The Muse system comprises a portable, compact, and simple-to-utilise cell analyser,
optimised reagents, and software. It utilises microcapillary technology and
miniaturised fluorescent detection to carry out quantitative cell analysis for
suspension or adherent cells of 2 to 60 um diameter. The Muse cell analyser software
involves programs for confirming instrument execution and cleaning the instrument’s

fluidics system as well as a setup module for different assays (Millipore, 2013).

The performance of the Muse system is verified using the system check procedure
which assesses counting accuracy and fluorescence detection. The Muse system
check kit consists of pre-warmed Muse system check beads and Muse system check
diluent (1:20 dilution). The system check procedure was performed before running
any of the assays to guarantee that the instrument gives solid, reliable and accurate

results (Millipore, 2013).

2.2 Methods

2.2.1 Routine Cell Culture

2.2.1.1 Recovery of Cells from Liquid Nitrogen
Cryovials containing 1 ml of cell suspension (90 % media and 10 % DMSO) were

removed from liquid nitrogen and thawed quickly in a warm water-bath. Once cells
had thawed, they were aseptically transferred to 15 ml Falcon tubes containing 10 ml
pre- warmed culture media. The tubes were centrifuged at 259 x g for 8 minutes. The
supernatant was discarded from each tube to eliminate DMSO. Each cell pellet was
then re-suspended in 8 ml pre-warmed culture media and transferred to 25 cm? tissue
culture flasks (T25). The cells were incubated in a humidified 5 % CO; incubator at
37°C. Cell attachment (characteristic of live HF19 cells) was checked a few hours
after seeding, using an Olympus inverted phase contrast field microscope. When live
cells showed successful adherence, the cells were re-incubated and checked again
after 24 hours. In the case of no cell adherence, the flask contents were safely disposed

and a new cryovial from liquid nitrogen was set up instead.
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2.2.1.2  Cell Counts Using the Viability Stain, Erythrosin B
Firstly, an erythrosin B solution was prepared by adding 0.4 g erythrosin B powder

(Sigma, E9259), 0.81 g sodium chloride, NaCl (Sigma, S5886) and 0.06 g potassium
phosphate monobasic (Sigma) to 100 ml Hank’s balanced salt solution, HBSS
(Sigma). The solution was placed in a glass beaker with a magnetic stirrer on a hot
plate. When the solution started to boil, 100—200 pl of 10 M NaOH (Sigma, 221465)
were added until all compounds had dissolved. The concentrated stock solution was
then left to cool at room temperature. Finally, the working solution was made by
adding 1 ml of stock solution to 4 ml of dH>O. Both concentrated stock and working

solutions were stored in a refrigerator at 4°C.

To perform the cell count, equal volumes of erythrosin B stain and a well-mixed cell
suspension were mixed (e.g. 200 pl total volume). Approximately 10 ul of the
mixture were then pipetted at the edge of a coverslip sealed on a Neubauer
Haemocytometer and allowed to run under the coverslip. The double chamber
haemocytometer was used. Each chamber has a grid layout composed of 4 large 1 x 1
mm squares made up of 16 smaller squares. The chamber is designed such that the
distance between the bottom of the chamber and the coverslip is 0.1 mm. Therefore,
the total volume of each large square is 0.1 mm?® = 0.1 ul. The cells in each of the 4
large squares per chamber were counted as in Figure 2.1 below. Live cells were clear
in appearance, while dead cells were observed as red. To calculate the number of live

cells per 1 ml of cell suspension the following formula was used:

(Number of cells in the four large squares / 4) x Dilution factor (2) / Volume of

1 square (10%)
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Figure 2.1: A schematic of one counting chamber of the haemocytometer,
demonstrating live (yellow) and dead cells (red) in the counting procedure. The red
outline shows the 4 large squares used for cell counting.

2.2.1.3 Cryopreservation of Cells in Liquid Nitrogen

Cryopreservation is a process in which cells susceptible to damage caused by
unregulated factors are preserved by cooling in liquid nitrogen (-196 °C) to maintain
cell longevity. Cells were prepared for liquid nitrogen storage by being grown to 80 %
- 90 % confluence in T75 tissue culture flasks. Cell suspensions were prepared as
previously described and centrifuged at 262.4 x g for 8 minutes. The supernatant was
discarded and the pellet was re-suspended to give a single cell suspension in 1 ml
freezing media (90 % culture media supplemented with 10 % sterile DMSO) with
cell density 1.5-2.5 x 10°. The cell suspension was then transferred to a pre-labelled
sterile cryovial, which was promptly stored in a freezer at -20°C for 1-2 hours. The
cryovials were then moved to a-80°C freezer for a period between 4 hours and

overnight and eventually placed into liquid nitrogen storage.
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2.2.2 Irradiation
2.2.2.1 Alpha-particle

Due to the short range of alpha-particle tracks, cells must be irradiated as a
monolayer. In brief, the cells were seeded at a density of 2 x 10° in 2 ml of media in
Hostaphan dishes. Hostaphan dishes are 30 mm internal diameter glass-walled dishes
with bases of 2.5 um Hostaphan film (Bowler et al., 2006). The cells were then
incubated undisrupted for = 44 h at 37°C, 5 % CO; before irradiation to allow them to
form a monolayer of cells. Just prior to irradiation, cell thickness was assessed by

confocal microscopy. Cells were shown to have an average thickness < 10 pm.

The cells were irradiated with alpha-particles with an incident energy of 3.26 MeV
(LET = 121 keV/pum) which are emitted from a thin uniform 20 mm diameter layer
of 28Pu (Goodhead et al., 1991) (0, 0.0001, 0.001, 0.01, 0.1, 0.5 and 1 Gy alpha-
particles). A sham irradiated group (Control) was set up in parallel. All the doses were
delivered under 2 minutes. All the irradiations were performed at the CRUK/MRC
Oxford Institute for Radiation Oncology, Department of Oncology, University of
Oxford.

The cells were incubated (37°C, 5 % CO3) for 1 hour following direct irradiation and
then collected from the Hostaphan dishes. A fraction of cells (2x10%) was subjected
to the comet assay which was utilised to measure total DNA damage in all
experimental groups whilst other fractions (1.5x10°) were seeded into 1xT75 flasks
with their irradiated medium for the micronucleus assay. The remainder was then
further propagated for assessment of intermediate (10 population doublings or 5
passages) and delayed effects (20 population doublings or 10 passages) as shown in

experimental design Figure 2.2.
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Figure 2.2: Alpha-particle experimental design. Experiments were established to
examine the early DNA damage with a comet assay and the induction of micronucleus
at 1h following irradiation. The cells were subcultured and maintained for another 10
and 20 population doublings to examine the late cellular responses to alpha -particle
exposure.

2.2.2.2 X-ray

Cell irradiations were performed at the Gray Institute for Radiation Oncology &
Biology, Department of Oncology, University of Oxford, utilising the MXR321 x-
ray machine operating at 250 kV constant potential and 12 mA for irradiation with
high dose rate, and 250 kV and 0.3 mA with low dose rate. The x-ray energy
deposition is sparse and uniform, ensuring that each cell in the ionisation track path

receives some irradiation even at low doses.

Cells were seeded at 1.5 x 10° in T75 tissue culture flasks and incubated for ~ 24

hours at 37 °C, 5 % CO» before irradiation. Cells were then exposed to either: 0, 0.1,
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0.5, 1, 1.5, 2, 2.5, 3 or 4 Gy X-rays at either a high dose rate (HDR) (0.42 Gy /
minute) or at a low dose rate (LDR) (0.0031 Gy / minute) and maintained at 37°C, 5
% COz during the irradiation. The CO: concentration and humidity were maintained
by replacing the normal filter caps on the T75 flasks with solid caps prior to
irradiation. Additionally, the temperature was monitored directly using a readout

monitoring device.

Immediately (less than 3 minutes) following irradiation, fractions of cells were
processed for the micronucleus assay. In brief, cells were treated with 6 pg / ml

cytochalasin-B for 40 hours in a humidified 5 % CO; incubator at 37 °C. The

remaining cells were subcultured and incubated for future population doubling
studies. Cells were also subjected to the comet assay at first population doubling

following irradiation.

2.2.3 Measurements of nuclear and cellular area

For low LET (x-ray) radiation, each cell receives approximately the same average
dose, as the average number of independent electron tracks hitting each individual
cell 1s large. In contrast, for high LET radiation (alpha-particle radiation), not all cells
are necessarily traversed by a radiation track due to the nature of the radiation tracks
(Hill et al., 2004). Thus, measurements of the cellular and nuclear area were made to
calculate the average number of alpha-particle traversals per cell and per nucleus, by

different doses.

Prior to sham/irradiation, two randomly chosen spare Hostaphan dishes of HF19
cells were stained with DIOC6 (3, 3'-dihexyloxacarbocyanine iodide, Sigma), a
fluorescent dye which stains the cell mitochondria, endoplasmic reticulum and
vesicle membranes. Random ‘saved’ multiple cell images were taken of horizontal
sections across these stained monolayer cells. The images were taken by a confocal
laser scanning microscope (BioRad-Lasersharp 2000 confocal microscope coupled to
a Nikon TE2000 microscope with an ion argon laser operating at 488 nm
wavelength). This allowed subsequent measurement of the living cells’ nuclear area
and cellular area as shown in figure 2.3. The computer programme ‘Image J’ was
initially used to manually draw around the circumference of each nucleus and cell, by

which the computer is able to calculate the area of each, as shown in figure 2.3.
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Figure 2.3: Confocal images of living HF19 cells stained with DIOC6

2.2.4 Viability Assay

A viability assay measures the ability of cells to preserve or recover viability. Cell
survival was measured using the Muse™ Count & Viability Kit. Both dead and
viable cells were differentially stained according to their permeability to the DNA-
binding dyes in the kit’s reagent, enabling discrimination of viable from non-viable
cells. The dead cells are able to take up the DNA-binding dye in the reagent stain as
their membrane integrity has been lost. The Muse Cell Analyser counts the stained
nucleated events and then uses the cellular size properties to differentiate free nuclei
and cellular debris from cells to determine a precise total cell count as shown in

figure 2.4.
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Figure 2.4: Panel A: Muse histogram with a gate marker that allows elimination of
debris based on size. Panel B: Muse histogram with a threshold marker that allows
elimination of cells that do not have a nucleus. The live cells separate from dead
cells using viability discriminator (angled marker) (the figure is taken from
Millipore, 2013).

In brief, cells were seeded in T75 flasks at a density of 1.5 x 10° cells/flask and
incubated for 24 hours. They were then irradiated with either 0 Gy or 1 Gy at HDR
(0.42 Gy / minute) or at LDR (0.00313 Gy / minute). The cell viability assay was then
performed 30 minutes and at 8, 24 and 32 hours following irradiation. Trypsin was
used to dissociate the cells from the flasks and create single-cell suspensions.
Following trypsinization, the cells were collected in their own media (0 Gy or 1.0 Gy
respectively) and cell counts were performed on 1 x 10° cells. To this end, 50 ul of
the Muse Count & Viability Reagent was added to 450 pl of each cell sample. The
samples were subsequently incubated for 5 minutes at room temperature prior to

analysis by the Muse Cell Analyser (Millipore, 2013) as shown in figure 2.5.
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Summary of Protocol

Add Muse™ Count Add cells in Acquire sample on Muse™
£t Viability Reagent suspension® to Cell Analyzer and read results.
to each tube. each tube.

Incubate for
5 minutes at
room temperature.

Figure 2.5: Summary of cell viability measurement using the Muse Cell Analyser (the
figure is taken from, Millipore, 2013).

2.2.5 The cell cycle assay
The cell-division cycle is a vital process that includes a series of events that occur in
the cell resulting in cell growth and division into two daughter cells, each in turn
producing two further daughter cells. Cell cycle regulation is essential to cell survival
as it controls the repair of genetic damage and regulates uncontrolled cell division.
Imperfections in cell cycle regulation are a hallmark of tumour cells, and mutations
in the genes involved in controlling the cell cycle are common in cancer. The Muse
Cell Cycle Kit provides a rapid and reliable measurement of the percentage of cells

in the different phases of cell cycle GO/G1, S and G2/M on the Muse Cell Analyser.

The principle of the Muse Cell Cycle assay: the premixed reagent contains the
nuclear DNA intercalating stain propidium iodide (PI) and RNAse A. PI
differentiates and measures the percentage of cells at various phases of the cell cycle,
based on the amount of DNA in each phase in the presence of RNAse to boost the
specificity of DNA staining. When cells are in the GO/G1 phase, they contain two
copies of each chromosome; however as the cells move into the S phase, DNA
synthesis replication of the genetic material occurs so each chromosome now consists
of two sister chromatids. Fluorescence intensity from PI is seen to rise until all
chromosomal DNA has doubled (G2/M phase), such that in the G2/M phase the
fluorescence intensity from PI is twice the intensity of the GO/G1 population. The
calculations from this analysis were performed automatically using the Muse Cell
Cycle Software Module. Data from the calculations are presented in two plots: firstly

a dot plot of DNA content index against cell size index and secondly a histogram of
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Figure 2.6: Panel A: Dot plot for DNA content and cell size index. Panel B: Histogram
for DNA content index with markers available to separate the cell populations in each
phase of the cell cycle (the figure is taken from Millipore, 2013).

For analysis on the Muse Cell Analyser following sham/irradiation, trypsin was used
to dissociate the cells from the flasks which were then collected in their respective
sham/ irradiated media. Aliquots of 1 x 10° cells/ml per group were taken and
centrifuged at 300 x g for 5 minutes at room temperature (RT). The supernatants
were discarded and the pellets were each resuspended in 1 ml of PBS. They were
then aspirated up and down several times to mix and further centrifuged at 300 x g
for 5 minutes at RT. The supernatants were discarded and 1 x 10° cells per group
were thoroughly resuspended in 50 pl of PBS. The re-suspended cell solution was
transferred in a drop-wise manner to a vortexing (medium speed) tube containing 1
ml of ice-cold 70 % ethanol; they werethen put into a -20°C freezer for a minimum
of 3 hours. After this, 200 pl of the ethanol-fixed cells were added to a 12 x 75 mm?
polystyrene test tube and centrifuged at 300 x g for 5 minutes at RT. The
supernatants were removed and 250 pl of PBS were added to each tube. The cell
suspension was centrifuged at 300 x g for 5 minutes at RT and the supernatant
discarded, the cell pellets were thoroughly resuspended and then 200 pl of Muse Cell
Cycle Reagent was added. Following this addition, cells were kept at RT in the dark
for 30 minutes prior to analysis by the Muse Cell Analyser, as shown in figure 2.7
(Millipore, 2013). The P values of raw data from two experimental groups were

calculated using a Student t-test.
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Summary of Protocol

Add 200 pL of Muse™

Add 200 pL of cells to each tube. Cell Cycle Reagent
to each tube. Incubate for
Centrifuge cells at 300 x g for 5 min and wash once with 1X PBS. 30 minutes at
g_% room temperature
While mixing cells, slowly add 200 plL of ice cold 70% ethanol. in the dark.
—_—
Incubate for at least 3 hr at -20°C. A‘

y
Centrifuge cells at 300 x g for 5 min and wash once with 1X PBS.| '

Figure 2.7: Summary of measurement of the percentage of cells at various phases of
the cell cycle using the Muse Cell Analyser (figure taken from Millipore, 2013).

2.2.6 Oxidative Stress

Reactive Oxygen Species (ROS) are non-radical molecules and chemically reactive
radicals derived from molecular oxygen such as peroxide, hydroxyl radical, singlet
oxygen, and superoxide. ROS are generated by living organisms as a consequence of
normal cellular metabolism and environmental factors, for example, cigarette smoke,

radiation or air pollutants (Birben et al., 2012).

ROS can be either harmful to the body (as the free radicals have a special affinity to
attack biological molecules such as proteins, DNA, and lipids and alter their
functions), or beneficial to the body (they play an important role in the regulation of
intracellular signal transduction and in physiological adaptation (Yoshikawa and
Naito, 2002). The endogenous antioxidant system neutralises ROS. If a high
concentration of ROS is induced such that they cannot be sufficiently scavenged by
the cells' antioxidants, a pathological condition can arise termed oxidative stress
(Birben et al., 2012). ROS have been involved in the pathophysiology of some
diseases such as cardiovascular disease, diabetes, cancer, sepsis, and Alzheimer’s

disease (Pham-Huy et al., 2008).

The Muse Oxidative Stress Kit was used to determine the percentage and the number
of cells undergoing oxidative stress based on the intracellular detection of superoxide

radicals. ROS were detected in the cells using the Muse oxidative stress reagent.

The Muse oxidative stress reagent has been widely used to detect ROS in cellular

populations and is based on dihydroethidium (DHE) (Bindokas et al., 1996). This
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reagent can penetrate the cell where DHE is oxidised by superoxide anions and forms
the DNA- binding fluorophore ethidium bromide or a structurally similar product.
This product intercalates with DNA giving rise to red fluorescence. The assay

distinguishes cells into two populations:

* ROS(-): live cells
* ROS(+): cells exhibiting ROS.

Cells were cultured to 80 % - 90 % confluence. Media was removed from the tissue
culture flask; attached cells were washed with sterile 2 x PBS (2 ml for T25 and 5 ml
for T75) for 1 minute to remove residual media. PBS was discarded and cells were
rinsed with 0.05 % (w/v) trypsin-EDTA solution (0.05 g of 1:250 trypsin (Gibco,
27250-180) and 100 ml of 0.02 % ethylenediaminetetraacetic acid solution, EDTA
(Sigma, E8008)) for 30-60 seconds. After trypsinization, cells were incubated in a

humidified 5 % COz incubator at 37°C for 5-10 minutes to allow cells to dissociate
from the flask base. Cells were re-suspended in 10 ml culture media to inactivate
trypsin and to enable collection of detached cells from the flask. Cells were seeded at
1.5x10° cells per T75 for 24 hours prior to irradiation. Following irradiation, media
was removed and the attached cells were washed twice with 10 ml sterile DPBS for 1
minute. The DPBS was discarded and the attached cells were rinsed with 0.025 %
(W/V) trypsin for 5 minutes. The trypsin was removed and the dissociated cells were
collected in 200 pl of DPBS at 1 x 10°to 1 x 107 cells/ml. It is highly recommended
that the cell samples be run instantly following the completion of sample preparation.
The Muse oxidative stress reagent and 1x assay buffer were warmed to room
temperature and protected from light immediately before use. The intermediate
solution was prepared by diluting Muse oxidative stress reagent 1:100 with 1x assay
buffer and stored in the dark at room temperature. The working solution was then
prepared by diluting the Muse oxidative stress reagent intermediate solution 1:80 in
1x assay buffer. The intermediate solution and the working solution must be prepared
promptly before utilisation. A 190 pul of the Muse oxidative stress reagent working
solution were added to 10ul of cell suspension. The cell suspension was then mixed
thoroughly by vortexing at medium speed for 3 to 5 seconds or pipetting up and
down. Samples were incubated for 30 minutes at 37°C in the dark. Finally, samples

were run on the Muse cell analyser. Collecting the data on the Muse cell analyser
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took up to 6 minutes per sample based on the concentration of the sample and
desired number of events needed. The results from each run were recorded as a data
file and a corresponding spreadsheet file (Figure 2.8), each of which contains the

following statistics:

e Sample ID and number.

e ROS(-): negative cells (M1).

e ROS(+): cells with ROS activity (M2).

e Concentration (cells/ml) and percentage of gated cells in each marker.
e Concentration and percent of total cells.

e Dilution factor (input value).

¢ Fluorescent intensity values for [M1] and [M2] cell populations.
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Figure 2.8: Summary data for 1 Gy low dose rate (0.00313 Gy/min) 30 minutes
following irradiation, with dot plot and histogram. Cells were irradiated with 1 Gy
low dose rate, stained with the Muse oxidative stress kit, and analysed using the
Muse cell analyser. The concentration (cells/ml) and the percentages for the gated
events in each marker, as well as the total cell concentration, are shown in the table.

The first plot displays ROS versus cell size index and the second plot shows ROS
staining.
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2.277 Chromosomal Analysis

Metaphase preparation was carried out by harvesting the cells at 60 - 70 %
confluence using the Kadhim and Wright method (Kadhim and Wright, 1998). In
brief, 10 pg/ml demecolcine (Sigma: D1925) was added to the cells for 1.5 h in a

humidified 5 % COz incubator at 37°C to arrest the cells in metaphase. Cells were
then collected and centrifuged at 262.4 g for 10 minutes. The supernatant was
discarded and the remaining cell pellets were re-suspended in a hypotonic solution
(75 mM potassium chloride solution, Sigma: P3911) for 20 minutes at 37°C. Cells
were then centrifuged at 182.2 g for 10 minutes. The supernatants were aspirated and
the cell pellets resuspended in 3:1 fixative (75 % methanol: 25 % acetic acid) for 10
minutes. Cells were again centrifuged and pellets re-fixed for 30 minutes. The fixed
cells were then dropped onto individually labelled (coded) clean / degreased
microscope slides. Slides were aged for 24 hours and then stained with Giemsa stain.
They were then mounted and analysed using a bright field light microscope at 100X
oil immersion objective. A different number of the metaphases were scored (5-66
metaphases) due to the low frequency of mitotic index in some of the experimental

groups. When all slides had been analysed the codes for each slide were revealed.

The statistics were particularly limited for the initial chromosome analysis data due to
the limited number of metaphases scored (low mitotic index). Therefore, the
micronucleus assay was performed to allow a comparable measurement of
chromosome damage as that undertaken by routine cytogenetic analysis. It has been
found to be reliable, sensitive, has an easy scoring criterion, statistical power and

allows a high number of cells to be analysed quickly (Wolff et al., 2011).

