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Abstract

Once considered fairly harmlesslue to its low energy UVA is now considered a class one
carcinogen, the ability of UVA alone to induce Nemelanoma skin cancer is well accepted
and although more controversial there is now significant evidence from epidemiological
studies and animal modés to suggest a role for UVA in the development of melanoma.
Furthermore due to its high penetrance UVA is thought to play a larger role in photoaging

than UVB.

Despite this current sum protection methods assess UVA protection only as a ratio of
UVA: UVBhat is blocked by the sun cream. Therefore it is desirable to have a more
biologically relevant method to asses UVA protection offered by a sun cream. The work

in this thesis focuses on the identification of a robust biomarker of UVA exposure, with the
aim to identify biomarkers of UVA that could be used to assess the protection offered by
different sun creamsin order to develop a method inassessing protection similar to SPF

that is currently used for UVB.

The primary focus was on looking at the DNA dange response following UVA irradiation,
and the data presented here shows distinct differences in the mechanism underpinning
the DNA damage response in directly irradiated cells and in the UVA bystander cells. The
response following UVA has also been showa be distinct to that following UVB

irradiation, both in terms of the DDRand apoptosis induction.
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Chapter 1 General Introduction



Chapter 1: Introduction

In this chapter | will be giving a basic introduction to ultraviolet (UV) radiation focusing
mainly on the biologically relevant wavebands of UVA and UVB, before discussing the
impact of UVA and UVB in human héth such as roles in cancer and photoaging. | will
then move on to discussing the effects of UVA and UVBla cellular level,covering their
ability to form multiple DNA lesions, initiation of the DNA damage response and
consequent activationof stresssignaling pathways and induction of apoptosis. In
addition, this chapter will cover more long term effects such as persistent genome

instability, the UV bystander effect and signature UV mutations frequently seen in cancer

1. UV Irradiation

Ultraviolet radiation makes up approximately 8% of the total energy emitted from the

sun (Frederick et al., 1989) UV radidion is divided into 3 subtypes dependent on

wavelength. UVC is of wavelengths below 280nm and is the most energetic and the most
readily absorbed by DNA. However, UVC is of little biological relevance because it is

AT T Dl AGAT U Al T AEAAE AWA OEAE AR ASDROEGEOA A OO A ODE A O
comprises of just 5- 10% UVB (2863315nm) and UVA (315400nm) makes up the

remainder (Sutherland and Griffin, 1981) UVA can be further divided into UVAI (34Q

400nm) and UVAII (315z 340nm)(Diffey, 2002).
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Figure 1.1 The position of UV in the electromagnetic spectrum

Schematic representation of the position of Ultraviolet light in the electromagnetic
spectrum. UV is made up of wavelengths from 3000 nm. UVGs the shortest wavelength
and most energetic at 10@80nm, UVB is 28@15nm and UVA is the longest wavelengths
and least energetic at wavelengths 3400nm.

1.1 UV irradiation and human health

The most recent figures from the World Health OrganisatioWWHO) state that one in

every three cancers diagnosed is a skin cancer (WHO, WWW). Globally between two and
three million non-melanoma skin cancers (NMSCs) are diagnosed every year and around
130,000 melanomas (WHO, WWW). Ultraviolet light is the etiologat factor most strongly

associated with the development of skin cancer.

The least energetic of the three subtypes, UVA was originally considered to be fairly
harmless, however both UVA and UVB are now recognised as classe complete

carcinogens. Tey areboth able to act at each of the three stages of cancer development;



initiation, promotion and progression (IARC, WWW). UVA has been established to
contribute 10-20% of the carcinogenic dose emitted from sunlightde Laat et al., 1997)
Increased research into the harmful effects of UVA coincides with thedreased
popularity of tanning beds, which emit primarily UVA and have now been listed as a
carcinogen by IARC after metanalysisindicated a link between incidence of cancer and
use of sunbedgBoniol et al., 2012) However,it is difficult to draw definitive links
between sunbed use andlgn cancer due to the relationship betweerhe tendency of an

individual to use tanning bedsand their tendency to sunbathgSage et al., 2012)