2.2.8 Alkaline Comet assay (Single Cell Gel Electrophoresis)

The comet assay is a quick, sensitive and comparatively simple technique for
evaluation of total DNA damage (double-strand breaks (DSB)), single-strand breaks
(SSB) and base damage) in individual cells (Liao et al., 2009). The comet assay was
carried out as explained by (Natarajan et al., 2007, Olive, 2009). Microscope slides
were plated with a thin layer of 1 % normal melting point agarose solution (NMPA),
(Sigma: A9539) by immersing the clean slides in agar. The excess was wiped from
the back and the slides were laid to dry overnight and then kept in a microscope box.

On the harvesting day, the cells were detached with 1.5 ml (0.025 %) trypsin and a
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cell count was performed. For each group, 2 x 10* cells were mixed with 200 ul of 1
% low melting point agarose (LMPA) (Fisher: BP165). The NMPA pre-coated slides
were laid on an ice-chilled metal plate and 200 pl of the LMPA cell suspension
mixture was placed immediately onto the chilled slides. The cell-LMPA suspension
was spread and flattened by putting a 24 x 50 mm glass coverslip on top. After 5 - 10
minutes the coverslips were taken away to allow complete setting. The slides were
then dipped in cold lysis buffer ((2.5 M NaCl, 100 mM Na;EDTA (pH 8.0), 10 mM
Tris-HCI (pH 7.6), 1 % Triton X-100 (pH >10) and 1 % DMSO). The lysis process
was performed at 4 °C overnight in the dark. In a cold room (4°C) slides were then
laid horizontally in the alkaline electrophoresis buffer tank (0.3 M NaOH and 1 mM
EDTA (pH 13)). The slides were then left for 30 minutes at 19 V and 200 mA.
Finally, the slides were neutralised with neutralising buffer (0.5 M Tris-HCI (pH 7.5))
for 3 x 10 minutes then the slides were washed with dH>O to remove any remaining
buffer. The slides were stained immediately with a 1:10,000 dilution of Diamond
Nucleic Acid Dye (Promega: H1181) in the dark. The slides were left at 25°C
overnight and at least 500 cells per group were analysed using Komet 5.5 Image

Analysis Software (Kinetic Imaging Technology / Andor, Germany).

2.2.8.1 Statistical Analyses

Samples and slides were coded and scored in a ‘blind fashion’ (i.e. a colleague in the
research group kindly coded them). The P values of raw data from all experimental
groups were calculated to compare the treatment groups with its control. The Y error
bars for all experimental groups were generated by calculating the standard error of
the mean (+SEM) for all groups. The comet assay data were examined for normality
and they were not normally distributed. Therefore, data were subjected to a Mann-
Whitney test (SPSS statistics 21) to measure the P-value. As the results have extreme
scores, the median was used instead of the mean. This is due to the high sensitively of
the mean to extreme scores whereas the median is insensitive to them (Salkind,

2010).
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2.2.9 Micronucleus Assay

The Micronucleus assay (MN assay) is an easy, sensitive and quick analysis to
measure chromosome damage; indicative of chromosome fragments and whole
chromosomes left in the cytoplasm during cell division. Thus, the MN assay can be
used as an alternative method for dose estimation in case of radiation accident
(Shirsath et al., 2014). Micronuclei are fragments of damaged chromosomes, or
whole chromosomes, wrapped with nuclear membrane and released outside the main
daughter nuclei. They are the result of non- or mis-repaired DNA breaks that emerge

due to the exposure to various clastogenic agents (Strauss ef al., 2012).

At particular time-points following irradiation, cells were cultured in T75 culture
flasks to 70 — 75 % confluence. They were then treated with 6 pg / ml cytochalasin-B
for 40 hours in a humidified 5 % CO; incubator at 37°C. Cytochalasin-B (Sigma:
C6762, a stock solution dissolved in pure ethanol) is an inhibitor of mitotic spindle
fibre formation and thus stops cytokinesis, therefore cells are identified by their
binucleated appearance after one nuclear division. For each experimental group,
post-incubation with cytochalasin-B, the media was collected and saved in a labelled
sterile universal tube. The flasks were washed twice with 10 ml PBS, the first PBS
was added to the universal tube but the second wash of 10 ml PBS was discarded.
The cells were detached from each flask by adding 1.5 ml (0.025 %) trypsin-EDTA
solution for 30 - 60 seconds and incubated at 37°C for 3-5 minutes to allow cells to
dissociate from the flask base. The trypsin-EDTA solution was also collected and
added to the universal contents. Dissociated cells were collected with the universal
tube contents (saved media, PBS and trypsin) and added back to the universal tube.
All cells were centrifuged at 200 x g in a Jouan B4 centrifuge at RT for 10 minutes.
The supernatants were discarded and the remaining pellets were re-suspended by
flicking the end of the tubes. Once re- suspended, 1 ml of hypotonic solution
(warmed KCI; 0.55 g potassium chloride (Sigma, P3911) and 100 ml ultrapure water
kept in a 37 °C water bath) was subsequently added to each tube in a drop-wise
manner and then a further 10 ml KCI was added. The tubes were then incubated in a
37 °C water bath for 5 minutes. Following this, the cells were treated with 3 drops of
25 % glacial acetic acid in methanol (3:1 fixative); all tubes were inverted once and
centrifuged at 200 x g for 10 minutes at RT. The supernatants were discarded and the
pellets thoroughly resuspended prior to addition of 10 ml of 3:1 fixative (added drop-
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wise), and left at RT for 10 minutes. Cells were further centrifuged at 200 % g for 10
minutes at RT; supernatants were discarded and pellets re-suspended in 0.5 - 1 ml of
3:1 fixative depending on the pellet size. The fixed cell suspension was dropped onto
individually labelled, clean / degreased microscope slides and these were left to dry

at RT before analysis.

2.2.9.1 Staining of slides

Acridine Orange (AO) is a nucleic acid selective metachromatic red fluorescent stain,
which is commonly used in cell cycle determination and enables visualisation of
nuclear changes. A phosphate buffer was prepared using 1 tablet (pH 6.8) in one litre
of distilled water (dH20). In brief, two Coplin jars were each filled with 50 ml
prepared buffer (pH 6.8), to the first jar 0.0031 g acridine orange (Sigma: A6014)
was added. Slides were stained for 25 seconds in the acridine orange/buffer solution
and then quickly dipped for a few seconds in the buffer-only jar. Finally, they were

left to dry at RT before analysis on a fluorescent microscope (figure 2.9).

Binucleated cell
without micronucleus

Binucleated cells
with micronucleus

Figure 2.9: Scoring of binucleated cells: (A) a binucleated cell without micronucleus, (B
& C) binucleated cells with micronucleus of different size.

2.2.9.2 Scoring micronuclei (MN)

Slides were coded and analysed in a blind and random fashion to avoid observer bias
(i.e. slides were coded by a colleague in the research group). Micronuclei were scored
only in binucleate cells (BN) and at least 500 binucleate cells were scored per group.
The data was presented as the percentage of BN cells with micronuclei (% BN

+MN).

59



2.2.9.3 Statistical analysis
The P values of raw data from all experimental groups were compared and

calculated. Data were examined for normality. The MN data was shown not to have
normal distribution thus it was further subjected to Fisher’s exact test to calculate the
P values. P values <0.05 were considered statistically significant. The standard error
of the mean (+SEM) was calculated to generate error bars for all experimental

groups.

2.2.10 Western Blot Assay

Western blotting is a well-established and broadly utilised method for detecting and
analysing proteins in a given sample. The technique relies on the specific binding of
antibodies to proteins which are immobilised on a membrane to form an antibody-
protein complex. The bound antibody is then detected using one of several detection
methods (Yang and Ma, 2009).The protocol was modified from Liu ef al. (2016). In
order to release the protein of interest, the membrane of the cells should be disrupted
and cell lysis ensured. The sham and irradiated HF19 cells were trypsinized and
collected with 10 ml PBS. Cells (107 cells / 1 mL) were then centrifuged at 300x g for
7 minutes at 4°C. The PBS was aspirated and the pellet was re-suspended in a 100 pl
cold lysis RIPA buffer (Sigma, 089k6003) in a 1.5 ml Eppendorf immersed in ice. A
25-gauge needle with a 1 ml syringe was used to shred the cells by pipetting them up
and down a few times. A Bradford assay was used to measure the protein
concentration, using a standard curve constructed from bovine serum albumin BSA
(Acas, 268131000) at a series of concentrations (1000, 500, 250, 125, 62.5, and 31,25
ug/ml). The samples were treated with DNase (Thermo Fisher Scientific, 2238G2)
(1:10) in a water bath at 37°C to digest the genomic DNA. From each sample, 50 pg
of protein in less than 30ul of the sample solution was added to 1/3 (v/v) loading
buffer and 5 % (v/v) B-mercaptoethanol. Equal amounts of protein lysate (50 pug per
sample) were loaded to gel electrophoresis for protein separation using 0.1 % sodium
dodecyl sulphate-polyacrylamide running buffer (1g SDS (Fisher scientific,
S/P530/53), 190mM Glycine (Sigma, 56-40-6), 25mM Trizma base (Sigma —
Aldrich, BC2205) in one litre distilled water) at 150 V for 1.5 hours. Generally,
proteins travel different distances down the gel according to their molecular weight.
The proteins were then transferred to a membrane (Immobilon-P, IPVH00010, pore

size 0.4) which was soaked in methanol and then in transfer buffer. The membrane
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was set under the gel and two layers of western blotting filter paper (Thermo
scientific, 84783) soaked in transfer buffer (Thermo scientific, 84731) were placed
above and below the gel and membrane. The whole set of gel, membrane and filter
paper was subjected to an electric field by putting them between two plates forming
an anode (+) and a cathode (-) in the fast blotter pierce G2 machine (Thermo
Scientific) at 25 V and 1.3 A for 7 minutes. The membrane was blocked using 5 %
milk TBST (TBST: 8g NaCl (Sigma, 57653-1KG), 2.4 g Trizma HCIl (Sigma,
T5941-1KG) and 800 ml distilled water, then pH adjusted to 7.6 using HCI, 1ml
Tween 20 (Sigma, P5927) was then added, and the solution made up to one litre).
The membrane with the blocker was left on the tube rollers for one hour. The
membrane was then washed three times for five minutes with TBST buffer. Next, the
membrane was treated with two primary antibodies for one and a half hours in a cold
room on the tube rollers. The first antibody was an anti-TNF-alpha antibody (Abcam,
ab9635) at 0.2 ng/ul of milk/TBST and the second was anti-TGF beta 1 antibody at 0.5
png/ul of milk/TBST (Abcam, ab92486). The membranes were washed three times
with TBST for five minutes. Subsequently, the membrane was treated with the
secondary antibody Goat Anti-Rabbit IgG H&L (HRP) (Abcam, ab6721) at 1:1000
of TSBT buffer for 1 hour at room temperature. The membrane was again washed
three times with TBST for 5 min before adding ECL western blotting detection
reagent (GE Healthcare, RPN2235) (1:1 Luminol (RPN2235VI): peroxide
(RPN2235V2)). Finally, the membrane was imaged using a Bio-rad imaging scanner

and the band intensity was measured using Image Lab software (Liu et al., 2016).
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Chapter 3.
Early and late effects of high LET alpha-particles on
HF19 primary human fibroblast cells

3.1 Introduction

Exposure to the naturally occurring radioactive gas radon and its resulting alpha-
particle emitting progeny dominates human exposure to radiation and is now known
to be the second largest cause of lung cancer after smoking (Milner ef al., 2014). As
exposure is primarily via inhalation, the largest dose of alpha particles is received by
lung cells, although other organs may also receive a significant dose (Dionian et al.,
1986). Exposure to alpha-particles may also result from their use in targeted
radiotherapy (Sartor et al., 2012) as well as occupational exposures (e.g. in the

nuclear industry) (Sumption et al., 2015).

The goal of this study was to evaluate the variation in response of HF19 cells
(primary non-transformed human fibroblast cells) exposed to 121 keV um™ alpha-
particles as a function of dose (0.0001 - 1 Gy). The biological response was assessed
by determining the formation of micronuclei (MN) in binucleate cells along with
using the alkaline comet assay to assess DNA damage in HF19 cells. In particular,
these assays were used to investigate the induction of Radiation-induced genome
instability (RIGI), assessed at early (1 hour) and late (10th and 20th population

doublings) time points.

3.2 Results

3.2.1 Calculating the average number of alpha-particle

track traversals per nucleus and per cell

The nuclear and cellular areas were measured to calculate the average number of
alpha- particle traversals for a given dose as described previously (see chapter 2,
section 2.2.3). While at high doses all cells are traversed, at lower doses there is an
increasing fraction of cells that are not traversed. At very low doses, only a small
fraction of cells are traversed by a single alpha-particle track. Due to the high LET on

those few cells traversed, however, the energy absorbed by the cell, and therefore the
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dose to the traversed cell may be large (Hill ef al, 2004). The average number of
tracks (randomly distributed) per cell, N, traversing a mean nuclear area or cellular

area, A (in um?) for a given dose D (in Gy) is given by equation 1.

Equation 1: N=AD/0.16 L,

where L is the LET in keVum™, which is taken as 121 keV pm™ (Hill et al.,
2004).

The nuclear and cellular area distributions measured for the HF19 cell line using the
computer programme ‘Image J’ are displayed in figure 3.1 and figure 3.2
respectively, giving an average nuclear and cellular area of 189 pm? and 1557 pm?.
These averaged values were used to calculate the average number of alpha-particle
track traversals per nuclear area and cellular area of the HF19 cells, which results are

given in table 3.1.

The spatial distribution of a-particles across the Hostaphan dishes and through cells
follows the Poisson distribution. Therefore not all cells will be traversed by an equal
number of alpha-particle tracks and at a given dose not all cells will be traversed. The
fraction of cells traversed, F, by A tracks (A =0, 1, 2, ...) is given by equation 2.

Ate

n!

Equation 2: F =

Where n is the mean number of alpha -particles traversals per cell (equation 1).

Therefore the fractions of cells traversed by one or more tracks, Fi+, is given by the

equation 3.

Equation 3: Fi+ = 1-exp(-n)
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Figure 3.1: Measured nuclear area distributions for the HF19 cell line. The mean
area is 189 um? for 211 cells over three experiments.
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Figure 3.2: Measured cellular area distributions for the HF19 cell line. The mean
cellular area is 1557 um? for 80 cells over three experiments.
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Table 3.1: The variation in the average number of alpha-particle track traversals per
cell and per nucleus for the HF19 cell line and corresponding calculated
percentages of nuclei and cells traversed as a function of alpha-particle dose. The
calculations were based on average cellular and nuclear areas of 1557 pm? and
189 pum? respectively

3.2.2 Early and late total DNA damage in HF19 cells post
low and high doses of alpha-particle irradiation: Comet

assay

In order to examine the susceptibility of HF19 to different doses of alpha-particle
radiation, the total DNA damage and formation of micronuclei were measured as
described previously (see chapter 2, section 2.2.8 and section 2.2.9). The cells were
exposed to alpha-particle radiation over a wide range of doses (0.0001-1 Gy). The
DNA damage was measured by an alkaline comet assay and the induction of
micronuclei in binucleate cells was scored at early (1 h following irradiation),

intermediate and delayed time points.

The alkaline comet assay was used to assess the total DNA damage in the HF19 cells
caused by the various doses (0.0001-1 Gy) of alpha-particle irradiation at differing
time- points as described in chapter 2, section 2.2.8. At very low levels of DNA, the
damage is measured using the shape of the comet tail. The percentage of DNA in the
tail which represents the DNA damage was scored in each group of approximately

1000 cells for two separate but parallel experiments (the whole slides were scanned).

65



The results were analysed statistically using the Mann-Whitney U test. Firstly, to
highlight the average increase in the magnitude of damage, the median of the
percentage of DNA in the tail was presented (Figure 3.3, panels A and B). Secondly,
to highlight the varying distributions of damage, data were presented in box plots,
which show the entire population of cells (Figure 3.3, panel C).

All control samples showed low levels of background DNA damage with median
values of 0.85 +0.48 %, 0.47 £0.23 % and 1.67 £0.27 % for 1 hour, 10 population
doublings and 20 population doublings (delayed response) following irradiation

respectively.

In general, at 1 hour following the alpha-particle radiation hit, an early large
induction of DNA damage was observed across all irradiated groups compared to the
corresponding control, as shown in figure 3.3 panels A, B, and C. The individual data
sets from two independent experiments showed a variation in the median of the
percentage of DNA in the tail but with a similar trend in DNA damage induction
between different radiation-level groups except for irradiation at 1 Gy (figure 3.3,
panel A). Due to the nature of the alpha-particle tracks, it is important to look at the
distribution of the damage using box plots, which is done in figure 3.3 panel C. All
doses demonstrated a number of cells with tail DNA up to 50 % and some cells
irradiated with 0.0001, 0.001 and 1 Gy showed tail DNA up to 100 %. The highest
level of DNA damage was observed with 0.0001 and 0.5 Gy irradiated cells. They

were approximately 22 and 15 fold higher respectively compared to the control.
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Figure 3.3: Percentage of DNA (damage) in the comet tail in HF19 cells 1 hour
following alpha-particle irradiation. HF19 cells were exposed to different doses of
alpha irradiation and incubated for 1 hour prior to performing the comet assay. Panel
A displays the variation in results between two independent experiments. Panel B
illustrates the DNA damage measured by the comet assay (% tail DNA) as combined
data for 1000 cells which were scored from two separate, independent experiments.
All doses showed highly significant DNA damage (***p<0.01). Panel C (the box-
plot) shows the distribution of damage. The error bars represent the standard error
of the median of replicate experiments (£SEM). (*=P<0.05, **=P<0.01
*#*=pP<0.001).
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After 10 population doublings, levels of DNA damage had dramatically reduced;
however, they remained above control in the results of both of two separate, parallel
experiments (Figure 3.4 panel A). The progeny of HF19 cells irradiated with 0.0001,
0.0land 1 Gy alpha-particle radiation revealed a large induction of total DNA
damage 1.74 + 0.40 %, 1.83 + 0.34 % and 1.62 + 0.37 % respectively, which was
significantly higher (p<0.001) than the control 0.47 + 0.23 %, as shown in figure 3.4
panel B. There was a smaller, but still nearly twofold increase in DNA damage with
the progeny of 0.001, 0.1 and 0.5 Gy cells, 0.99 = 0.40 %, 0.73 = 0.37 % and 0.70 +

0.35 % respectively, compared to the corresponding control.
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Figure 3.4: Intermediate responses within the progeny of alpha-particle irradiated cell
populations after 10 population doublings following irradiation. Panel A presents the
individual median values as a function of dose for two independent but parallel
experiments. Panel B shows the variation in median values as a function of dose for
1000 cells from both the two parallel but separate experiments. Panel C exhibits the
DNA damage distribution of combined data from two parallel but separate
experiments. The error bars represent the standard error of the median of replicate
experiments (+SEM). (*=P<0.05, **=P<0.01 ***=P<0.001)
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At 20 population doublings post irradiation, the level of total DNA damage within
the two separate experiments was still high within the progeny of 0.0001and 0.01 Gy
compared to the corresponding control (figure 3.5 panel A). The progeny of 0.001
and 1 Gy showed a slight increase in the level of DNA damage (1.89 +0.32 %
and 1.61 + 0.46 %) compared to control for the first experiment, but not for the
second one, which may potentially be because of the high level of damage observed

in the control.

At 20 population doublings following irradiation, the median tail DNA of 0.1 and 0.5
Gy irradiated cells (1.61 £ 0.46 % and 1.26 + 0.34 %) was much more in line with the
control value (1.67 + 0.27 %) as shown in figure 3.5 panel B, whereas the 0.0001 and
0.01 Gy groups showed significantly higher induction of DNA damage. The data for
the combined experiments showed an increase in DNA damage for the 0.001 and 1 Gy

irradiated groups but this was not a statistically significant result.

However, the distribution of damage was greater than that of control groups for all
irradiated groups, suggesting an enhanced level of DNA damage induced post
radiation in the progeny of the original cell, even when the median level of damage

was not above the control (see figure 3.5 panel C).
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Figure 3.5: The delayed DNA damage in the progeny of alpha-particle irradiated
cells following 20 population doublings determined using the comet assay. Panel A
presents the individual median values as a function of dose for two independent but
parallel experiments. Panel B shows the variation in median values as a function of
dose for 1000 cells from two parallel but separate experiments. Panel C exhibits the
delayed DNA damage distribution in alpha -particle irradiated cells. The error bars
represent the standard error of the median of replicate experiments (£SEM).
(*=P<0.05, **=P<0.01 ***=P<0.001).
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3.2.3 Early and late induction of micronuclei in binucleate
HF 19 cells post low and high doses of alpha-particle

irradiation: Micronucleus assay

Micronucleus formation was assessed using a cytokinesis-blocked micronucleus
assay as described in chapter 2 section 2.2.9. Cells were treated with 6 pg / ml
cytochalasin-B for 40 hours at 5 hours following irradiation in a humidified 5 % CO,
incubator at 37°C. The data are displayed as a percentage of binucleate cells
containing micronuclei over total binucleate cells in sham and irradiated HF19 cells.
The data of two biological replicates for each dose point at the three-time points
(early (5 hours following irradiation), intermediate and late responses) were
combined. At least 1000 binucleate cells were analysed in each group (the whole
slides were scanned). The error bars represent the SEM (calculated from the median
of two separate experiments). Figure 3.6 panel A and B shows the frequency of
micronucleus formation in the control (unexposed/un-irradiated cells) and irradiated
cells at 5 hours following irradiation (early time-point). Generally, a large induction
of micronuclei across all irradiated doses was observed with only very small

differences between the two separate experiments as shown in figure 3.6 panel A.

The combined data of both experiments demonstrate a 1.5-fold increase (P<0.05) in
the induction of micronuclei after exposure to 0.0001 Gy, compared to the control
(see figure 3.8 panel B). The formation of micronuclei almost doubled to 8.54
+0.28 %, 8.26 £0.28 %, 8.20 £ 0.27 % and 8.09 +£0.27 % as the doses increased to
0.001, 0.01, 0.1 and 0.5 Gy respectively, compared to the control (3.79+ 0.19 %,
P<0.001). There was an approximately 2.5-fold increase after exposure to 1 Gy

(P<0.001).
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Figure 3.6: Percentage of binucleate cells containing micronuclei over total binucleate
cells in control and irradiated HF19 cells at 5 hours following irradiation. Panel A
shows the data from the individual experiments from two separate experiments run in
parallel. Panel B represents the combined data for 1000 cells from two independent
but parallel experiments as a function of dose. Error bars represent the standard error
of the mean of replicate experiments (:SEM) from the two independent experiments.
P-values were calculated using Fisher’s exact test for comparison of data with
associated un-irradiated control. * p< 0.05, ** p<0.01, *** p<0.001.
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In general, the results show a similar trend in the binucleate cells with micronuclei at
10 population doublings following irradiation as for the early time-point with a
variation in the trend between the individual data sets for only the 0.001 and 0.1 Gy

irradiated groups as shown in figure 3.7 panel A.

For the combined data for both experiments, in the 0.001, 0.0land 0.1 Gy dose
groups the formation of MN in binucleate cells rose by more than a factor of 2
(9.64+0.25 %, 8.73+0.28 %, 9.31+0.28 %, respectively) compared to the control
(3.81+0.19 %) as shown in figure 3.7 panel B. A high level of binucleate cells with
micronuclei was also observed after exposure to 0.0001, 0.5 and 1 Gy, compared to

control, which was significant (figure 3.7 panel B).
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Figure 3.7: Percentage of binucleate cells containing micronuclei over total binucleate
cells in control and irradiated HF 19 cells at 10 population doublings. Panel A shows
the individual data values as a function of dose from two independent but parallel
experiment s. Panel B shows Intermediate analysis of the variation in the percentage
of binucleate cells containing micronuclei values as a function of dose for 1000 cells
from two parallel but separate experiments. Error bars represent the standard error of
the mean of replicate experiments (+SEM). P-values were calculated using Fisher’s
exact test. * p< 0.05, ** p<0.01, *** p<0.001.
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The results of the delayed cellular response at 20 population doublings following
irradiation showed a greater increase in micronuclei induction across all irradiated
groups with the same trend between the separate two experiments (see figure 3.8

panel A).

For the combined data for the two independent experiments, HF19 cells
demonstrated a significant rise in the binucleate cells with MN, 9.78+0.30 %,
11.46+0.32 %, 12.42+0.33 % and 10.17+0.30 % respectively in the 0.001,0.01,0.5
and 1 Gy irradiated cell groups compared to the control, 5.09+0.22 % (P<0.001), as
shown in figure 3.8 panel B. The largest induction of binucleate cells with micronuclei
was observed in the progeny of 0.5 Gy irradiated cells, which was more than double

compared to the corresponding control, figure 3.8 panel B.

76



= First experiment = Second experiment A

14
12
B
% 8
S
2 4
=
B
2 '
0 T
0.01 1
Dose (Gy)
14 * ok B
ok ok T
5 12 1 1
1 -
510 - =
g
:,
0 1 T T T
ooomGy ODOIGy 0.01Gy  0.1Gy  0.5Gy 1Gy
Dose(Gy)

Figure 3.8: Percentage of binucleate cells containing micronuclei over total binucleate
cells in control and irradiated HF19 cells at 20 population doublings following
irradiation. Panel A reveals the individual data of the variation in the percentage of
binucleate cells containing micronuclei values as a function of dose from two
independent but parallel experiments. Panel B shows delayed analysis of the variation
in the percentage of binucleate cells containing micronuclei as a function of dose for
1000 cells from two parallel but separate experiments. Error bars represent the
standard error of the mean of replicate experiments (SEM). P -values were calculated
using Fisher’s exact test. * p <0.05, ** p<0.01, *** p<0.001.
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3.3 Discussion

Previous studies have shown that 0.4 Gy alpha-particle irradiation is able to induce
early (at 3 population doublings following irradiation) and delayed (at 20 and 35
population doubling) unstable aberrations, particularly chromatid-type aberrations, in
HF19 normal human fibroblast cells compared to control cultures (Kadhim et al.,
1998). Ghandhi et al. (2008) found that both direct and bystander exposure of human
fibroblast IMR-90 lung cells at 0.5 Gy alpha irradiation elevated micronucleus
induction and modulated the gene expression at 24 hours following irradiation
(Ghandhi et al., 2008). Genomic instability was also observed in immobilised human
T-lymphocytes at 12-13 population doublings following high LET irradiation using
microbeam technology where each cell centre in a given population of cells was
traversed by a single *He?" particle (used as a surrogate alpha-particle). The results
showed that approximately 25 % of the cells in the surviving progeny displayed a
significant increase in nonclonal chromosomal aberrations (p<0.001) with a high
frequency of chromatid-type aberrations at 12-13 population doublings following
irradiation (Kadhim et al., 2001). Moreover, it is known that bystander effects can
also mediate the induction of genomic instability in biological systems. Bowler et al.
(2006) stated that genomic instability was significantly induced in a bystander cell
population of murine primary haemopoietic stem cells following alpha-particle

exposure at 10—13 population doublings post-irradiation (Bowler et al., 2006).

It is very well documented that the MN/cytokinesis-block micronucleus (CBMN)
assay is one of the most common cytogenetic biodosimetry techniques (Wilkins et
al., 2017). For example, a dose-response curve of micronucleus frequencies can be
generated using micronucleus assay as a rapid radiation dose assessment technique in
human peripheral blood lymphocyte cells following 2-10 Gy irradiation using a
Gamma cell 40 *’Cs irradiator (Lyulko et al., 2014). Additionally, Wuttke et al.
(1998) emphasise that a micronucleus assay is a useful tool in biological dosimetry,
in cases where either high LET irradiation or mixed beam experiments are involved
as the source of radiation exposure. For in vitro exposure, the MN method gave a
linear response in lymphocyte cells following both neutron irradiation as well as
mixed exposure (neutron beam that was followed by 240-kV X-rays) (Wuttke et al.,
1998).
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The MN assay has also been used as an indicator of genomic instability in
lymphocytes of patients with early colorectal adenocarcinoma and neoplastic polyps
(Karaman et al., 2008). Kennedy et al. (1996) used MN assay as a marker of genomic
instability in normal human bronchial epithelial (NHBE) cells exposed to six equal
fractionated doses of alpha-particles (0.857 Gy / min) over a 17 day period to achieve
a total dose of 2 or 4 Gy. The elevated level of binucleate cells containing
micronuclei in the extended progeny of bronchial epithelial cells, in either passage 4,
5 or 6, was evidence that genomic instability is induced following exposure to alpha-

particles (Kennedy et al., 1996).

MN assay is used as a biodosimeter in practical situations since the yield of MN
increases linearly with dose following exposure to high LET radiation (Vral et al.,
2011) as shown by the findings of significant studies. For example, the findings of
Seth et al. (2014) showed that the number of micronuclei and nucleoplasmic bridges
increased linearly with dose following direct exposure to 0.5, 1, 1.5, and 2 Gy
neutrons in normal human lymphoblastoid cell lines (GM15036 and GM15510).
However, they found that exposure to high LET neutrons did not induce a bystander
effect in these cells. Cells treated with neutron irradiated-cell conditioned media
(ICCM) did not display significant increases in micronucleus formation compared to
controls for either cell line (Seth et al., 2014). Additionally, Curwen et al. (2012)
have observed an initial linear response in peripheral blood cells with one simple
aberration and with multiple aberrations (acentrics, multicentrics and rings) following
exposure to low doses of 3.26 MeV alpha-particles (21 mGy, 56 mGy, 92 mGy, 193
mGy, 365 mGy, 469 mGy) although this response flattened at higher doses (Curwen
et al., 2012). Turning to our results, they reveal high and statistically significant early
induction of micronuclei in HF19 cells following exposure to 0.0001, 0.001, 0.01,
0.1, 0.5 and 1 Gy at 5 hours following irradiation. However, the increase in
micronucleus induction reached a plateau at 0.001 mGy where only 8 % of the cells
and =1 % of nuclei were traversed by alpha-particles. This is in agreement with the
previous findings of Azzam et al. (2001) who found a higher frequency of
micronucleus induction in AG1522 normal human-diploid skin fibroblasts following

exposure to very low fluences of alpha-particles at 1-10 cGy. Azzam’s study
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illustrated that radiation-traversed cells are not solely responsible for the biological
response or genetic damage, but that cells in a population in the vicinity of directly hit
cells (bystander cells) can also play a role. This can be seen from the fact that the
micronucleus induction increased by 3-fold following exposure to 1-3 c¢Gy and 4-
fold after exposure to 10 cGy with more cells traversed by alpha-particles at 10 cGy
compared to 1-3 cGy. Therefore, the amount of the response at low doses indicates

that non-hit bystander cells also experienced DNA damage (Azzam et al., 2001).

In this study, an early elevation (5 h following irradiation) of MN/BN above the
control level was observed at 0.0001 Gy (P<0.05), where only 0.8 % of the cells and
=~0.1 % of nuclei were traversed by alpha-particles. This effect was increased by up to
2.5-fold with 0.001, 0.01, 0.1, 0.5 and 1 Gy (P<0.001), at which the level of MN/BN
reached a plateau. One possible explanation is this response is due to alpha-particles
depositing most of their energy in the form of relatively small numbers of densely
ionising tracks compared to the large number of sparsely scattered ionising electron
tracks generated by low LET exposure through the hit cells (Hill et al., 2004).
Additionally, ROS induction could be another explanation for the significant MN
induction level as an early effect following irradiation of 0.0001, 0.001, 0.01, 0.1, 0.5
and 1 Gy. In support of this idea, it has been documented that a single alpha-particle
could instantaneously induce the production of tens of thousands of ROS per track
when it traverses a mammalian cell (Feinendegen, 2002). Such bursts of ROS cause a
temporary change in cellular signalling, cellular homeostasis, and damage in the
direct irradiated and bystander cells. The site and size of these bursts of ROS
determine whether there is a prevalence of change in physiological signalling or
damage (Feinendegen et al., 1983; Pollycove and Feinendegen, 2001). Werner et al.
(2014) have found that an increase in ROS levels following exposure to high LET
(Fe ion) and low LET (x-ray photons) in HBEC-3KT cells has an independent
threshold-like response regardless of radiation quality and dose. This response
persisted for 14 days, at which time genomic instability was manifested by increased
micronucleus induction, a 3-fold and a 2-fold increase compared to the control
following exposure to Fe ions and x-rays respectively (Werner et al., 2014). The
existing cell signalling such as ROS leads to an increase in the background level of

ROS within the cell and cell population, and this can last over a long period of time,
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which may help explain the observation of these effects many population doublings

later.

A similar trend was observed after 10 population doublings following 0.0001 Gy
irradiation. Additionally, 0.001, 0.01, 0.1, 0.5 and 1 Gy progeny at the delayed time-
point illustrated approximately the same trend as the data at 1 hour post exposure,
although a slightly higher induction of MN/BN was observed. These results agree
with Kadhim et al. (1992) who found that a high frequency of non-clonal aberration
was produced in the clonal descendants of haemopoietic cells following exposure to
o- particles at 0.2-0.8 Gy min™' which transmitted to their progeny (Kadhim et al.,
1992).

At a dose of 1 Gy (100 % of the cells being hit), 13-fold more cells in the cell
population experience a nuclear insult by alpha-particles than those at a dose of 0.001
Gy (7.72% of the cells being hit). Therefore, the extent of the response at low doses
indicates that non- traversed bystander cells also experienced DNA damage. These
results are in agreement with the findings of Lorimore et al. (1998) who observed
that alpha-particles induced chromosomal instability in primary haemopoietic stem
cells; however, this instability was also displayed in the progeny of nonirradiated
cells which was explained as a result of unexpected interactions between irradiated
(1 Gy alpha-particle irradiation) and nonirradiated (bystander) cells. This was
demonstrated by irradiating the mouse bone marrow cells with alpha-particles either
with or without an interposed grid between the alpha-particle source and the dishes in
which the cells were irradiated, which resulted in a reduction in the proportion of
traversed clonogenic cells. The cells irradiated with alpha- particles without the grid
interposed between source and dishes absorbed a dose of 1 Gy (Lorimore et al.,

1998).

Work presented here also agrees with that of Kennedy et al. (1996), who suggested
that the high increase in MN/BN cells that presented in the progeny of normal human
bronchial epithelial cells irradiated with fractionated doses of alpha-particles (total
doses 2-4 Gy) indicated that the genetic alterations detected in these cells were not a
direct consequence of radiation exposure. Instead, he theorises that these are a result of
genomic instability, which could present as an early change following exposure to

alpha-particles (Kennedy et al., 1996).
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The fact that there was a persistence of induction of micronuclei at 10 population
doublings (GI) even with low doses 0.0001, 0.001 where only 0.8 % and 7.72% of
cells were traversed by alpha-particles also agrees to some extent with Portess et al.
(2007) who observed that alpha-particle induced apoptosis at 65 hours following
irradiation in non- irradiated transformed 208Fsrc3 cells following co-culture with
irradiated non- transformed 208F cells at a dose as low as 0.29 mGy where only
1.1% of the cells were traversed. The apoptosis levels reached a plateau at 25 mGy
where 96 % of cells were traversed by alpha-particles. These findings were thought
to be due to the modulation of ROS/NOS and TGF-p signalling produced in irradiated
cells following irradiation, which resulted in an elevation in extracellular levels of

active TGF-f (Portess et al., 2007).

This is also in agreement with previous findings by Azzam and colleagues, who
found that the gene expression data obtained from AG1522 normal human-diploid
skin cells exposed to very low fluences of alpha-particles indicated that the effects of
these doses are not restricted to cells with DNA traversed directly by these particles.
In the same study, the level of DNA damage in bystander cells measured several
hours following irradiation with alpha-particles exceeded that shown in normal
metabolism. This is because of the involvement of gap junction-mediated intercellular
communication (GJIC) in mediating the bystander response (Azzam et al., 2001).
Azzam et al. (2002) have suggested that at low doses of alpha-particles, superoxide
and hydrogen peroxide were both involved in causing the radiation effect. As Cu-Zn
superoxide dismutase (SOD) converts superoxide to hydrogen peroxide, the fact that
SOD acts as a protective agent against micronucleus formation suggests that the
superoxide-mediated reactions causing induction of micronuclei in bystander cells are

not identical to those of hydrogen peroxide (Azzam et al., 2002).

Because of the weakness of superoxide oxidation and its excellent reductive
properties, one suggestion could be that the reduction of metal ions from their less
reactive forms (i.e., Fe*"and Cu?") to their very reactive lower oxidation state forms
(i.e., Fe’"and Cu") could provide the pathway for a super-oxide mediated reaction
generating micronuclei. Some membrane components could be directly oxidised by
these reduced species. This may lead to the formation of by-products of lipid

peroxidation (i.e., hydroperoxides and aldehydes) which may cause cell toxicity or
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have mutative effects. Alternatively, these metals may participate in the
decomposition of hydroperoxides to form hydroxyl or alkoxyl radicals, which are

highly reactive species (Azzam et al., 2002)

Additional observations have been made to investigate the role of the bystander
effect in the induction of genomic instability. Zhou has observed that two genes,
COX-2 and IGFBP-3, were involved in the radiation-induced bystander effect in
normal human lung fibroblasts (NHLF) post 0.5 Gy alpha-particle irradiation. This
was determined using a microarray specific for cell signalling genes (Zhou et al.,
2005). Furthermore, TGF-B and ROS have been reported as mediators in the
induction of bystander effects in normal human diploid lung fibroblasts (HFL1)
following alpha-particle irradiation at 1.0-19 c¢Gy (Iyer and Lehnert, 2000).

When the irradiated cells propagated to 20 population doublings, the progeny of
0.0001 and 0.1 Gy showed an increase in MN/BN but this was statistically
insignificant. The 0.001, 0.01, 0.5 and 1 Gy progeny showed a highly significant
induction of MN/BN compared to the corresponding control. This delayed
appearance of unrepaired DNA damage in HF19 cells is notably similar to the late
chromatid-type aberrations found in 0.4 Gy progeny in which 100 % of HF19 cells
are traversed by alpha-particles (Kadhim et al., 1998). Although the 0.1 Gy progeny
did not show the same pattern as the other irradiated groups, it is possible that this
group would also have followed the same plateau line as cells irradiated with 0.01,
0.5 and 1 Gy if sufficient repeats had been performed. The delayed response of the
0.1 Gy progeny showed one of the main characteristics of RIGI, namely that RIGI

does not increase with an increase of radiation dose.

The time at which the comet assay, a method to quantify total DNA damage, is
performed is vital. As the assay was performed 1 hour following irradiation, the
residual DNA damage is more likely to be measuring either unrepaired DNA lesions
affected mostly by the slower DNA repair kinetics (Trzeciak et al., 2008) or an
enhancement in the background level of SSB production as a result of an
enhancement of oxidative stress. The damage measured can, therefore, be considered

to be early damage, rather than initial damage.
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The comet assay showed high induction of residual DNA damage (1 hour following
irradiation) in irradiated populations of HF19 cells across all doses. This damage is
seen clearly through the cell distribution in the boxplot in Figure 3.3. Although only
0.8 % and 8 % of the cells were hit following irradiation with 0.0001 and 0.001 Gy,
the induction of total DNA damage was high compared to the corresponding control.
From these results, we can speculate that a bystander signal is generated within the
first hour following irradiation and that the signal has a harmful effect on HF19 cells.
These findings agree to some extent with Lin et al. (2014) who found that the
induction of sister chromatid exchanges (SCE) (DNA damage) was observed in CHO
and L-1 cells where only 0.8 % of the nuclei were traversed by 1.4 mGy alpha-
particle irradiation. Therefore, the vast majority of the surviving cells expressing
sister chromatid exchanges happened in unirradiated bystander cells (Lin et al.,

2014).

These results are also partially in agreement with the findings of Portess et al. (2007)
who observed an increase in transformed cell apoptosis (in non-irradiated
transformed 208Fsrc3 cells following co-culture with irradiated non-transformed
208F cells) post irradiation with low as 2 mGy y-rays and 0.29 mGy alpha-particles.
This effect is linked to the role of the cytokine in radiation-induced signalling which
was confirmed utilising a TGF-B neutralising antibody. TGF-B worked as a
stimulator to the irradiated cells to make peroxidase (PO) and *NO which in turn
results in a huge increase in ROS/RNS signalling in transformed cell apoptosis

(Portess et al., 2007).

The number of DNA lesions detected per cell immediately following 1 Gy of low
LET x-rays or gamma-rays is approximately: double strand breaks = 40, base
damage > 1000, single strand break = 1000 (Hall and Giaccia, 2006). Most of these
lesions are repaired successfully by the cells (Hall and Giaccia, 2006). The majority
of DSBs are re-joined following irradiation within 1-2 hours (Shuryak, 2016). Some
types of DNA damage can be repaired quickly, causing difficulties in detection in
living organisms. For example, the halftime of repair for some types of base damage
caused by ROS is on the scale of 30 minutes and as short as 3 min (Olive and
Banath, 2006). However, as mentioned in chapter 1 section 1.2, the highLET (alpha-

particles) has a heterogeneous energy deposition pattern with a highly densely
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ionising track. 1 Gy high LET produces approximately 3-4 ionising tracks per cell
nucleus (dependent on cell morphology) leading to approximately 30-40 DSBs and
70 % complex DSBs (Kadhim et al., 2006). The proportion of DSB complexity
elevates with increasing LET (Goodhead, 1999). For example, 70 % of DSBs
produced by high LET contain three or even more breaks (Goodhead and Nikjoo,
1997). This induction of complex DNA damage shows the relationship between the
relative biological effects and the LET. The more complex the components of the
initial damage, the more severe biological damage appears as a final effect due to the
less rapid working of the cell’s repair system. This leads to a greater unrepaired
residual number of DSBs as a result of the deposition of high LET radiation in the
cells (Delara et al., 1995). The complex DNA damage induced by high LET consists
of multiple DNA lesions (damaged bases, SSDs, and DSBs closer to each other),
which are associated with an increase in chromosomal aberrations, carcinogenesis
and cell killing compared to simple DNA lesions produced by low LET radiation
(Asaithamby et al., 2011).

The predominant cause of single-strand breaks is ROS which induce DNA base or
sugar damage resulting in SSB formation. Additionally, DNA double strand breaks
which occur at a lower frequency than SSBs, can also result following replication
after ROS-induced lesions (Lindahl, 1993). Most single strand breaks were repaired
quickly in PBMCs (peripheral blood mononuclear cells) and most of other cells
following irradiation with *’Cs y irradiation at doses 0~10 Gy, where the cells were
being kept on ice. The vast majority of DNA lesions were removed in the first 5-10
min by fast DNA repair components. The amount of residual DNA damage
following 30 min irradiation was dependent on two main parameters; the fast and

slower DNA repair components (Trzeciak et al., 2008).

At 10 population doublings following irradiation, the 0.0001, 0.01 and 1 Gy groups
still revealed a highly significant level of DNA damage (P<0.001) (figure 3.4). The
0.001, 0.1 and 0.5 Gy progeny displayed a significant induction of DNA damage (P-
value <0.05). In spite of this difference in significance, the distribution in the
irradiated groups after 10 population doublings in Figure 3.4 panel B look quite

similar to each other.
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At 20 population doublings post irradiation, the 0.0001 and 0.01 Gy groups showed a
significant induction of DNA damage (P<0.001), with initial traversal of 0.8 %
and 55.25 % of cells respectively. That indicates that HF19 cells are susceptible to
the induction of GI in the progeny at 0.0001 and 0.01 Gy at the delayed endpoint.
Nagasawa and Little indicated that the mutation frequency per alpha-particle track at
low doses rose unexpectedly, as directly irradiated as well as bystander cells are
prone to the formation of mutations. The induction of HPRT delayed mutations was
observed in Chinese hamster ovary (CHO) cells 8-10 days following alpha-particle
irradiation over the range of 0.05 - 1.2 Gy (Nagasawa and Little, 1999).

However, the median of 0.001, 0.1, 0.5 and 1 Gy progeny did not show a significant
increase in DNA damage even though 100 % of cells were traversed, although there
are a number of cells that showed extensive DNA damage as seen in the boxplot in
Figure 3.5 panel B in which the damage exceeded 30 % tail DNA within the progeny
at these doses following 20 population doublings. This could be due to the removal
of damaged cells from the cell culture through cell death pathways, as at 20
population doublings following irradiation cells traversed by alpha-particles are
poorly repairable. One suggestion is that in order to see if alpha-particles can induce
GI with HF19 cells more time-points may be required. In addition, GI can be
manifested by using different biological endpoints and techniques at these delayed

time-points.

At least 1000 cells were examined for MN and comet assay. This has done using two
separate experiments (two biological replicates). The number of binucleate cells
examined in MN assay per each group was more than sufficient to give a powerful
statistical analysis. On the other hand, Azzam et al. (2001, 2002) and Wong et al.
(2010) analysed 500 binucleate cells to measure the MN induction by alpha-particle
irradiation (Azzam et al., 2001; Azzam et al., 2002; Wong et al., 2010). Furthermore,
the number of cells analysed using comet assay was also more than sufficient
compared to 100-200 cells on duplicated slides analysed by Di Giorgio et al. (2004)
and Rossler ef al. (2006) to detect DNA damage induced by alpha particles (Di
Giorgio et al., 2004; Rossler et al., 2006).

Additionally, the G*Power results for measuring sample size indicate that the

number of binucleate cells analysed in each group was more than sufficient, except
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with the 0.0001 Gy group. The comet assay data showed the same trend of sample
size. However, 0.1 and 0.01 Gy groups, which showed less induction of DNA
damage compared to the equivalent irradiated groups, needed to be repeated at least

one more time.

3.4 Conclusion

In conclusion, alpha-particle irradiation at 0.0001 - 1 Gy is able to produce a
significant induction of micronuclei (at 5 hours following irradiation) and DNA
damage (at 1 hour following irradiation) as an early effect. This damage was still
evident in all irradiated groups until 10 population doublings. At 20 population
doublings, the induction of micronuclei in binucleate cells was still present across all
irradiated groups; however, although the progeny of 0.0001 and 0.1 Gy showed an
increase in micronucleus formation, this increase was not statistically significant.
Genomic instability, therefore, is manifested in HF19 cells by increased
micronucleus induction following 0.0001 - 1 Gy alpha-particle irradiation. However,
the delayed response seen in the comet assay data showed that the progeny of 0.0001
and 0.01 Gy irradiated cells experienced the induction of GI, which was manifested
by a highly significant induction in DNA damage. Conversely, the progeny of 0.001,
0.1, 0.5 and 1 Gy irradiated cells showed no significant increase in DNA damage. It is
possible that the persistent elevation of ROS caused repeated insults to the genome

which resulted in the formation of micronuclei.

Although progress has occurred in radiobiological research tools, much remains to be
learned about how low and high doses of high LET irradiation affects the induction
of GI. This study gives a better understanding of biological effects induced in vitro in
cell populations exposed to low doses of alpha-particles that are directly relevant to

the assessment of health risks to the public from exposure to radon.
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Chapter 4.

Investigating the susceptibility of HF19 cells to the
induction of genomic instability following high (0.42
Gy / min) and low (0.0031 Gy / min) dose rate x-ray

irradiation

4.1 Introduction

Ionising radiation (IR) deposits its energy in the form of highly structured tracks of
ionisation and excitation events. These can not only produced single sites of DNA
damage such as single strand breaks (SSBs) or base damage, but the correlated events
along these tracks can result in a clustering of damage sites producing both simple
double-strand breaks (DSBs) and also complex DSBs (simple DSBs with additional
strand breaks and/or base damage within a few base pairs) (Goodhead, 1994, Nikjoo
et al., 1994). Correlation of damage to DNA and the surrounding molecular
environment can also result in DNA-DNA and DNA-protein cross-links. It is well
known that DSBs are oneof the most serious types of DNA damage induced by IR as
they are more difficult torepair than many other lesions and inaccurate repair of DSBs
(e.g. mis-rejoining of broken DNA strands from different chromosomes) can lead to
cytotoxic or carcinogenic genomic alterations (Savage, 2002). This damage is
generated by direct interaction with DNA or indirectly as a result of radicals (most
notably the hydroxyl radical) which are produced as a result of IR interactions in the

surrounding water (Hall and Giaccia, 2006).

The conventional dogma in the radiobiology field states that the biological effects of
radiation are due to the deposition of energy in the cell nucleus (Morgan, 2012) that
has enough energy to ionise DNA and much of the research has focused on relatively
high dose rates due to its applications in medicine particularly radiotherapy. The
radiation risks at low doses are less studied but are equally important from the
standpoint of radiation protection and typical exposures. Low dose and low dose rate
effects are primarily stochastic in nature; however, the risks at high doses are
deterministic effects (Little et al., 2009). At low dose rates, killing by sub-lethal
damage would be less crucial as the prolonged exposure allows time for these

lesions to repair during the exposure period (Dillehay, 1990). When cells
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experience sub-lethal radiation injury, in many cases the cells are able to correctly
repair the damage during the 24 hours following exposure (Miller et al., 2003).
However, in the last 2 decades, much evidence has illustrated that radiation also has
non-targeted effects which include genomic instability and bystander effects
(Morgan,2012). Transmissible genomic instability in the progeny of cells exposed to
ionising radiation can be manifested in different ways such as gene mutations,
chromosomal instability, micronucleus formation and an enhanced death rate (Miller
et al., 2003; Kadhim et al., 2013). There is clear evidence that in addition to direct
exposure, GI can be induced in bystander (non-hit) cells which receive mediated
factors from irradiated cells via gap- junctions or secreted factors. Therefore, the
perturbation in inter- and intra-cellular signalling within the cell population of hit and
non-hit cells may result in a long term change in the oxidative stress in these cells

which may ultimately lead to an increase in GI (Lorimore et al., 2003).

This genomic instability can be mediated by many factors such as epigenetics,
microRNAs and cytokines following radiation exposure (Fenech, 2006; Filkowski et
al., 2010). Radiation-induced genomic instability within irradiated and bystander cells
can be influenced by the genotype of the cell being studied, the cell type and the
radiation dose and quality (Kadhim et al., 2006; Kadhim et al., 1994). More
investigations are required to explain the induction of genetic and epigenetic changes

as long-term health effects caused by Ionising irradiation (Tang et al., 2017).

The term “high (acute) dose rate” (HDR) is commonly applied to acute exposures
that endure for a few minutes. In comparison, the term “low dose rate” (LDR) applies
to prolonged exposures lasting many hours or days. The low dose rate was defined as
below 6 mGy / h according to United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR) (Graupner et al., 2016). In general, a given dose of
low LET (e.g. x- or gamma-rays) is more effective at inducing an effect if it is
delivered within a few minutes (HDR) as opposed to a protracted dose given over a
period of hours, days or weeks (Hall and Brenner, 1991; Hall and Bedford, 1964).
The biological effects (the induction of micronuclei, increased induced cell death and
cell cycle arrest) associated with low-dose rate (LDR) radiation exposures are not yet
well characterised (Turner et al., 2015). Despite the relevance of low dose rate

(LDR) radiation exposure to radiation protection, to occupational scenarios and to
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accidents like those at Fukushima and Chernobyl, there is still a lack of knowledge
about its biological effects (Graupner et al., 2016). Therefore, knowledge of the
biological effects of LDR exposures experienced in the natural environment is a
necessity to construct a good framework for protection in all exposure situations

(ICRP, 2007).

In this study, therefore, we looked at the effect of acute dose (high dose rate) and low
dose rate x-ray irradiation on the induction of GI in normal human diploid lung
fibroblasts, designated HF19, over a time frame which is more relevant to
environmental and occupational exposures. Data are presented for a range of assays
including cell viability assay, cell cycle measurement, oxidative stress assay,
micronucleus assay and comet assay at early and late (10th and 20th population

doublings) time points.

4.2 Results
4.2.1 Cell viability

The percentages of both dead and viable cells following irradiation were measured
for 1 Gy HDR and LDR irradiated groups using the Cell Analyser (Muse) according
to the DNA-binding dyes’ permeability to the reagent, i.e. dead cells lose their
membrane integrity, allowing the dye to stain their nuclei, thus allowing
differentiation from the non-stained live cells. The viability assay was performed at
different times: 30 minutes, 8, 24 and 32 hours following irradiation for two separate
but parallel experiments. The results showed the same trend with very small variation

between the separate two experiments across all time endpoints (figure 4.1 panel A).

The combined data of both experiments demonstrate for the HDR group, that the cell
viability data showed the percentage of viability was lower in the irradiated cells
compared to the corresponding controls at all time points following 1 Gy x-ray
irradiation. A significant reduction in cell viability was observed in 1 Gy irradiated
cells 30 minutes and at 8 hours post-irradiation (79.1 % and 87.5 % (p<0.05)
respectively) compared to their corresponding controls (89.3 % and 89.5 %). After
24 hours, the percentage of viable cells in the 1 Gy group decreased significantly to
87.4 % compared to the control 93.1 %. However, at 32 hours, viability in the 1 Gy
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irradiated cells was lower than the corresponding control cells but this was not

statistically significant (figure 4.1 panel B).

The LDR group experimental results, as shown in figure 4.1 panel B, showed a
reduction across all groups: at 30 minutes and 8, 24 and 32 hours following 1 Gy low
dose rate (0.0031 Gy / minute) x-ray irradiation compared to the corresponding
control (see table 4.1). A significant decrease in the viable cells (p<0.05) was
observed only after 24 and 32 hours following irradiation, although the cells showed
a non-significant reduction in the percentage of viability at all early time points

compared to control, as shown in figure 4.1 panel B.

Both 1 Gy HDR and LDR x-ray irradiation led to decrease in the cell viability of
HF19 cells. The control group had the highest cell viability rate, followed by LDR
and HDR at 30 minutes and 8 hours following irradiation. This decrease in cell
viability post LDR was statistically insignificant but there was a significant decrease
following the HDR exposure compared to the control. When cells were analysed
after 24 and 32 hours, the trend had changed. The control group maintained the
highest levels of cell viability at24 and 32 hours, but a significant reduction in cell
viability rate was shown with both HDR and LDR at 24 hours post irradiation
compared to the control. In contrast to the percentage of viable cells found at 30
minutes and 8 hours following irradiation, the decrease of cell viability rate was
greater in LDR compared to the equivalent HDR. Eventually, at 32 hours, the cell
viability rate at 1 Gy HDR had almost returned to the control level but the LDR

group still showed a significant reduction.
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Figure 4.1: Percentage of viable HF19 cells at different time points: 30 minutes, 8,
24 & 32 hours following HDR and LDR 1.0 Gy x-ray irradiation. Panel A shows the
data from the individual experiments from two parallel but separate experiments.
Panel B represents the combined data of two independent parallel experiments. Error
bars represent the standard deviation from two independent experiments. * P < 0.05,
** P<0.01, *** P<0.001
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4.2.2 Cell cycle analysis

The percentage of cells in the GO/G1, S and G2/M phases of the cell cycle in
irradiated/sham cells was measured by utilising the cell analyser (Muse) as shown in
figure 4.2. The cell cycle assay was performed at different time points: 30 minutes, 8,
24 and 32 hours following irradiation. The data were collected from two biological
replicate experiments. The cell analyser presented the percentage of cells in GO/G1, S
and G2/M phases; thus a high percentage of cells in the GO/G1 phase meant a low
percentage of cells in G2/M phases and vice versa. The percentage of cells in the
GO0/G1 phase at 30 minutes following irradiation with 1 Gy HDR (0.42 Gy / minute)
was significantly high (70.3 %) compared to the corresponding control (67.1 %)
using a Student t-test. This percentage decreased to 69.15 % after 8 hours following
irradiation. However, the percentage of cells in the GO/G1 phase significantly rose to
88.35 % and 89.15 % respectively after 24 and 32 hours following irradiation
compared to their corresponding controls (71.05 % and 69.55 % respectively) as

shown in figure 4.2 panel A.

For LDR irradiated cells, a significant increase in the percentage of cells in the
GO0/G1 phase of the cell cycle occurred at 30 minutes following 1 Gy x-ray irradiation
compared to control. However, this increase was not significant at 8 hours following
irradiation. The highest percentage of cells in the GO/G1 phase (87.0 %) was
observed after 24 hours following irradiation compared to the corresponding control
(71.1 %.) This percentage decreased to 68.4 % after 32 hours following irradiation
(see figure 4.2 panel A).

Irradiation with HDR and LDR of HF 19 cells resulted in delayed progression through
the G1, S, and G2 phases of the cell cycle as shown in figure 4.2 panel A, B and C.
In both HDR and LDR irradiated cells, the proportion of cells in the GO/G1 phase at
30 minutes following irradiation was significantly higher compared to the control.
Interestingly, at 8 hours following irradiation, both HDR and LDR irradiated cells
exhibited the same percentage of cells in the GO/G1 phase as the control. However, at
24 hours post-irradiation, both the HDR and LDR irradiated group had the same
behaviour, with a significant increase in the proportion of cells arrested in the GO/G1

phase. Eventually, at 32 hours following irradiation, the LDR group showed the same
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percentage of cells as the control in the GO/G1 phase but the HDR group showed a

highly significant increase compared to the control.

Conversely, S-phase data at HDR demonstrated the opposite pattern to the GO/Gl
phase. The percentage of cells in S-phase in the irradiated cells was significantly
(p<0.05) lower than the control at 30 minutes post irradiation. Data suggested that the
reduction in the percentage of cells was due to the high number of cells in G0/G1
which were arrested by irradiation. Data showed a significant decrease in cell
percentage in S phase from 12.85 % to 8.85 % following HDR x-ray irradiation.
However, cells returned to the normal level (9.3 %) compared to the control (8.65 %)
at 8 hours post irradiation. Interestingly, cells showed a significant reduction in cell
percentage (p<0.05, 3.6 %) at 24 hours post irradiation in S-phase compared to the
control (10.95 %). Cells continued showing a high reduction in the cell percentage in
S-phase at 32 hours following HDR x-ray irradiation, the irradiated cells percentage
being at 3.9 % while the control was 11.8 %. The data at the latter time-point (32
hours) was not statistically significant, although a high difference in the percentage
level of cells was observed. This could have been due to the large standard deviation
error bar of the control cells, which affected the p-value of the Student t-test as shown

in figure 4.2 panel B.

The irradiated cells showed a reduction in the percentage of cells in the S-phase of
the cell cycle compared to the control following 1 Gy x-ray irradiation at LDR. A
significant decrease was shown at 30 minutes (11 %) and after 24 hours (5.15 %)
following irradiation compared to their corresponding controls (12.85 % and 10.95 %
respectively), as shown in figure 4.2, panel B. The percentage of cells in S-phase at 8

and 32 hours was similar to the control group.

Irradiation with HDR and LDR of HF19 cells led to a significant delay in
progression through S-phase of the cell cycle at 30 minutes and 24 hours following
radiation exposure. This delay is due to the slowing of DNA synthesis. However, at 8
hours following irradiation, HDR and LDR group showed the same the percentage of
cells in S-phase as the corresponding control. Later, at 32 hours following irradiation,
the LDR group revealed the same proportion of cells in S-phase as the control but the
HDR group displayed a reduction. This reduction with HDR was not statistically

significant compared to the control.
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A small increase in cell percentage was observed in the HDR irradiated cells in
G2/M phase at 30 minutes following irradiation compared to the control as shown in
figure 4.2 panel C. Cells in G2/M showed a similar pattern to the cells in S-phase
after 8, 24 and 32 hours. Cells returned to the normal level after 8§ hours following
irradiation compared to the control. The cell percentage in G2/M phases significantly
(p<0.05) decreased in the irradiated cells (7.85 %) compared to the corresponding
control (16.05 %) at 24 hours following irradiation. Similarly, in the cells 32 hours
following irradiation, a reduction in the percentage of cells in the G2/M phase was
observed in the irradiated cells (6.75 %); however, it was not statistically significant

compared to the control (16.6 %) as shown in figure 4.2, panel C.

At LDR cell irradiation, cells in G2/M showed a similar pattern to the cells at S-
phase after 8, 24 and 32 hours. A small reduction in the percentage of cells in G2/M
phase was shown after 30 minute time point (16.8 %), at 8 hours (18.35 %) and at 32
hours (19 %) following irradiation compared to their controls (17.55 %, 19.45 % and
16.60 % respectively), although these values were not statistically significant
compared to the controls. However, at 24 hours there was a significant reduction
(p<0.05) in the percentage of cells in G2/M (7.65 %) compared to the control (16.05
%), as shown in figure 4.2 panel C.

In the G2/M phase, HDR and LDR irradiated cells exhibited the same the percentage
of cells in G2/M phase as the control, 30 minutes and at 8 hours following
irradiation. However, at the 24 hour time-point the HDR and LDR irradiated cells had
the same trend as in S-phase with a significant decrease in the percentage of cells in
G2/M phase compared to the control. The HDR and LDR groups continued with the
same trend as in S-phase with a small decrease in the HDR group and no change

within the LDR group as shown in figure 4.2 panel C.
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Figure 4.2: panel A, B and C: The percentage of HF19 cells in GO/G1 phase (panel A),
S -phase (panel B) and G2/M phase (panel C) as a function of time (30 minutes, 8, 24
and 32 hours) after irradiation with 1 Gy x-rays at HDR (0.42 Gy / minute) and LDR
(0.00313 Gy / minute). Error bars represent the standard deviation from two
independent experiments. * P < 0.05, ** P<0.01, *** P<0.001.
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4.2.3 A cell response curve following exposure to acute/high

dose rate x-ray irradiation.

4.2.3.1 Micronucleus assay (MN assay)

A micronucleus assay was utilised to evaluate chromosomal damage following x-ray
irradiation. Five hundred binucleate cells were analysed from each experiment. The
experiment was repeated three times on different days. In general, a large, initial
induction of micronuclei was observed across all irradiated groups immediately
following x-ray irradiation, as shown in figure 4.3. The individual data from three
independent experiments showed a variation in the percentage of binucleate cells with

micronuclei but with the same trend except for the 4 Gy group (figure 4.3).

The cells showed a significant increase in micronucleus formation (p<0.001)
immediately following irradiation for all doses studied (0.5 - 4 Gy delivered at 0.42
Gy / min), compared to the control (figure 4.4, combined data). The 1.5 Gy showed
lower response compared to 1 and 2 Gy but the micronucleus induction level was

statistically significant compared to the control cells.
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Figure 4.3: Variation in the percentage of binucleate cells (BN) with micronuclei (MN)
(%MN/BN) in HF19 cells among the experiments (first, second and third experiments)
as a function of x-ray dose (HDR, the dose rate of 0.42 Gy/min). Cytochalasin B was
immediately added following irradiation (< 5 minutes).
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Figure 4.4: A bar chart representing the relationship between x -ray dose (HDR, dose
rate of 0.42 Gy / min) and the percentage of binucleate cells (BN) with micronu
cleus (MN) (%MN/BN) induction in HF 19 cells following x -ray irradiation,
with cytochalasin B immediately following irradiation. Combined data from
three independent experiments. Error bars represent the standard error of the
mean of replicate experiments (SEM).* P <0.05, ** P<0 .01, *** P<(.001.
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4.2.4 Early, intermediate and delayed response of HF19 to
dose ranges at high (0.42 Gy /minute) and low dose rates
(0.0031 Gy / minute) of x-ray irradiation.

4.2.4.1 DNA damage: Comet assay

The alkaline comet assay was used to assess the variation of SSB and alkali-labile
sites in the HF19 cells following irradiation as a function of dose delivered at either a
high dose rate (0.42 Gy / min) or a low dose rate (0.0031 Gy / min) at differing time-
points following irradiation. This method allows very low levels of DNA damage in
individual cells to be analysed by measurement/assessment of the comet tail shape,
which ultimately represents the percentage of DNA damage. Each experimental
group had 500 comet tails analysed from one single experiment. The results were
analysed statistically using the Mann-Whitney U test. Initially, the data were exhibited
as the median of DNA in the comet tail, as shown in Figure 4.5, to highlight the
average increase in the magnitude of damage. To highlight the varying distributions
of damage in the entire population of cells, the data were additionally represented in
box plots (Figure 4.6 and 4.7). Figure 4.5, 4.6 and 4.7, show the early (24 hours
following irradiation) DNA damage induction in HF19 cells following irradiation at
HDR and LDR. At HDR, a significant increase (p<0.001) in DNA damage was
observed in the 0.1 Gy (7.15 £0.86 %) and 0.5 Gy cells (4.02 +1.14 %) compared to
the control (1.26 +£0.23 %). In contrast, no significant induction of DNA damage was
observed following 1 Gy. DNA damage was significantly increased following 1.5 Gy
(4.98 £0.76 %) and 2 Gy (10.22 +1.11 %) compared to the control, but levels were
lower for the 2.5, 3 and 4 Gy doses though these were still significantly higher than
the control (3.50 +0.87 %, 2.4+0.99 % and 7.37£1.10 %, respectively).

At LDR, the exposure of HF19 to different doses demonstrated an early induction of
DNA damage following irradiation which was significant with 0.1 Gy (P<0.001), 0.5
Gy (P<0.05), 1 Gy (P<0.001), 2 Gy (P<0.001), 2.5 Gy (P<0.001) and 4 Gy
(P<0.001) x-ray irradiation compared to control as shown in Figure 4.5. The 0.1 and 2
Gy groups presented the greatest induction of DNA damage with 24.3 +1.0 % and
24.8 +£1.28 % respectively compared to the control (1.262 %). However, there was no
induction of DNA damage at 1.5 and 3 Gy (1.73 £1.07 % and 1.00 £1.10 %

respectively) compared to control (1.26 £0.23 %), as shown in Figure 4.5.
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There is no consistent difference observed between the HDR and LDR experiments
across the dose range, although there appears to be a large difference in radiation
response between HDR and LDR groups evident at 0.1 and 2 Gy; however this is
likely to be a result of the data being obtained from a single experiment. Looking at
the distribution of the damage in Figure 4.6 and 4.7, a few cells in both the HDR and
the LDR group showed tail DNA of up to 60 %.
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Figure 4.5: Variation in the percentage of DNA in the comet tail after 24 h
following completion of the irradiation as a function of dose, delivered at a high dose
rate (0.42 Gy / min) or low dose rate (0.0031 Gy / min). The data points
represent one single experiment. * P <0.05, ** P<0.01, *** P<0.001.
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Figure 4.6: The box-plot shows the distribution of damage in HF19 tail after 24 h
following completion of the irradiation as a function of dose, delivered at a high dose
rate (0.42 Gy / min). The data points represent one single experiment. * P < 0.05, **
P<0.01, *** P<0.001.
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Figure 4.7: The box-plot shows the distribution of damage in HF19 tail after 24 h
following completion of the irradiation as a function of dose, delivered at a low dose
rate (0.00313Gy / min). The data points represent one singl e experiment. * P < 0.05, **
P<0.01, *** P<0.001.
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At 10 population doublings (intermediate time-point) in the progeny of the HDR
group, the HFI19 irradiated cells for all doses with the exception of 3 Gy
demonstrated a significant increase in the level of DNA damage (p<0.001) compared
to the control, as shown in Figure 4.8. In contrast, the 3 Gy group demonstrated a
reduction in DNA damage (2.255 +0.854 %). The highest levels of DNA damage
were observed in the 0.1, 1 and 2.5 Gy groups (35.69 £1.330 %, 23.85 £1.158 % and
44.375 +£1.1628 % respectively) and modest levels of damage were observed in the
1.5 Gy and 4 Gy groups (11.46 £1.001 % and 0.04 +0.935 % respectively).

With the LDR group, a large, highly significant induction of DNA damage (p<0.001)
was observed in the progeny of 1.5 and 2.5 Gy irradiated cells (13.276 £0.973 % and
12.066 +0.868 %) compared to control (0.680 +0.312 %). Moreover, there was also a
significant induction of DNA damage (p<0.001) observed within the progeny of 1, 2
and 4 Gy irradiated cells (1.826 +0.482 %, 2.572 £0.670 % and 2.966 +0.826 %
respectively) compared to control. In contrast, the progeny of 0.1 and 3 Gy
demonstrated a reduction in DNA damage compared to the control, as shown in

Figure 4.8.

It is clearly seen that more DNA damage was induced in the progeny of all the HDR
groups at 10 population doublings compared to their corresponding LDR groups
across most of the dose range. For the LDR data, there is a suggestion that an
enhanced response may be possible at higher rather than lower dose. Data were also
displayed in box plots demonstrating the entire population of cells to highlight the
varying distributions of damage (Figure 4.9 and 4.10).
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Figure 4.8: Intermediate responses within the progeny of directly irradiated HF19 cells
after 10 population doublings following irradiation as a function of dose, delivered at a
high dose rate (0.42 Gy / min) or low dose rate (0.0031 Gy / min). The data points
represent one single experiment. * P < 0.05, ** P<0.01, *** P<0.001.
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Figure 4.9: The box-plot shows the distribution of da mage in HF19 after 10 population
doublings following irradiation as a function of dose, delivered at a high dose rate (0.42
Gy / min). The data points represent one single experiment. * P < 0.05, ** P<0.01, ***
P<0.001.
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Figure 4.10: Box-plot illustrating the distribution of damage in HF19 after 10
population doubling following irradiation as a function of the dose delivered at a low
dose rate (0.00313Gy / min). The data points represent one single experiment. * P <
0.05, ** P<0.01, *** P<0.001.

At the delayed time-point (20 population doublings) the data indicate that in general
both HDR and LDR irradiation are capable of producing an enhanced level of DNA
damage with no consistent difference between the two dose rates. For HDR the
percentage of DNA damage for the 0.5, 1, 1.5, 2 and 2.5 Gy irradiated progeny was
significantly higher (p<0.001) than the control, while the damage in the 3 and 4 Gy
was not statistically significant (Figure 4.11). For the LDR irradiated cells, a large
induction of DNA damage was observed in the 0.5, 1.5 and 2 Gy groups (p<0.001),
whereas a significant response was observed in just the 2.5 and 3 Gy groups
(p<0.05), and no significant difference was observed in the 0.1, 1 and 4 Gy groups
compared to the control. The distribution of DNA damage throughout the entire
population of cells for both HDR and LDR groups is displayed in Figure 4.12 and
4.13.
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Figure 4.11: Delayed responses within the progeny of directly irradiated HF19 cell
populations after 20 population doublings following irradiation as a function of dose,
delivered at a high dose rate (0.42 Gy / min) or low dose rate (0.0031 Gy / min).
The data points represent one single experiment. * P < 0.05, ** P<0.01, ***
P<0.001.
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Figure 4.12: Box-plot illustrating the distribution of damage in the progeny of
directly irradiated HF19 cell populations after 20 population doublings following
irradiation as a function of dose, delivered at a high dose rate (0.42 Gy / min). The
data points represent one single experiment. * P <0.05, ** P<0.01, *** P<0.001.
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Figure 4.13: Box-plot illustrating the distribution of damage in HF19 after 20
population doublings following irradiation as a function of the dose delivered at a low

dose rate (0.00313Gy / min). The data points represent one single experiment. * P <
0.05, ** P<0.01, *** P<0.001.

4.2.4.2 Micronucleus assay
In order to estimate chromosomal damage in cells, cytokinesis-blocked micronucleus

assay (CBMN) was utilised in the current study. Data were presented as a percentage
of binucleate cells containing micronuclei (%MN/BN); in other words, cells were
analysed for the induction of MN in only the BN cells from one single experiment. In
general, the percentage of binucleate cells with micronuclei (%MN/BN) in HF19 at
24 h following irradiation (I PD) was greater than in the un-irradiated controls
following high dose rate (HDR; 0.42 Gy / min) x-ray irradiation, as shown in Figure
4.14. Additionally, for low dose rate exposure (LDR: 0.0031 Gy / min), there was a
significant induction of micronuclei for all doses except 2.5 Gy and 3 Gy. Apart from
lattermost two doses, the findings suggested that micronucleus induction levels were
higher for cells exposed to LDR x-rays compared to the equivalent HDR x-ray
exposure. Interestingly an extremely large increase in %MN/BN was demonstrated at
4 Gy following LDR exposure compared to the equivalent HDR exposure. The reason

for this is however unclear.
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HF19 cells were further analysed at 10 population doublings (10 PD) following
exposure to HDR and LDR x-ray irradiation. In general, the yield of %MN/BN was
observed to be elevated compared to controls following HDR exposures; these
differences were significant in all doses except 1 and 4 Gy, as shown in Figure 4.15.
Likewise, following LDR exposure, the yield of %MN/BN was again typically higher
than the control but was not statistically significant for 1 Gy and 2.5 Gy compared to
the control (P>0.05). There was no obvious trend between the results obtained for

LDR compared to HDR as a function of dose.

At 20 population doublings post HDR irradiation, all experimental groups with the
exception of the progeny of 0.1, 0.5 and 1.5 Gy irradiated cells displayed significant
induction of micronuclei compared to the control, as shown in Figure 4.16. The
highest percentage of MN (12.054 + 0.012 %) was observed within the progeny of 1
Gy irradiated cells (p<0.001). For LDR exposures significant increases were
observed for 0.1, 1.5, 2 and 2.5 Gy compared to the control. A small increase in
micronucleus induction was also shown in the 0.5 and 1 Gy progeny; however, these
levels were statistically insignificant compared to the control cells. Again there was
no obvious trend between the results for LDR compared to HDR as a function of

dose.

In general, the dose-to-dose variability probably reflects experimental variability, but
appears to be a consistently elevated response following irradiation over wide ranges
of doses delivered at either high or low dose rates. Additionally, the level of effect
observed (if averaging across all the doses used) is reasonably consistent at 1, 10 and

20 population doublings; that is to say, it is typical of the same order of magnitude.
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Figure 4.14: The percentage of binucleated cells (BN) with micronuclei ( MN)
(%MN/BN) induced in HF 19 cells observed after 24 h following completion of the

irradiation (cytochalasin B added 24 h post irradiation) following x -ray irradiation

utilising high dose rate (0.4 2 Gy / min) versus low dose rate (0.003 1 Gy / min).
The data points represent one single experiment. * P < 0.05, ** P<0.01, *** P<0.001.
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Figure 4.15: The percentage of binucleate cells (BN) with micronuclei ( MN)
(%MN/BN) induced at 10 population doublings as a function of dose following high
dose rate (0.42 Gy / min) versus low dose rate (0.0031 Gy / min) irradiations. The
data points represent one single experiment. * P <0.05, ** P<0.01, *** P<0.001.
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Figure 4.16: The percentage of binucleate cells (BN) with micronuclei (MN)
(%MN/BN) at 20 population doublings as a function of dose following high dose rate
(0.42 Gy / min) versus low dose rate (0.0031 Gy / min) irradiations. The data points
represent one single experiment. * P < 0.05, ** P<0.01, *** P<0.001.

4.2.5 HF19 response to 0, 0.1 and 1 Gy high (0.42 Gy / minute) and low (0.00313 Gy
/ minute) dose rate x-ray irradiation (Micronucleus assay). Initially, we examined the
susceptibility of HF19 cells to the induction of GI following HDR and LDR x-ray
irradiation over a wide range of doses. In the coming section, the study focuses more
on the susceptibility of HF19 cells to the induction of GI at 0.1 and 1 Gy and
assesses the variability of the observed response across multiple independent
experiments. These are two doses that can be considered relevant to diagnostic and
therapeutic procedures respectively. As 0.1 Gy x-ray irradiation is considered to be a
diagnostically relevant dose, for instance for a full body CT scan (BER, 2010) and is
the upper limit of what is generally considered to be a low dose exposure (BEIR VII,
2005) (UNSCEAR, 1986). The 1 Gy x-ray dose is a comparatively high dose
commonly used for radiobiology experiments and is also closer to the 1.8 or 2 Gy

fractions typically used in radiation therapy.
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4.2.5.1 Micronucleus assay

Micronuclei induction was measured using the cytokinesis-blocked micronucleus
assay (CBMN) and the data were displayed as the percentages of binucleate cells
(BN) within micronuclei (%MN/BN).The cells were treated with 6 pg / ml
cytochalasin-B at <5 minutes following irradiation for 40 hours in a humidified 5 %
COz incubator at 37 °C. This has been done for all groups (control, HDR pre LDR
(where HDR irradiation was performed before the LDR irradiation), LDR, and HDR
post LDR (where HDR irradiation was performed after the LDR irradiation) as shown
in the experimental design for x-ray irradiation (Figure 4.17). Due to the difference
between HDR and LDR in the timing of adding Cytochalasin-B and subsequent time
of collection, different collection efficiencies are more likely to be obtained as like is
not being compared with like. For this reason, a post-acute (HDR) group was
irradiated following LDR group exposure. Figure 4.18 shows initial induction of
%MN/BN in HF19. The data for each dose has been pooled from four biological
replicates (except the 10 population doublings data which comprises only 2

biological replicates) and the error bars show the standard error of the mean (SEM).

24 h Irradlatlon Irradiation
LDR. 5.5h (1Gy) )
HDR pre LDR, HDR postLDR,
Seeding cells 2min and 23 sec (1Gy) 2min and 23 sec (1Gy)

Figure 4.17. Experimental design for x-ray irradiation. Cells were seeded at 1.5 x 10 in

T75 flasks and incubated for =~ 24 hours. Irradiation was performed as follows:

1- The first group, HDR pre LDR, where HDR irradiation was performed before the
LDR irradiation

2- The second group, low dose rate, LDR

3-The third group of cells, HDR post LDR, where HDR irradiation was performed after
the LDR irradiation

In general, immediately following an x-ray radiation insult, an initial large induction
of micronuclei was observed across all irradiated groups compared to the
corresponding control, as shown in figure 3.18 panel A. The individual data sets

from four independent experiments showed a variation in the percentage of
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binucleate cells with micronuclei. The combined data of four experiments
demonstrate a significant induction of binucleate cells (BN) with micronuclei
immediately following 0.1 and 1 Gy LDR x-ray irradiation (6.43 £0.25 % (p<0.05)
and 9.39 + 0.29 % (p<0.001)) respectively compared to the control (3.63 £0.22 %), as
shown in Figure 4.18 panel B. A similar response was observed following 0.1 and 1
Gy x-ray irradiation when doses were given at a high dose rate (HDR); the
percentage of micronucleus induction of these cells was 5.188 +0.221% (p<0.001)
and 6.431 £0.245 % (p<0.001) respectively compared to the control (3.634
+0.224 %). However, the findings indicated that 0.1 and 1 Gy low dose rate
irradiation showed a higher level of micronucleus formation immediately following
irradiation compared to the corresponding high dose rate groups. Interestingly, 1Gy
post-acute (HDR) cells (where HDR irradiation was performed after the LDR
irradiation) revealed greater micronucleus formation compared to the equivalent

LDR cells.
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Figure 4.18: panel A and B: The percentage of binucleate cells (BN) with
micronuclei ( MN) (%MN/BN) for high (0.42 Gy / min) and low (0.0031 Gy / min)
dose rate at 0, 0.1 and 1 Gy immediately following irradiation, with addition of
cytochalasin B immediately following irradiation (< 5 minutes). Panel A shows the
data from the individual experiments from four parallel but separate experiments.
Panel B represents the combined data of four independent but parallel experiments.
Error bars represent the standard error of the mean of replicate experiments (SEM). * P
<0.05, ** P<0.01, *** P<0.001.
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The results of the delayed cellular response at 10 population doublings following
irradiation show an increase in micronuclei induction across all irradiated groups with
the same trend between the separate two experiments except | Gy HDR (Figure 4.19

panel A).

For the combined data for the two independent experiments, the micronucleus
induction of 0.1 and 1 Gy irradiated cells with both low and high dose rate remained
significantly elevated. The results of both 0.1 and 1 Gy acute dose rate suggested
greater micronucleus induction compared to their corresponding 0.1 and 1 Gy low

dose rate as shown in Figure 4.19 panel B.
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Figure 4.19: panel A and B: The percentage of binucleate cells (BN) with
micronuclei ( MN) (%MN/BN) at high (0.42 Gy / min) and low (0.0031 Gy /
min) dose rate at 0, 0.1 and 1 Gy at 10 population doublings post irradiation. Data
from two independent experiments, error bars represent the standard error of the
mean of replicate experiments (SEM). * P <0.05, ** P<0.01, *** P<0.001.
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The individual data sets from four independent experiments at 20 population
doublings following irradiation showed a variation in the MN induction but with a

similar trend between different radiation-level groups (Figure 4.20 panel A).

The data for the combined experiments showed a significant micronucleus formation
over 20 population doublings, with an indication of an increase in MN formation
after acute exposures compared to the corresponding doses at low dose rate. The
induction of binucleate cells with micronuclei was significant with both 0.1 and 1 Gy
high and low dose rate irradiation 13.573 +0.312 % (p<0.001), 10.858 +£0.282 %
(p<0.001), 8.367 £0.27 % (p<0.001) and 8.65 +0.28 % (p<0.001) respectively
compared to their corresponding control (4.091+ 0.198 %) as shown in Figure 4.20

panel B.
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Figure 4.20: panel A and B: The percentage of binucleate cells (BN) with micronuclei
(MN) (%MN/BN) at high (0.42 Gy / min) and low (0.0031 Gy / min) dose rate at 0, 0.1
and 1 Gy after 20 population doublings. Data from four independent experiments, error
bars represent the standard error of the mean of replicate experiments (SEM). * P <
0.05, ** P<0.01, *** P<0.001.
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4.3 Discussion

Genomic instability (GI) is characterised as the delayed biological responses/effects
that occur in the descendants of irradiated cells many generations after the first
radiation insult and manifest as delayed gene mutations, micronucleus formation,
chromosomal damage and gene amplification (Kadhim et al, 2013). This
phenomenon is one of the well-known features of many cancers (Hanahan and
Weinberg, 2011), although there are unanswered questions about the mechanistic
understanding of these processes in relation to radiation biology (Kadhim and Hill,

2015).

Exposure to low doses both of high and low LET is able to induce GI (Smith et al.,
2003). For example, alpha-particles and x-rays are able to induce GI in primary
human AG01522B fibroblasts in the form of an increase in apoptosis, micronucleus
formation and delayed reproductive death as a delayed response following exposure
(Belyakov et al., 1999). The delayed induction of micronuclei was exhibited up to 30
population doublings following irradiation. However, this induction was more
pronounced in the progeny of alpha-particle irradiated cells (0.5, 1.0 and 3 Gy) than
the progeny of x-ray (1.0, 3.0 and 8.0 Gy) groups. The peak of micronucleus
formation in the progeny of irradiated cells occurred at =~ 3 days after 8 Gy x-ray
irradiation and at 8 days after 3 Gy alpha-particle irradiation (Belyakov et al., 1999).
Moreover, exposure to LDR (1-3 Gy, 0.0004 Gy / minute) and HDR (1-3 Gy, 0.75
Gy / minute) gamma rays induced a significant increase in dicentric chromosomes in
human lymphocytes at the first post-irradiation mitosis. However, the frequency of
dicentric chromosomes per cell was significantly higher in the HDR than in both the
LDR irradiated cultures. All irradiated cell cultures exhibited GI in human
lymphocytes in the form of an increase in frequency of chromosome breaks and

rearrangements at 11 days following irradiation (Holmberg ef al., 1998).

The immediate and delayed biological risks associated with low dose and low dose
rate (LDR) radiation exposures are not yet well characterised (Turner et al., 2015).
However, the rationale or advantages for using LDR exposure in measuring cellular
radiosensitivity of cells is that as damage and repair occur simultaneously during

LDR exposures and the impact of different repair rates between cultures are therefore
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boosted, which may lead to a greater difference in long-term repair rate (Geara et al.,
1992). This study aims to give a better understanding of low dose rate effects of
radiation which has important implications for radiation protection as most
environmental exposure tends to be at low dose rate rather than high dose rate (acute)

(ICRP, 2007).

The susceptibility of primary human fibroblasts (HF19) was investigated for the
induction of radiation-induced a range of cellular responses at early and late (10 and
20 population doublings) time-points following different doses of x-ray irradiation
given at either high or low dose rates utilising cell viability assay, cell cycle
measurement, micronucleus assay and comet assay. This project was thus established
to investigate chromosomal damage associated with high and low dose rate
irradiation and to investigate how the frequency of genomic instability varies with
decreasing dose rate. The data clearly showed GI at different population doublings
after exposure to x-rays, for low doses and low dose rate exposures, at levels similar

to that observed for much higher doses delivered at a high dose rate.

The cell viability was examined at different times following irradiation with 1 Gy x-
rays both at LDR and HDR. Results indicate a significant reduction in cell viability at
30 minutes and 8 hours following irradiation with HDR x-ray exposure compared to
the control, while LDR showed only a slight decrease in cell viability at 30 minutes
and 8 hours following the completion of irradiation, as shown in figure 4.1. This
response could be due to the differences in time available for repair (Turner et al.,
2015). Both dead and viable cells were differentially stained according to their
permeability to the DNA-binding dyes in the kit’s reagent (see chapter 2, section
2.2.4). The repair time (the time between the first radiation-induced lesions being
formed and when the damage assay was performed) for the LDR exposure, was

longer than for HDR exposures.

At 24 and 32 hours, results show a reduction in the percentage of viable cells for
HDR and LDR irradiated cells compared to the control following 1 Gy x-ray
irradiation. This matches the findings of Qiao ef al. (2014) who showed that there is a
significant decrease in cell viability in normal human fibroblast cells at 24 hours
following exposure to 0 - 2.5 Gy x-ray irradiation (Qiao et al., 2014). This also
agrees with work published by Maierhofer et al. (2017) who noticed decreases in cell

118



viability in primary human fetal fibroblasts at 24 h following 2 Gy and 4 Gy x-ray
irradiation (Maierhofer et al., 2017). However, LDR irradiated cells displayed a
lower level of cell viability at 24 and 32 hours following irradiation compared to their
corresponding HDR irradiated cells, as shown in figure 4.1. This could be due to the
higher micronucleus induction which was observed in LDR irradiated cells compared
to their corresponding HDR irradiated cells following 0.1 and 1 Gy x-ray irradiation
at the early time-point. Both showed a significant micronucleus formation compared
to the controls, as shown in Figure 4.18. This is, to some extent, in agreement with
findings observed in normal T-lymphocytes exposed to 0.5, 1 and 2 Gy x-ray
irradiation which displayed an increase in chromosome aberration and a significant
reduction of viability 3-4 days following exposure (Shiraishi et al., 1976). It also
agrees to some extent with the findings of Collis et al. (2004) who has observed that
in normal human primary fibroblasts, there is a greater increase in cell death (reduced
clonogenic capacity) post exposure to 2 Gy LDR (0.00156 Gy / min) irradiation
(using !*’Cs-gamma rays) than for the equivalent HDR (0.75 Gy / min) groups at 7-
14 days following irradiation. This increase in cell death following LDR irradiation
compared to the equivalent HDR irradiation was termed the “inverse dose rate
effect”. This phenomenon is well known to occur for many cell types but is poorly
understood. This elevation in cell death of LDR groups was explained as a result of
inefficient activation of the cellular signal for DNA damage (the DNA damage
sensor ATM and its downstream target H2AX). Therefore, inefficient activation may
demonstrate the evasion of cellular DNA damage repair mechanisms and therefore

potential mutations (Collis ef al., 2004).

The dose-response curve for HDR irradiated HF19 cells obtained from micronucleus
assay immediately following x-ray irradiation is presented in figure 4.4 (three
biological replicates). All irradiated groups (0.5 - 4 Gy) showed a significant increase
in micronucleus formation (p<0.001) compared to the control. However, 1.5 Gy
displayed lower induction of MN induction compared to 1 and 2 Gy irradiated
groups. The 1.5 Gy irradiated groups might show other cellular responses such as
dicentric chromosomes and reciprocal translocation which could not be detected
using MN assay and would be detected using chromosomal analysis with the same
timing of analysis. Another explanation could that this is due to that the cell cycle

arrest in the GO/G1 cell cycle phase which could not be eventually manifested as
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micronucleus formation in the new daughter nuclei at the end of telophase.
Therefore, it is recommended to perform chromosomal analysis and cell cycle assay
for 1.5 Gy group immediately following irradiation. However, a highly significant

induction of MN was displayed by 1.5 irradiated group compared to control.

At 24 h following acute dose rate (HDR) x-ray irradiation, all experimental exposed
groups (0.5, 1, 1.5, 2, 3 and 4 Gy) displayed a significant presence of micronuclei
and this was observed at 10 population doublings for all groups, except for the
progeny of 1 and 4 Gy cells. At LDR a similar trend was observed for all time-points
for all experimental groups compared to control with most groups showing a
significant induction of micronuclei with a few exceptions. However, at the early
time-point, the LDR groups exhibited greater induction of micronuclei compared to
the equivalent HDR irradiated groups, except 2.5 and 3 Gy groups, which could be
due to the differences in time available for repair for both HDR and LDR groups
(Turner et al., 2015).

However, at the delayed time-point of 10 population doublings, the general trend was
for HDR groups to show greater damage. At this delayed endpoint, the damage seen
is not likely to be residual damage; however, the long term modulation of the
background level of DNA damage could be the main source of the damage (Little,
2003). This damage is continually being produced and then repaired resulting in MN

production.

For HDR irradiated cells, by the delayed time-point (20 population doublings), a
significant induction of micronuclei compared to the control was observed for all
groups with the exception of cells from the progeny of 0.1 and 0.5 Gy groups. The
induction of MN in the progeny of 4 Gy LDR irradiated cells is in agreement with
the results of Boreham ef al. (2000) who observed a significant increase in the
frequency of micronuclei induction in peripheral blood lymphocytes after 72, 96 and
120 hours following 4 Gy gamma ray irradiation at a similar low dose rate (0.0029
Gy / min). However, this induction was lower at LDR compared to the equivalent
HDR (0.702 Gy/min) (Boreham et al., 2000). There was no clear relationship
between micronucleus induction of HDR and LDR groups at 20 population doublings

across all irradiated groups in this study. This could be because a significant number
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of damaged cells had been removed from the culture as results of mitotic catastrophe

leaving healthy cells to continue to proliferate.

Total DNA damage results from the comet assay, as measured by comet tails, at the
early time-point (24 hour following irradiation) demonstrated high levels of DNA
damage in the majority of the experimental groups following x-ray irradiation with
HDR at 0.1, 0.5, 1.5, 2, 2.5, 3 and 4 Gy with the exception of the 1 Gy irradiated cells

which showed insignificant induction of DNA damage.

The DNA damage data observed at 10 population doublings additionally indicated
that HF19 cells are susceptible to the induction of GI in the progeny of the irradiated
cells. The percentage of DNA in the tail was significant across all groups 0.1, 0.5, 1,
1.5,2,2.5, 3 and 4 Gy HDR compared to the control. These data presented here, in
part, agree with that of Guryev et al. (2009) who reported an increase in the degree of
DNA fragmentation in CHO cells up to 21 days following HDR (1.5 Gy / min) for 1
Gy gamma-ray irradiation using the DNA neutral comet assay (DSBs) (Guryev et
al., 2009). At the delayed time point (20 population doublings), our current data
showed a rise in DNA damage in the progeny of irradiated cells at 0.5, 1, 1.5, 2 and
2.5 Gy at HDR compared to control, whilst the DNA damage in 3 and 4 Gy

irradiated HF19 cells was statistically insignificant.

Once again LDR irradiated cells showed a significant increase in the induction of
DNA damage compared to control across almost all groups (0.1, 0.5, 1, 1.5, 2, 2.5, 3
and 4 Gy) at all time-points. Additionally, the pattern with respect to HDR was very
similar to the pattern of induction of micronuclei with greater induction of DNA
damage for LDR exposed cells at 24 h time-point for most groups, but was much
greater induction of DNA damage at the delayed time-point of 10 population
doublings for the HDR irradiated cells across almost all experimental groups. In
agreement with the micronucleus assay, there was no clear pattern between LDR and
HDR irradiated cell groups in terms of DNA damage at 20 population doublings
following irradiation. Generally, an oscillation in response between the results
obtained for LDR compared to HDR as a function of dose was observed at 10 and 20
population doublings in the single experiment performed with doses of 0.1, 0.5, 1,

1.5, 2, 2.5, 3 and 4 Gy x-ray irradiation. Therefore, a clearer understanding of x-ray
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induced GI in HF19 cells may have been obtained if sufficient repeats had been

performed.

Doses of 0.1 and 1 Gy are relevant to diagnostic and therapeutic uses of radiation and
therefore it was considered these would be particularly relevant to analyse. Data
clearly revealed an increase in the number of binucleate cells with MN (four
biological replicates). This was observed in conjunction with reduced viability
potentially following 1 Gy x-ray irradiation, suggesting that it is possible the increased
levels of micronuclei are causing more cell death at 32 hours following irradiation.
This explanation agrees with Shrivastava et al. (2006) who have reported that the
predominant mode of cell death (mitotic death) which contributes to the loss of
survival is linked with cytogenetic damage. This cytogenetic damage is displayed as
chromosomal aberrations in metaphase which eventually manifest as micronucleus
formation in the new daughter nuclei at the end of telophase (Shrivastava et al.,
2006). There was a greater expression of micronuclei in LDR at the early time-point
compared to the equivalent HDR irradiated cells, which could be related to a
concomitant increase in the percentage of cells arrested in GO/G1 cell cycle phase by

HDR compared to LDR at 32 hours following irradiation.

Cell cycle arrest is a common and well known feature in mammalian cells following
irradiation. The arrest of cells at different positions in the cell cycle as a response to
DNA damage is controlled by molecular checkpoint genes. The three positions at
which the checkpoints function are the G1/S, S, and G2/M checkpoints. However, the
most important and radiosensitive checkpoint following radiation damage is the
G2/M at which cells pause to repair radiation-induced DNA damage prior to
attempting mitosis (Hall and Giaccia, 2006). The results showed that the percentage of
cell arrested in the GO/G1 phase early (1.5 h) following irradiation with 1 Gy at HDR
was significantly high compared to the corresponding control. At 8 hours following
irradiation the percentage of cells arrested in GO/G1 phase reduced to levels similar to
those observed in the control cells, but levels in these 1 Gy irradiated cells further
increased again significantly at the 24 and 32 hour time-points compared to their
corresponding controls as shown in figure 4.2 panel A. Interestingly, at 32 hours
following irradiation, the percentage of cells in G0/G1 phase reduced to similar

levels observed in the control cells for 1 Gy LDR but the 1 Gy HDR cells remained
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significantly higher. This suggests a greater proportion of HDR cells arrested in the
GO0/G1 stage, so fewer damaged cells reaching the point of forming binucleate cells,
thus accounting for the greater numbers of micronuclei per binucleate cells at the

early time point in LDR irradiated cells.

The arrest in GO/G1 phase in response to x-ray irradiation could be due to a
transmitted signal via the p53 tumour suppressor protein in response to cellular
damage. It is known that in the 1 - 2 hours following irradiation, the level of p53
protein increases and remains high for up to 72 hours (Kastan et al., 1991). This
increase is associated with a G1 arrest. Moreover, the arrest of GO/G1 in response to
radiation and the degree of GO/GI arrest depends on the level of p53 expressed
(Kuerbitz et al., 1992). Additionally supporting this conclusion, diploid human skin
fibroblasts showed transient arrest, re-entering the cell cycle at 24 h following
irradiation with low (10 J / m2) UVC radiation (Gentile ef al., 2003). Also in support
of this idea, Antoccia et al. (2009) demonstrated that normal human fibroblasts
exhibited an inhibition of entry into S-phase following exposure to both high LET
(protons) and low LET (X/gamma-rays) at doses of 1-4 Gy. This cell cycle arrest was
believed to be initiated shortly following irradiation and remained for several days
post exposure (Antoccia et al., 2009). One possible explanation is that at 24 h some
cells might have gone through cell division post irradiation and experienced gross
DNA damage potentially including chromosome rearrangements, which can cause
slowing in S-phase entry. The duration of arrest (G1/S checkpoint) is dose dependent
and is not fully initiated until several hours following exposure. For example, 1 Gy x-
ray irradiation can activate G1/S arrest in all cells after 4-6 h leading to a slowing but

not to complete inhibition of S-phase entry (Deckbar et al., 2011).

The percentage of cells in S-phase in the 1 Gy cells was significantly lower at 0 and
24 hours post irradiation compared to the control for both HDR and LDR groups.
The data at the latter time-point were lower however and not statistically significant.
As a result of slowing of the DNA synthesis rate following irradiation, the S-phase
was shown to have been delayed. Interestingly, the most radiosensitive cell cycle
phase (G2/M) (Shen et al., 2016) displayed a significant reduction the percentage of
cells in G2/M for both 1 Gy LDR and 1 Gy HDR groups compared to the control
after 24 hours. Recovery was observed for the LDR group by 32 hours following
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irradiation, but not for the HDR group although the latter result was not statistically
significant. This result would, however, support the hypothesis that cell arrest
contributed to a greater formation of micronuclei in the LDR groups at the early time-

point (see figure 4.2 panel C).

The significant reduction of the percentage of cells in G2/M 24 hours after x-ray
irradiation could be due to chromatin compaction and poor repair competence
(reduced enzyme access). Another possibility is that exposure to a relatively high
dose of radiation could delay S and G2/M phases due to modulation in cyclin
B1/p34cdc2 proteins working as a kinase complex which is required for passage

through G2/M (Bernhard et al., 1995).

The 1 Gy HDR group pre LDR (where HDR irradiation was performed before the
LDR irradiation) suggested lower induction of micronuclei compared to the
equivalent LDR group immediately following irradiation. This is probably due to the
fact that the cells in each culture are in different cell cycle phases, so these go
through division at different times. Additionally, the timing of adding Cytochalasin-
B and subsequent time of collection is very different for the HDR and LDR
exposures and therefore different collection efficiencies are more likely to be
obtained as like is not being compared with like. It was therefore unsurprising to see
different results and this was one of the reasons pre- and post-acute experiments were
performed. However, the 1 Gy post-acute (HDR) irradiated group (where HDR
irradiation was performed after the LDR irradiation) suggested greater induction of
micronuclei compared to the equivalent LDR (Figure 4.18 panel B). This could be
due to the expectation at a low dose rate of a separation of DNA damage lesions in
time and therefore a decrease in the density of lesions that exist at any one time, as
some would have been repaired before the production of later lesions. Therefore, the
expected yield of damage (MN) at first mitosis would be lower with LDR compared
to the equivalent HDR exposure. However, at high dose rate, the lesions produced
could be closer together compared to low dose rate, resulting in interaction between
lesions being more likely to occur. This lesion interaction could lead to misrepair that

is detected as damage (MN) (Ruiz de Almoddévar et al., 1994).

The general trend for 0.1 and 1 Gy progeny at 10 and 20 population doublings

following irradiation suggested that HDR exposures induced a higher level of
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micronucleus formation compared to LDR exposures. In accordance with data that
showed different responses of GI between LDR and HDR, the findings suggest that
HDR is associated with greater GI induction than LDR for the same doses of x-ray
within human fibroblast HF19 cells. Work presented here agrees in part with that of
Turner et al. (2015) who noticed that acute exposures induced a higher level of
MN/BN compared to the equivalent LDR exposure in mouse lymphocytes 7 days
after in vivo exposure to 0—4.45 Gy x-rays (Turner et al., 2015). Interestingly, the
micronucleus formation was higher in 0.1 Gy compared to the corresponding 1 Gy in
the HDR group at both the delayed time-points. This could be due to the bystander
effects as the change in gene expression occurs as early as 1 hour post radiation in
doses as low as 0.05 Gy in bystander cells (Furlong ef al., 2013). Data suggest that
exposure to low dose rate leads to a temporal separation of DNA damage lesions
during the time of exposure and therefore a decrease in the density of lesions present
at any one time (as some would have been repaired before the production of later
lesions).The delayed induction of MN at 10 and 20 population doublings with low
dose rate compared to the equivalent HDR exposure could be due to the potential
change in the background level of damage. Zhang ef al. (2016) found that exposure
to a combined low dose rate neutron (0.028 mGy / h for 20 hours/day) and gamma
ray (0.0167 Gy / h for 2 hours/day) radiation prompted a balance between the
induction and repair of DSBs in T-cells of peripheral blood lymphocytes for 30 and
60 days following whole body irradiation. This was determined as there was no
difference in the level of y-H2AX protein expression in groups 30 and 60 days post
irradiation (Zhang et al., 2016).

Our findings of induction of GI instability at low dose (0.1 Gy) low LET x-ray
irradiation in HF19 cells agree with the results of Kadhim (2003) who has observed
that the delayed chromosomal aberrations were increased over controls in bone
marrow cells from both CBA/H and C57BL/6 in bred strains following exposure to
0.1 (low) and 1 (high) Gy dose x-ray irradiation. However, the relationship between
the percentage of chromosomal aberrations and dose was inverse between the strains.
Additionally, an inverse relationship between apoptosis and chromosomal instability
was shown in both strains at high doses (1 and 3 Gy) but there was no such clear

relationship at the lowest dose (0.1 Gy). This inverse relationship between delayed
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chromosomal instability and apoptosis may explicate the belief that there is no

threshold dose for radiation-induced GI (Kadhim, 2003).

The comet and MN assay were performed once to measure the early, intermediate
and delayed response (comet and MN assay) of HFI9 to dose ranges
(0,0.5,1,1.5,2,2.5,3,4) at high (0.42 Gy /minute) and low dose rates (0.0031 Gy /
minute) of x-ray irradiation. Five hundred cells were analysed from one single
experiment. These findings can be confirmed using further biological replicates, as
measurement precision can be increased and biological variability decreased by
testing other group of cells form the same batch of cells multiple times. However,
reliability of data was higher for cell viability and cell cycle assay as they were
collected from two separate but parallel experiments with small SEM. The cell
response curve data are collected from three independent experiments with variation
in the percentage of binucleate cells with micronuclei but with the same trend except

for the 4 Gy group.

The MN assay was performed four different times to measure the induction of early
and late micronucleus formation in HF19 cells following 0.1 and 1 Gy LDR and
HDR x-ray exposure (doses relevant to diagnostic and therapeutic uses). At least
1500 binucleate cells were examined in each group. A similar trend was observed

each time indicating that the results are replicable.

4.4 Conclusions

X-ray irradiation can induce early DNA damage in HF19 cells at both HDR and
LDR at 0.1, 0.5, 1, 1.5, 2, 2.5, 3 and 4 Gy. The data suggested that the damage was
higher at LDR compared to the equivalent HDR exposure at 0.1, 0.5, 1, 1.5, 2 and 4
Gy. The dose- response curve for micronucleus induction increased with dose until a
plateau was reached and reduced slightly at the higher doses immediately following
x-ray irradiation. Moreover, x-rays at 0.1 Gy (relevant diagnostic dose) and 1 Gy
(relevant therapeutic dose) could induce DNA damage and micronucleus formation
early after irradiation with both HDR and LDR. Furthermore, the LDR group
displayed more damage compared to the corresponding HDR when investigated
immediately after irradiation. However, the delayed damage was higher at HDR

compared to the equivalent LDR x-ray irradiation. A relevant x-ray therapeutic dose
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(1 Gy) is able to induce a significant reduction in cell viability after irradiation with
HDR and LDR (30 minutes - 8 hours). This persists in cells exposed to 1 Gy LDR
until 32 hours. Additionally, cell cycle arrest in GO/G1 was observed in 1 Gy x-ray
irradiated cells (30 minutes - 24 hours) with both HDR and LDR exposure. This
continued in cells exposed to 1 Gy HDR until 32 hours.

127



Chapter 5.
The molecular mechanisms involved in the induction
of GI in HF19 cells following 0.1 and 1 Gy irradiation
at high and low dose rate.

5.1 Introduction

Genomic instability is a factor which correlates closely with cancer risk, following
exposure to ionising radiation (Moore et al., 2005). An increase in reactive oxygen
species (ROS) can drive a cycle of genomic instability resulting in DSBs and
mutated repair, which can eventually lead to the acquisition of genomic changes
(Sallmyr et al., 2008). Natarajan et al. (2007) have also reported that Tumour
Necrosis Factor (TNF-a) at certain concentrations which are not cytotoxic could play
a role in the initiation of genomic instability through free radical generation
following exposure to 0.1, 1 or 2 Gy low LET irradiation (Natarajan et al., 2007).
The cytokines secreted by irradiated cells such as Transforming Growth Factor beta 1
(TGF-B1) and other cytokine factors also play a role in the generation of genomic
instability by working to increase intracellular levels of ROS in un-hit (un-irradiated)
cells, which is one of the mechanisms for the bystander effect (Lehnert et al., 1997;
Narayanan et al., 1997; lyer et al., 2000). This bystander effect can also lead to the
induction of genomic instability within the progeny of bystander cells, comparable to
that found within the progeny of directly irradiated cells (Bowler et al., 2006). TGF-
B1 signalling plays a role in initiation and integration of multiple cellular responses to
IR, as well as to other biological damage (Barcellos-Hoff, 2005). Paradoxically,
however, TGF-B1 also plays a crucial role in the cleansing of cells with genomic

instability which process is mediated by p53 activation (Koukourakis, 2012).

As shown in chapter 4, 0.1 Gy (relevant diagnostic dose) and 1 Gy (relevant
therapeutic dose) HDR and LDR x-ray irradiation-induced early DNA damage and
micronucleus formation in HF19 cells. However, the results of the LDR groups
suggested higher damage compared to the equivalent HDR groups. On the other
hand, the data indicated that the delayed damage (GI) was higher with HDR
compared to the corresponding LDR x-ray irradiation. Additionally, a relevant x-ray

therapeutic dose (1 Gy) showed a significant reduction in cell viability after
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irradiation with HDR and LDR (30 minutes and 8 hours). This reduction was
maintained in the cells exposed to 1 Gy LDR until 32 hours following irradiation.
Moreover, both HDR and LDR 1 Gy x-ray irradiation groups revealed a significant
increase in the percentage of cells arrested in the GO/G1 phase at 30 minutes and 24
hours following irradiation. This arrest persisted in cells exposed to 1 Gy HDR until

32 hours following irradiation.

This study, therefore, focuses on the potential role of ROS, TNF-a and TGF-B1 in
the initiation of processes that could lead to DNA damage and genomic instability in
HF19 cells after 0.1 and 1 Gy HDR and LDR x-ray irradiation. Furthermore, the aim
is to understand to what extent ROS, TNF-a and TGF-B1 could serve as a signalling
mediator of the radiation-induced genomic instability of cells irradiated with HDR

and LDR x-ray irradiation.

5.3 Results

Initially, we utilised the Oxidative Stress Assay (chapter 2, section 2.2.5) to assess
the levels of ROS in the HF19 cells early (1.5 hours) and late (20 population
doublings) following x-ray irradiation with 0, 0.1 and 1 Gy at high and low dose rate

exposure.

5.3.1 Levels of ROS in HF19 cells at 1.5 h following x-ray

irradiation at high and low dose rate exposure

Early at 1.5 hours following exposure, HF19 cells exposed to 0.1 Gy HDR showed a
slight increase in cells exhibiting ROS (14.452 + 1.114 %) compared to the control
(13.648 + 0.297 %). This increase, however, was not statistically significant. In
contrast, the same dose at the same time end-point under LDR exposure revealed a
highly significant increase in cells with ROS (20.492 + 1.134 %) compared to the
corresponding control. Interestingly, both the 0.1 Gy LDR and the 1 Gy HDR groups
exhibited a similar level of cells with ROS (20.492 + 1.134 % and 20.615 £+ 0.572 %
respectively). At high dose (1 Gy), both HDR and LDR groups displayed a highly
significant increase in the level of cells with ROS (20.615 + 0.572 %, 21.657 + 1.060

% respectively) compared to the control. However, the level of ROS induction was
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higher in the LDR group compared to the equivalent HDR group as shown in figure
5.1.

25 4
20 -
7]
]
~
g’ 15 -
E
*]
= 10 -
]
L]
B
5 -
0 1
0.1 HDR 0.1LDR 1LDR
Dose (Gy)

Figure 5.1: Percentage of HF19 cells with ROS+ at 1.5 hours following x-ray
irradiation at 0.1 and 1 Gy HDR and LDR. Combined data from three independent
experiments. Error bars represent the standard error of the mean of replicate
experiments (SEM).* P <0.05, ** P<0.01, *** P<0.001.

5.3.2 Levels of ROS in HF19 cells at 20 population
doublings following x-ray irradiation at high and low dose

rate exposure

At 10 passages, approximately 20 population doublings, following irradiation, the
data clearly showed an increase in the level of cells with ROS as a delayed effect
across all groups when compared to their corresponding control (0 Gy = 10.636 +
1.054 %; 0.1 Gy HDR = 14.09 + 2.288 %; 0.1 Gy LDR = 12.102 + 1.639 %; 1 Gy
HDR = 15.931 £ 1.2763 %; 1 Gy LDR = 15.185 £ 0.589 %). However, this increase
was lower compared to the equivalent doses at 1.5 hours following irradiation. Cells
irradiated at 0.1 GyHDR and LDR demonstrated a slight increase in the level of ROS
compared to the control, with a higher level at HDR compared to the corresponding
LDR. This increase, however, was statistically insignificant. At high dose (1 Gy),
both HDR and LDR groups displayed a highly significant (P<0.01) induction of cells
with ROS compared to the control. However, findings suggested that the HDR group
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exhibited more formation of cells with ROS compared to the equivalent LDR

irradiated group as shown in figure 5.2.
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Figure 5.2: Percentage of HF19 cells with ROS+ at 20 population doublings following
x-ray irradiation at 0.1 and 1 Gy HDR and LDR. Combined data from three independent
experiments. Error bars represent the standard error of the mean of replicate
experiments (SEM).* P < (.05, ** P<0.01, *** P<0.001.

533 Investigating the potential role of Tumour Necrosis
Factor a (TNF- o) and Transforming Growth Factor Pl
(TGF-B1) in radiation-induced genomic instability in HF19
cells following x-ray irradiation at high and low dose rate

exposure.

In HF19 cells, an increase in expression of TNF-a and TGF-1 was observed at 1.5
hours following exposure to 0.1 and 1 Gy HDR and LDR with the exception of the 1
Gy LDR group for TGF-B1 expression. This increase, however, was not statistically
significant compared to the control as shown in figure 5.3 panels A and B. The TNF-
a expression in both the 0.1 and 1 Gy LDR groups was higher than the equivalent 0.1
and 1 Gy HDR group at 1.5 hours following x-ray irradiation. The same pattern was

observed in TGF-B1 expression after 0.1 Gy HDR and 0.1 Gy LDR. However, 1 Gy
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LDR irradiation-induced less TGF-B1 expression than the 1 Gy HDR group at 1.5h

post x-ray irradiation.

After 20 population doublings following irradiation, an increase in TNF-o protein
expression was shown by 0.1 Gy and 1 Gy at HDR and LDR compared to the
control. This rise, however, was not statistically significant. A slight increase was
shown at 0.1 and 1 Gy LDR compared to the HDR group as shown in figure 5.4
panel A. X-ray irradiation activated TGF-f1 expression at 0.1 Gy LDR and in both
the 1 Gy HDR and LDR groups as a delayed effect. TGF-B1 expression at both 0.1
and 1 Gy LDR was higher compared the equivalent HDR groups as shown in figure
5.4 panel B.

The error bar of 1 LDR irradiate group is high which could be due to biological
variation between the three biological replicates. The error bar of 1 LDR irradiated
group is high which could either be due to biological variation between the three
biological replicates or to unequal protein loading as it is hard to confirm the protein

levels on the gel/blot without having loading controls.

Insignificant changes in TGF-B1 expression were observed in all groups compared to
the control, which indicates that TGF-f1 was not implicated in the induction of

genomic instability in HF19 cells following x-ray irradiation.
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Figure 5.3: Western Blot Analysis of TNF-a and TGF-B1 expression levels in x-ray
irradiated HF19 human fibroblasts cells at 1.5 hours following 0.1 and 1 Gy HDR
and LDR exposure. Cells were exposed to 0.1 and 1 Gy HDR (0.42 Gy / minute)
and LDR (0.00313 Gy / minute) x-ray irradiation. At 1.5 hours following irradiation,
cells were subjected to Western Blot Assay to assess the TNF-o and TGF-B1
expression levels. Combined data from three independent experiments. Error bars
represent the standard error of the mean of replicate experiments (SEM). * P < (.05, **
P<0.01, *** P<0.001.
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Figure 5.4: Western Blot Analysis of TNF-a and TGF-B1 expression levels in x-ray
irradiated HF19 human fibroblasts cells at 20 population doublings following 0.1 and 1
Gy HDR and LDR exposure. Cells were exposed to 0.1 and 1 Gy HDR (0.42 Gy /
minute) and LDR (0.00313 Gy / minute) x-ray irradiation. At 20 population doublings
following irradiation, cells were subjected to Western Blot Assay to assess the TNF-a
and TGF-B1 expression levels. Combined data from three independent experiments.
Error bars represent the standard error of the mean of replicate experiments (SEM).* P
<0.05, ** P<0.01, *** P<0.001.
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5.4 Discussion

Ionising radiation damages DNA directly by direct energy deposition and indirectly
through induction of oxidative stress (radiolysis of water). At low doses, the
predominant mechanism is indirect interaction. When this happens in the vicinity of
DNA it contributes to oxidative stress in the form of ROS (Brigelius-Flohé and
Maiorino, 2013). These reactive radicals can negatively affect the DNA repair
process by affecting the function of proteins implicated in DNA repair (Hirayama et
al., 2009; Stadtman, 1993). These contribute greatly to the generation of
degenerative diseases, ageing, and cancer when antioxidant defences are
overwhelmed. Doudican et al. (2005) have observed that enhanced ROS production
leads to a direct rise in oxidative mtDNA damage and mutagenesis. A profound
genomic instability is caused by repair-deficient mutants subjected to oxidative stress

conditions (Doudican et al., 2005).

If ROS are not scavenged by the cells' antioxidants, they can work as a source of
DNA damage, which is likely to result in mutations (Ragu et al., 2007; Degtyareva et
al., 2008). These mutations directly participate in increasing genomic instability in
HF19 cells. Reactive oxygen species such as hydroxyl radicals (OH) can cause

damage to all four nucleotide bases. Additionally, 'O, (singlet Oxygen, (ROS)) can

interact with guanine resulting in carcinogenic alterations to DNA in the form of
insertions, rearrangements, deletions, mismatched bases, and chromosomal
translocations characteristic of cancer-driving chromosomal instability (Wiseman

and Halliwell, 1996).

ROS can induce single or double-strand breaks of the DNA backbone, which may
result in loss of fundamental genetic information if not properly repaired (Cooke et
al., 2003). Therefore, increase in ROS levels can induce DNA damage, which, if not

repaired or mis-repaired, may contribute to genomic instability in HF19 cells.

The findings of this study demonstrated high early induction in ROS levels in the 0.1
and 1 Gy LDR and 1 Gy HDR groups in HF19 cells at 1.5 hours following
irradiation. This is in agreement with previous findings of Doudican et al. (2005)

who found that ROS induced by x-ray irradiation at 1.4 Gy / min in normal skin
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fibroblasts generate primary lesions that may affect lipids and proteins. Carbonyl
groups resulting from protein oxidation (ROS) can also induce polyunsaturated fatty
acid peroxidation (Doudican et al., 2005). The greater induction of ROS in the early
LDR groups correlates to the higher induction of DNA damage in LDR compared to
HDR as an early effect.

Doudican et al. (2005) also found that the damage was maintained over a long period
of time after exposure. These findings agree with our results at 20 population
doublings at 1 Gy for both HDR and LDR groups. There was a higher induction of
ROS shown by both the HDR groups compared to the LDR groups as a late effect,
which is in agreement to some extent with the findings of Tseng et al. (2013) who
observed that the ROS levels displayed by LDR proton exposures over 2 days were
lower compared to the corresponding HDR group in rodent cells (Tseng et al., 2013).
The higher induction of ROS levels in 0.1 and 1 Gy HDR groups compared to the
equivalent LDR groups as a delayed effect also correlates with the observation of
greater induction of DNA damage and micronucleus formation at the same doses, as
reported previously in chapter 4. It can, therefore, be speculated that there is a link
between ROS levels and DNA damage. This is supported by the observations of
Azzam et al. (2012) who have reported that ~2/3 of DNA damage is a result of
indirect effects (linked to ROS) when irradiated with low LET ionising radiation,
while 1/3 is due to direct interaction of DNA with radiation (Azzam et al., 2012).

Additionally, at 20 population doublings, the ROS levels were uniformly higher
across the 0.1 and 1 Gy HDR and LDR groups compared to the control. This concurs
with Azzam et al. (2012) who have reported that ROS are generated for days and
months following irradiation (Azzam et al., 2012). The late DNA damage, therefore,
which arises at 20 population doublings (micronuclei and whole DNA damage),
further supports the idea that in HF19 cells GI may be due to the continuous

emanation of ROS from some cells into a cell population following exposure.

The Tumour Necrosis Factor alpha (TNF-a) cytokine plays a paradoxical and
complex role in cancer biology. It works as a cytotoxic agent to tumour cells under
certain conditions; however, it also stimulates tumour angiogenesis and tumour-
promoting inflammation (Tse et al., 2012). The Transforming Growth Factor beta 1

(TGF-B1) signalling network has the same dichotomous role in carcinogenesis as it
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has the potential to act either as a potent tumour suppressor early in carcinogenesis or a
mediator of tumour progression at delayed time end-points in breast cancer cells
(Tang et al., 2003). Canney and Dean (1990) found that TGF-B1 activity may modify
late post-radiation changes. The pathological changes of late radiation damage in non-
tumour-bearing tissues were linked to the expression of TGF-f1 (Canney and Dean,

1990).

From the findings shown in figures 5.3 and 5.4 panels B and D, it can be inferred that
x-ray irradiation activated the TNF-a and TGF-B1 expression for most of the
irradiated groups early (at 1.5 hours) and late (at 20 population doublings). However,

this increase was not statistically significant compared to the control.

In the light of our data, our interpretation of the relationship between TNF-a and
TGF-B1 and radiation-induced genomic instability in HF19 cells is that TNF-a and
TGF-B1 do not play a significant role in this relationship. The possible reason could
be that TNF-a and TGF-B1 play different roles depending on the specific cell type of
origin and the molecular aetiology of a tumour. For instance, Boerma et al. (2002)
have found that cardiac fibroblasts and rat heart endothelial cells required different
levels and durations of induced response and different doses to evoke significant
changes in mRNA expression in the respective cell types. There was a significant
increase in the average expression of TGF-f1 and mRNA observed between 4 and 48
hours in endothelial cells at 2 Gy, but in the fibroblasts, this was not observed until

8.5 Gy (Boerma et al., 2002).

The intricacies of radiation effects mediated by TNF-a and TGF-B1 in HF19 cells
will require further study to determine whether and under what circumstances TNF-a

and TGF-B1 can accelerate or reduce RIGI.

Three independent but parallel experiments were performed to detect ROS and the
increase in expression of TNF-a and TGF-B1 in cellular populations following 0.1
and 1Gy x-ray irradiation at high and low dose rate exposure. For ROS, a similar
trend was observed each time with a small SEM of replicate experiments indicating
that the results are replicable. However, the SEM for TNF-a and TGF-B1 is a bit
high, in particular the 1Gy LDR TGF-B1 expression at 20 population doublings. This

could be due to the biological variation between the three biological replicates or
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unequal protein loading. An equal amount of loading protein can be demonstrated
by loading controls, such as actin which is constitutively expressed by cells.
Additionally, staining the gel using Coomassie blue dyes before transfer into the
membrane or staining the plotted membrane using Ponceau-S Stain would each
confirm the total protein loaded in each lane. Further approaches could be utilized to
confirm these results such as qRT-PCR, sandwich enzyme linked immunosorbent
assays (ELISA) and other quantitative immunohistochemistry techniques that may be
more sensitive to assess the response of HF19 cells with regard to TNF-a across

different doses and dose rates.

5.5 Conclusions

High dose rate (acute) and low dose rate (protracted) exposures to x-ray irradiation at
0.1 and 1 Gy trigger the induction of reactive oxygen species in HF19 cells at 1.5 h
following irradiation. However, LDR x-ray exposure (0.1 and 1 Gy) suggested a
greater level of oxidative stress in HF19 cells compared to the equivalent high dose
rate at 1.5 h following irradiation, which correlates with the greater induction of DNA
damage at LDR compared HDR as an early effect. At 20 population doublings
(delayed effect), the production of ROS was high, which is generally linked to the
induction of genomic instability as a late effect in HF19 cells. The results indicated
that the damage was higher in the HDR group compared to the corresponding LDR
group, as were the ROS levels observed. Genomic instability induction in HF19 cells
(whether following exposure to HDR or LDR) is therefore strongly correlated with
the induction of ROS levels. On the other hand, TNF-a and TGF-B1 are not
implicated in early DNA damage in HF19 cells following either HDR or LDR x-ray
irradiation. Therefore, it can be deduced that TNF-a and TGF-B1 are not linked to the
induction of genomic instability in primary non-transformed human fibroblast HF19
cells following HDR or LDR x-ray irradiation. However, qRT-PCR, immunoblots or
sandwich enzyme linked immunosorbent assays (ELISA) could be used to confirm

this finding.
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Chapter 6.
General Discussion

It has long been thought that the mechanisms of ionising radiation induced biological
effects through direct and indirect interaction were well understood (Hall and
Giaccia, 2006). However recently a paradigm shift has developed in our understanding
of radiation induced damage namely the discovery of the non-targeted effect theory
which highlights the vital role of intercellular signalling in the triggering of genomic
instability (GI) and bystander effects (BE) (Kadhim et al, 1992; Nagasawa and
Little, 1992). Genomic instability can be defined as a high frequency of genomic
alteration following an initial exposure to ionising radiation (IR), which can display
as delayed effects in the progeny of the irradiated cells (Kadhim et al., 2013). Many
factors influence the induction of GI including genetic predisposition, cell type,
radiation quality, and dose factors (Kadhim, 2003). Moreover, the rate at which a
radiation dose is delivered to the cell or tissue is one of the vital factors affecting the

biological effects of radiation (Hall and Giaccia, 2006).

This thesis was constructed to investigate the potential role of dose and dose rate as
well as radiation quality on the induction of GI in HF19 cells (primary non-
transformed human fibroblast cells). A further aim was to explore the potential role
of Tumour Necrosis Factor alpha (TNF-a), Transforming Growth Factor f1 (TGF-
B1), and Reactive Oxygen Species (ROS) in the initiation of processes that could lead
to the induction of GI in HF19 cells following exposure to LDR and HDR x-ray doses
associated with environmental and occupational exposures. This study was therefore

set up as follows:

1. Initially, the susceptibility of HF19 cells to the induction of early DNA damage
and GI was examined following exposure to 0.0001, 0.001, 0.01, 0.1, 0.5 and 1
Gy high LET alpha particle irradiation. Early and late DNA damage was

assessed using micronucleus assay and comet assay.

2. The susceptibility of HF19 cells to the induction of early DNA damage and GI
was examined following exposure to 0, 0.1, 0.5, 1, 1.5, 2, 2.4, 3 and 4 Gy at
high (0.42 Gy / minute) and low dose rate (0.0031 Gy / minute) low LET x-ray

irradiation. Micronucleus assay and comet assay were used to evaluate the
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early and late DNA damage.

3. The 0.1 and 1 Gy LDR and HDR x-ray doses, similar to those that might be
encountered in diagnostic and therapeutic uses of radiation in therapy-related
health care respectively, were used to investigate the susceptibility of HF19
cells to the induction of initial DNA damage and GI. The DNA damage was
assessed using micronucleus assay. Additionally, cell viability assay and cell
cycle measurements were used to assess the percentages of both dead and
viable cells and the percentage of cells arrested at different cell cycle phases
respectively at different time endpoints: 30 minutes, 8, 24 and 32 hours
following 1 Gy LDR and HDR x-ray irradiation.

4.  The molecular mechanisms involved in the induction of GI in HF19 cells
following 0.1 and 1 Gy x-ray irradiation at high and low dose rates were
investigated by measuring the potential role of ROS, TNF-a and TGF-B1 in

radiation-induced GI.

6.1 HF19 susceptibility to the induction of early DNA
damage and GI following exposure to alpha particle
irradiation.

One of our main aims has been addressed in the experimental findings of chapter 3
where early and late total DNA damage in HF19 cells following low and high doses of
high LET (alpha particles) exposure was discussed. Initially, DNA damage was
examined following exposure to different doses of alpha particles using comet assay
and micronucleus assay. Our findings displayed a significant early (5 hours
following irradiation) increase in micronucleus formation in HF19 cells following
exposure to 0.0001, 0.001, 0.01, 0.1, 0.5 and 1 Gy high LET alpha particle
irradiation. Significant induction of micronuclei was observed even with low doses
(0.0001 and 0.001 Gy) where only 0.8 % and 7.72 % of cells and 0.097 % and =1 %
of nuclei were traversed by alpha particles respectively. This micronucleus formation
increases with an increasing percentage of cells traversed by alpha particles until ~8
% where the level of response plateaus. Even though less than 10 % of the cells
were irradiated a higher proportion showed micronuclei. We hypothesize that this

is attributable to bystander signalling. These results are in agreement with Lin et al.
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(2014) who have observed that CHO and L-1 cells displayed an increased induction
of sister chromatid exchanges (SCE) following 0.0014 Gy alpha particle irradiation
where only 0.8 % of the nuclei were hit. They explained the induction of damage as a
result of bystander effects since the vast majority of the surviving cells expressing
SCE happened in unirradiated bystander cells (Lin et al., 2014). Additionally, the
results of Azzam et al. support the same idea as a higher frequency of micronucleus
induction was observed in AG1522 normal human-diploid skin fibroblasts following
exposure to very low fluences of alpha-particles at 1-10 c¢Gy. Azzam’s study
illustrated that the 3-fold increase in the induction of micronuclei following exposure
to 1-3 c¢Gy and the 4-fold increase after exposure to 10 cGy showed not only that
radiation-traversed cells are responsible for the biological response or genetic
damage, but also that the cells in a population in the vicinity of directly hit cells

(bystander cells) can play a role (Azzam et al., 2001)

As indicated above, the susceptibility of HF19 cells to the induction of GI following
low and high doses of high LET (alpha particles) irradiation needed to be examined.
HF19 cells were examined at 10 and 20 population doublings following irradiation.
After 10 population doublings, a delayed effect, a high micronucleus formation, was
observed across all doses (0.0001, 0.001, 0.01, 0.1, 0.5 and 1 Gy alpha particle
irradiation) with the same trend as that of the data at 5 hours post exposure but with a
slightly lower induction of MN/BN. At 20 population doublings, all irradiated groups
displayed an increased induction of micronuclei; this was significant across all groups
except 0.0001 and 0.1 Gy. It is possible that the same plateauing pattern would have
been observed at 20 population doublings if sufficient repeats had been performed.
These findings agree with previous results achieved by Kadhim et al. (1992) who
observed that the progeny of haemopoietic cells displayed a high frequency of
aberration following exposure to alpha particles at 0.2-0.8 Gy compared to the
control (Kadhim et al., 1992). The delayed results of high doses of alpha particles
(0.5 and 1 Gy) where =100 % of nuclei were hit are in agreement with Kadhim’s
observations (2001), where GI was observed in immobilised human T-lymphocytes
at 12-13 population doublings following high LET irradiation using microbeam
technology with which each cell centre in a given population of cells was traversed
by a single *He?" particle (used as a surrogate alpha-particle). A significant increase

in nonclonal chromosomal aberrations (p<0.001) with a high frequency of chromatid-
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type was displayed by approximately 25 % of cells in the surviving progeny of
irradiated cells at 12-13 population doublings following irradiation (Kadhim et al.,

2001).

Early DNA damage (1 h following irradiation) was examined using comet assay
following alpha particle irradiation, with the results showing an increase in DNA
damage across all irradiated groups compared to the control. Interestingly, this
induction was high even with low doses (0.0001 and 0.001 Gy where only 0.097 %
and 0.97 % of the nuclei were traversed) which could be due to the induction of BE
that cause DNA damage. According to the study of Zhang et al. (2009) BE required
at least a 1-hour incubation with irradiated cells to generate a level of signals
sufficient to produce the maximal level of mutations (Zhang et al., 2009). Zhang et
al. (2009) have observed that naive WTK1 cells treated with irradiated WTK1 cells
(2 Gy, gamma ray) for 0.5 hours displayed mutant fractions. However, the maximal
level of mutations was displayed after 1-hour incubation (Zhang et al., 2009). Lyng
et al. (2011) have reported the first direct proof of membrane signalling in a human
keratinocyte cell line within 30 seconds following the addition of irradiated cell

conditioned medium using a live cell imaging approach (Lyng et al., 2011).

The results of high doses of alpha particles (0.5 and 1 Gy) where =100 % of nuclei
were traversed agree to some extent with Laurent et al. (2013) who found that
normal human dermal fibroblasts exhibited an increase in DNA damage using comet
assay at 3 hours following 2 and 6 Gy high LET carbon ion irradiation. This
elevation in DNA damage was explained by the induction of new ROS production
and secondary strand-breaks generated throughout the DNA repair process in which
intermediate breaks are produced before ligation, or by DNA misrepair producing
damage (Laurent et al., 2013). Moreover, as high LET radiation produces clustered
DNA damage which may be wrongly repaired, this hypothesis of the DNA damage
misrepair producing damage should be preferred as the main cause of increasing
DNA damage at this delayed endpoint (Laurent et al., 2013). Our results showed that
the significant increase in DNA damage measured using the comet assay at 1 hour
following alpha particle irradiation is in agreement with DNA damage assessed using

micronucleus assay.
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The significant induction of DNA damage measured using comet assay compared to
the control correlates with the significant induction of micronucleus formation. This
enhancement of DNA damage may potentially be due to the differences in track
structure with alpha particles which have high LET. This may not only produce
clustering of damage on the nanometric scale but also a correlation of damage along
its path through the cell, resulting in a very non-homogeneous dose within the hit

cell.

The delayed effect of alpha particles at 10 population doublings showed a significant
induction of DNA damage across all irradiated groups compared to the control.
However, the amount of this induction was lower compared to the damage at 1-hour

post irradiation.

At 20 population doublings, only 0.0001 and 0.01 Gy progeny with 0.8 % and
55.25 % of cells traversed respectively displayed significant DNA damage compared
to the control. These findings are in agreement with Nagasawa and Little (1999) who
stated that the mutation frequency per alpha particle track at low doses increased
unexpectedly since both directly irradiated and bystander cells are prone to the
formation of mutations (Nagasawa and Little, 1999). However, the progeny of the
0.001, 0.1, 0.5 and 1 Gy irradiated groups in which 100 % of cells were traversed
showed different responses. The progeny of groups irradiated at 0.001, 0.1, 0.5 and 1
Gy displayed non-significant DNA damage. The results suggest that HF19 cells are
susceptible to the induction of GI in the progeny of 0.0001 and 0.01 Gy at 20
population doublings (see chapter 3). This could be due to the removal of cells with
high DNA damage by mitotic catastrophe leaving healthy cells to continue to

proliferate.

Although the results do not show significant effects of the radiation at 0.001, 0.1, 0.5
and 1 Gy at 20 population doublings, these doses may have other detrimental effects
when studying other endpoints such as chromosomal analysis and Gamma- H2AX.
Additionally, in order to examine if alpha particles can induce GI with HF19 cells at
0.001, 0.1, 0.5 and 1 Gy, one suggestion might be that more time points may be

required.
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The sample size was measured using the G*Power program. The findings showed for
MN assay that the number of binucleate cells examined in each group was more than
sufficient, except with the 0.0001 Gy group, and for the comet assay data, the
G*Power program showed the same trend of sample size. However, 0.1 and 0.01 Gy
groups, which showed less induction of DNA damage compared to the equivalent

irradiated groups, needed to be repeated at least one more time.

6.2 The susceptibility of HF19 cells to the induction of
early DNA damage and GI following exposure to high (0.42
Gy / minute) and low dose rate (0.0031 Gy / minute) low
LET x-ray irradiation.

A significant increase in micronucleus formation demonstrated the induction of DNA
damage following exposure to 0.1, 0.5, 1, 1.5, 2, 2.5, 3 and 4 Gy at 24 hours
following irradiation. However, the LDR x-ray irradiation groups indicated more
damage compared to the corresponding HDR x-ray irradiated groups. It should be
noted that due to time constraints this assay was performed once when comparing
LDR and HDR x-ray exposure following exposure to the same range of doses. With
0.1 and 1 Gy x-ray doses, which can be considered relevant to diagnostic and
therapeutic uses respectively, both LDR and HDR groups showed a significant
increase in micronuclei compared to the control in four biological replicates.
However, LDR x-ray irradiated groups suggested a greater induction of micronuclei
compared to the equivalent HDR x-ray irradiated groups as an immediate effect in
four biological replicates. This could be due to the difference in the timing of adding
Cytochalasin-B and subsequent time of collection between the HDR and LDR x-ray
irradiated groups, and therefore different collection efficiencies are more likely to be
obtained as like is not being compared with like. Pre- and post-acute (HDR)
experiments were consequently performed. Interestingly, the 1 Gy post-acute (HDR)
irradiated group (on which the irradiation was performed after the LDR group)
suggested greater induction of micronuclei compared to the equivalent LDR
immediately following irradiation. This could result from the separation in time of
DNA lesions for LDR irradiation, with some lesions being repaired before the

production of later lesions during the irradiation period. However, at high dose rate
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the lesions are produced closer together in time making it more likely that
interactions between them happen (Ruiz de Almodévar et al., 1994). The
experimental results of chapter 5 demonstrated that the higher induction of ROS
following 0.1 and 1 Gy LDR and HDR x-ray irradiation was implicated in the
induction of early DNA damage (1.5 h following irradiation) (figure 6.1). The
ongoing generation of ROS and nitrogen species following the initial radiation
exposure leads to oxidative changes which may continue to increase for days and
months (Petkau, 1987). However, the ROS formation was greater in LDR groups as
opposed to HDR x-ray irradiation.

HF19 cells were examined at 10 and 20 population doublings following irradiation.
The general trend was a significant increase in the induction of micronuclei across all
HDR irradiated groups except 1 and 4 Gy. There was an oscillation in response
between the results obtained for LDR compared to HDR as a function of dose at 10
and 20 population doublings in the single experiment performed with 0.1, 0.5, 1, 1.5,
2, 2.5, 3 and 4 Gy dose x-ray irradiation. However, when the same experiment was
performed four times with 0.1 and 1 Gy x-ray at 10 and 20 population doublings, the
results showed a significant increase in micronucleus formation following 0.1 and 1
Gy LDR and HDR x-ray irradiation. The GI associated with HDR was greater
compared to the equivalent LDR of x-ray within human fibroblast HF19 cells. The x-
ray irradiation induced persistent induction of ROS was firstly described by Clutton
et al. (1996) who observed that x-ray irradiated primary mouse bone marrow
displayed an increase in ROS at 7 days following irradiation which correlated with
DNA damage assessed by 8-hydroxy-2-deoxyguanine (Clutton et al., 1996).
Additionally, Rugo et al. (2002) have reported the persistence of ROS in normal
diploid human cells for 2 weeks after exposure to 2, 4, and 6 Gy x-ray with a dose
rate 0.72 Gy / min (Rugo et al., 2002). The results of both Clutton ef al. (1996) and
Rugo et al. (2002) support the hypothesis that x-ray increases the delayed induction
of ROS which are involved in the delayed DNA damage that could establish a
phenotype of GI (Clutton et al., 1996; Rugo et al., 2002). As described in Chapter 5,
the greater formation of ROS levels in 0.1 and 1 Gy groups at 10 and 20 population
doublings compared to the corresponding LDR x-ray irradiated groups as a delayed
effect correlates with the observation of higher induction of DNA damage and

micronuclei at the same doses.
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At 24 hours following LDR and HDR x-ray irradiation, DNA damage was observed
using comet assay. The low LET x-ray irradiation at HDR showed a significant
increase in DNA damage in HF19 cells at 0.1, 0.5, 1.5, 2, 2.5, 3 and 4 Gy compared
to the control; these data were collected from one single experiment. In contrast, no
significant induction of DNA damage was observed following 1 Gy x-ray irradiation

within this experiment.

With x-ray irradiation at LDR, the exposure of HF19 cells to different doses
demonstrated an early induction of DNA damage following irradiation, which was
significant with 0.1, 0.5, 1, 2, 2.5 and 4 Gy x-ray irradiation compared to the control.
However, there was no significant increase in DNA damage at 1.5 and 3 Gy
compared to the control. No consistent difference was observed between the HDR
and LDR experiments across the dose range. However, these data are limited due to

their resulting from a single experiment.

The experiment also included analysis of DNA damage at 10 and 20 population
doublings as a delayed effect. As expected there was a large induction of DNA
damage in the progeny of 0.1, 0.5, 1, 1.5, 2, 2.5, 3 and 4 Gy HDR compared to the
control at 10 population doublings. Although these data were collected from a single
experiment, results showed, in part, an agreement with that of Guryev et al. (2009)
who observed an increase in the degree of DNA fragmentation in CHO cells up to 21
days post 1 Gy gamma-ray irradiation (HDR, 1.5 Gy / min) using the DNA comet
assay (Guryev et al., 2009). With LDR, the progeny of 0.1, 0.5, 1, 1.5, 2, 2.5, 3 and
4 Gy irradiated cells showed a significant increase in the induction of DNA damage
compared to the control. Moreover, the pattern with respect to HDR was very similar
to the pattern of induction of micronuclei, with a greater induction of DNA damage
for LDR exposed cells at 24 h time-point for most groups. However, a much greater
induction of DNA damage was shown at the delayed 10 population doublings for the

HDR irradiated cells across almost all experimental groups.

At 20 population doublings, the data illustrated an increase in DNA damage in the
progeny of irradiated cells at 0.5, 1, 1.5, 2 and 2.5 Gy compared to control, whilst the
DNA damage in 3 and 4 Gy irradiated HF19 cells was statistically insignificant. This
could be due to most aberrations being lethal and having been removed from the

cultures by 20 population doublings following x-ray irradiation (Kadhim et al.,
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1998). In agreement with the micronucleus assay results, there was no clear pattern
between LDR and HDR irradiated cell groups in terms of DNA damage at 20

population doublings following irradiation.

As an early effect, both low LET (x-ray, HDR (0.1, 0.5, 1.5, 2, 2.5, 3 and 4 Gy) and
LDR (0.1, 0.5,1, 2, 2.5 and 4 Gy)) and high LET (alpha particle (0.0001, 0.001, 0.01,
0.1, 0.5 and 1 Gy)) showed a significant induction of DNA damage. Additionally,
genomic instability was observed both following exposures to low (HDR 0.1, 0.5, 1,
1.5, 2, 2.5 and 4 Gy and LDR 0.5, 1, 1.5, 2, 2.5 and 4 Gy) and to high LET at 10
population doublings across all irradiated progeny groups. At 20 population
doublings, fluctuations, perhaps oscillations, in the induction of GI across the
spectrum of doses were observed following exposure to low and to high LET

irradiation.

The reliability and precision of early, intermediate and delayed comet and MN data
following exposure to (0, 0.5, 1, 1.5, 2, 2.5, 3, 4) at high (0.42 Gy / minute) and low
dose rates (0.0031 Gy / minute) of x-ray irradiation were not high as the data were
collected from one single experiment even with the analysis of five hundred cells.
These reliability and precision can be increased and biological variability can be

decreased by performing further biologicals replicates.

6.3 The susceptibility of HF19 cells to the induction of
initial DNA damage and GI following LDR and HDR x-ray
exposure in doses relevant to diagnostic and therapeutic
uses and the potential molecular mechanisms involved in
the induction of GI.

To further investigate the effect of dose and dose rate as well as the molecular
mechanisms involved in the induction of GI in HF19 cells, experiments were
performed where HF19 was irradiated with 0.1 and 1 Gy, doses relevant to
diagnostic and therapeutic uses of radiation. The initial effect of 0.1 and 1 Gy LDR
and HDR x-ray irradiation clearly suggested an increase in the number of binucleate

cells with MN, with a higher level of induction at LDR compared to the equivalent
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HDR pre LDR (where HDR irradiation was performed before the LDR irradiation)
exposure. The micronucleus assay was performed following irradiation for four
independent but parallel experiments. This is could be due to the fact that the cells in
each culture are in different cell cycle phases, so these go through division at
different times. Additionally, the difference between the HDR and LDR groups
(under the same conditions of collection) in terms of the timing of adding
Cytochalasin-B and the timing of the subsequent harvesting of cells can lead to
different collection efficiencies as like is not being compared with like. It was
therefore not too surprising to see different results and this was one of the reasons
pre- and post-acute experiments were performed. Interestingly, the results of 1Gy
post-acute (HDR) cells (where HDR irradiation was performed after the LDR
irradiation) suggested a greater induction of micronuclei compared to the equivalent
LDR cells. This reduction of micronuclei formation at LDR could be due to some
fraction of the potential chromosomal damage that would have occurred as a result of
the interaction of separate ionization tracks being repaired throughout the extended

exposure to LDR irradiation (Ban ef al., 1991).

This observation correlates with the reduction of cell viability rate following 1 Gy
LDR compared to 1Gy HDR at 32 hours post irradiation. Previously, Shrivastava et
al. (2006) have stated that the predominant mode of cell death (mitotic death) which
contributes to the loss of survival is correlated to cytogenetic damage. This
cytogenetic damage is expressed as chromosomal aberrations in metaphase which
eventually manifest as micronucleus formation in the new daughter nuclei at the end
of telophase (Shrivastava et al., 2006). Thus, the higher increase in micronucleus
formation could lead to a rise in cell death (figure 6.2). The greater induction of
micronucleus formation with 0.1 and 1 Gy HDR compared to LDR at the early time
point is linked to the higher DNA damage observed with HDR irradiation using

comet assay.

The previous study of Choi et al. (2007) has shown that when Jurkat T cells
irradiated with 2.5 Gy '*’Cs gamma-ray, both the mitochondria and Nox1 (gene
encodes NADPH oxidase enzymes responsible for generating superoxide or
hydrogen peroxide) were stimulated to generate ROS. Therefore, the results of chapter

5 showed that the significant increase in the cellular ROS level was accompanied by

148



an elevation in micronucleus formation. Thus, the ROS acted as signalling
messengers that mediated the induction of micronuclei and regulated the cell

viability (Choi et al., 2007).

The results of this study suggested that the increase in ROS level in LDR compared
to HDR was implicated in the higher induction of micronuclei in the 0.1 and 1 Gy
LDR groups at 1.5 h following irradiation compared to the equivalent HDR (see
chapter 5).

At 10 and 20 population doublings (delayed effects), micronucleus formation was
examined to assess DNA damage in HF19 cells following exposure to 0.1 and 1 Gy x-
ray irradiation at LDR and HDR. LDR and HDR groups all showed a significant
induction of micronucleus formation which indicates that both LDR and HDR are
capable of inducing GI at 10 and 20 population doublings. However, the results
suggested that HDR is associated with greater GI induction than the equivalent LDR
following exposure to x-ray within human fibroblast HF19 cells. This difference in
the induction of DNA damage following HDR and LDR exposure was also observed
using comet assay. The HDR progeny demonstrated more DNA damage compared to
the corresponding LDR progeny following irradiation with 0.1 and 1 Gy x-ray at 10
and 20 population doublings. These findings agree with the data reported by Turner
et al. (2015) where the exposure to HDR showed a greater induction of MN
compared to the equivalent LDR exposure in mouse lymphocytes at 24 hours and 7

days after in vivo exposure to 0—4.45 Gy x-ray irradiation (Turner et al. 2015).

At least 1500 binucleate cells were analysed in each irradiated group for MN assay
from four biological replicates. The data showed similar trend each time indicating

replicability of the results.

The higher induction of ROS across 0.1 and 1 Gy HDR and LDR at 20 population
doublings supports the idea that the induction of GI (micronuclei and whole DNA
damage) in HF19 cells is due to the continuous higher induction of ROS across 0.1
and 1 Gy of ROS from some cells into a cell population following exposure (see
chapter 5). Previously, Petkau (1987) has stated that ROS are produced for days and
months following irradiation (Petkau, 1987). However, this induction of ROS was

higher in HDR groups compared to the equivalent LDR groups, which could have led
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to more micronucleus formation in HDR progeny compared to the corresponding

LDR progeny as illustrated in chapter 4 section 4.2.5.

In light of our data, early DNA damage (1.5 h following irradiation) and GI
induction in HF19 cells are strongly correlated with the induction of higher ROS levels
at 0.1 and 1 Gy x-ray irradiation. However, TNF-o and TGF-B1 did not play a
significant role in radiation-induced DNA damage and GI induction in HF19

following exposure to 0.1 and 1 Gy HDR and LDR (see chapter 5).

The ROS findings suggested replicability since they were collected from three
biological replicates performed on different days with small SEM. However, the
TNF-o and TGF-B1 data showed high SEM which was most obvious in the 1Gy
LDR TGF-B1 expression at 20 population doublings, even though three separate but
parallel experiments had been used to collect these data. This biological variation
could be reduced by analysing an increased number of biological replicates.
Furthermore, confirmation of the TNF-a and TGF-B1 data can be achieved using
different methods such as qRT-PCR, sandwich enzyme linked immunosorbent assays
(ELISA) and other quantitative immunohistochemistry. These approaches could be
more sensitive for investigating the potential role of TNF-a and TGF-B1 in radiation-
induced genomic instability in HF19 cells following x-ray irradiation at high and low

dose rate exposure.
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Figure 6.1: A schematic of possible mechanistic interactions between DNA, ROS, TNF-
o and TGF-B1 in the induction of GI post exposure to 0.1 Gy HDR and LDR x-ray
irradiation.

Radiation can induce ROS, which in turn can cause DNA damage. As well as ROS
influencing TGF-B1 signalling, TGF-B1 signalling can control ROS generation (Krsti¢
et al., 2015), despite the low level of TGF-Bl. Low induction of TNF-a often
induces intracellular ROS formation (Chen et al., 2008). LDR x-ray exposure elicits
ROS in HF19 cells at a greater level compared to the equivalent HDR as an early
effect post irradiation, which is linked to the greater induction of DNA damage at
LDR compared HDR as an early effect. As time progresses, cells were suggested to
undergo genetic and epigenetic changes which could lead to the effects observed in
the progeny of the irradiated cells that were seen at 20 population doublings. At 20
PD, the production of ROS were higher in HDR progeny compared to LDR progeny,
which correlates to the induction of genomic instability as a late effect in HF19
cells.
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Figure 6.2: A schematic of possible mechanistic interactions between DNA, ROS, TNF-
o and TGF-B1 in the induction of GI post exposure to 1 Gy HDR and LDR x-ray
irradiation.

LDR x-ray exposure elicits ROS in HF19 cells at a greater level compared to the
equivalent HDR as an early effect post 1 Gy x-ray irradiation. This is linked to the
greater induction of chromosomal aberrations in the metaphase, which eventually
manifest as micronucleus formation in the new daughter nuclei at the end of
telophase. The greater initial induction of micronuclei in LDR group compared to the
equivalent HDR could also be due to the concomitant increase in the percentage of
cells arrested in the GO/G1 cell cycle phase by HDR compared to LDR. TGF-p1
signalling can control the ROS generation (Krsti¢ et al., 2015), despite the low level
of TGF-B. Low induction of TNF-a often induces intracellular ROS formation (Chen
et al., 2008). As time progresses, cells were suggested to undergo genetic and
epigenetic changes which could lead to the effects observed in the progeny of the
irradiated cells that were seen at 20 population doublings. At 20 PD, the production
of ROS were higher in HDR progeny compared to LDR progeny, which correlates to
the higher induction of GI in HDR compared to the equivalent LDR as a late effect in
HF19 cells.
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6.4 Future work

As shown in chapter 4, 0.1 and 1 Gy LDR and HDR x-ray irradiation of HF19 cells
lead to an increase in GI with a higher induction in HDR compared to the equivalent
LDR x-ray irradiation. The MN data were collected from four independent parallel
experiments showing a similar trend which demonstrates the replicability of the
results. More investigations, therefore, on different cell lines/cell types would be
valuable for evaluating radiation protection, radiation damage, and medical diagnosis
and treatment of radiation exposure. However, in chapter 3, although 1000 cells were
examined for comet and MN assays, the recommended sample size was calculated
using G*Power since only two biological replicates were used. The G*Power results
for the MN assay data showed that a sufficient number of binucleate cells was
analysed in each irradiated group for a powerful statistical analysis except with the
0.0001 Gy group. Additionally, the same trend of sample size was observed with the
comet assay results. However, the G*Power results for 0.1 and 0.01 Gy groups

recommended repeating the comet assay at least one more time.

This work has shown that ROS is correlated to the induction of GI in HF19 cells
following HDR or LDR x-ray irradiation. This, therefore, poses the question what the
other cellular components are that are responsible for the stimulation of the signalling
that leads to the induction of GI in HF19 cells and if the extracellular signal-related
kinase (ERK), mitogen-activated protein kinase (MAPK), Ataxia telangiectasia-
mutated (ATM) and protein 53 (P53) pathways could be involved the induction of GI
in HF19 following exposure to x-ray and alpha particle irradiation. A better
understanding of how radiation dose rate affects the molecular mechanisms involved
in the induction of GI would contribute to the evaluation of radiation protection,
radiation damage, and medical diagnosis and treatment for radiation exposure.
Despite our best efforts of optimizing quantification approaches of immunoblot data,
we believe that qRT-PCR, sandwich enzyme linked immunosorbent assays (ELISA)
and other quantitative immunohistochemistry may be more suitable to assess the
response of HF19 cells with regard to TNF-a and TGF-B1 across different doses and

dose rates.
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Furthermore, more studies are needed to study the role of bystander signalling in the
induction of GI following exposure to x-ray and alpha particle irradiation using
media transfer or using co-culture dishes (so separating out irradiated and un-
irradiated cells). Some recent studies reported by Kadhim's group suggested that
genomic instability can be instigated due to alterations in telomeric metabolism
induced by both proteins and RNAs of exosomes in epithelial cancer cells following
x-ray irradiation (Al-Mayah et al., 2016). Moreover, another experiment potentially
worth doing is attempting to inhibit or enhance various pathways by adding
components in excess to see how this modulates the response with and without
radiation. For example, the relative importance of the superoxide radical pathways
could be investigated by using various inhibitors such as superoxide dismutase

(SOD), polyethylene glycol (PEG)-SOD (Luo et al., 2009).

Another interesting point moving forward could be the investigation of the induction
of GI in lung cells in in vivo-like situations. One technique that could be used
involves using three-dimensional in vivo-like dense colonies of normal primary
human fibroblast to investigate the induction of GI in lung cells in a 96-well plate
format; this would be applicable for high-throughput screening. However, the in vivo
situation may not be as simple as that found in the in vitro system as a result of the
contribution from other systems in the biological body. Additionally, further studies
using different cell types of different origins are needed to address the general effect
of radiation quality and radiation dose rate in the induction of GI following exposure

to x-ray and alpha particle irradiation.
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