7EEI OO0 56! EO I OAE 1 AOO AT AOCAOEA OEAT 56" EO
surface and able to penetrate deeper into the skin; 50% of UVA rays reach the dermal

layer and melanocytes whereas onl 14% of UVB rays reach the lower epidermiéBruls et

al., 1984) The difference in the penetrative abilies of UVA and UVB are demonstrated in

figure 1.2. UVA is also able to penetrate through glass windows, which bloUVB(von

Thaler et al., 2010) Earlier data suggested that UVA is not absorbed directly by DNA,

instead that UVA was absorbed by photosensitisers in the skin, which become excited

upon absorption of UVA and it is these excited photosensitisers which that cause DNA
damage(Tyrrell, 2012) . However, there is now some evidence to suggest that UVA can be

directly absorbed by DNA and is able to cause damage in the absence of phategisers

(Mouret et al., 2010; Jiang et al., 2009)

1.1.1 Skin Structure

Human skin is made up of two distinct layers, the epidermis and the dermis. The
epidermis is primarily made up of keratinocytes, which makeaip about 95% of the
epidermal layer. The remainder is comprised of melanocytes, Langerhans cells, and
Merkel cells. The dermis is comprised mainly of connective tissue; consisting of collagen,
elastin and glycosaminoglycans, collectively termed the extcallular matrix (ECM). The

main constituent of the dermis is the collagen family, which make up 75% of the dry



weight of the skin. To date 20 genetically distinct members of the collagen family have
been identified, the most common of these is type | cotle@n which is about 8690% of the
total collagen content of the skin. Fibroblasts also form part of the dermal layer and play a

role in maintenance of the ECM.
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Figure 1.2 UVA penetrates deeper into human skin compared to UVB.

This figure demonstratethe penetrative depths of UVA and UVB wavelengths in human
skin. UVA can penetrate deep into the dermal layer of skin, which has led to the suggestion
that it could play a greater role in photoaging than UVB. UVA also reaches melanocyte cells
in far greater quantities than UVB, this, in part has highlighted the possibility of a larger role
for UVA than UVB ithe development ofmelanoma skin cancer.

It has been suggested that UVA plays a more prominent role in photoaging than UVB; UVA
is more penetratingthan UVB and a higher proportion of UVA reaches the dermal layers

of skin where the hallmarks of photoaging are seen. In additioReactive Oxygen species
(ROS havebeen found to be involved in the mechanism of photoaging and this ROS
generation is charateristic of UVA exposure. Photoaging is a conditionused by chronic

exposure to UV radiationwhich hascharacteristic clinical, histological, cellular and



immunological changes compared tdoth young skin and chronologically aged skin
(Berneburg et al., 2000) The differences between phataged and chronologically aged

skin aswell as the mechanisms behind photoaging will be discussed further in chapter 5.

The effects of UVA irradiation in skin cells are wide ranging and can be cell line dependent
(Bachelor et al., 2002) wavelength degndent and dose dependen{Byrne et al., 2002)

UVA has been seen to activate a number of signaling pathwagteregulate the expression

of a wide range of genefBender et al., 1997) cause changes to epigenetic pattern€hen

et al., 2012)as well as modulating the activity of a number of enzymg&eyse and Tyrrell,
1989). In some cases, the dose needed to elicit thesféects isfar higher than that of UVB,

but still biol ogically relevant(Bender et al., 1997)

The ability of UVA to cause a wide range of cellular effects is now well accepted. Attempts
are being made to identify possible biomarkers ioUVA damage. The identification of

these biomarkers would serve to improve the testing of sun creams against UVA as the
current methods of testing for UVA protection are persistent pigment darkening and
immediate pigment darkening and it is not known howbiologically relevant this is

(Routaboul et al., 1999)
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Figure 1.3 Consequences of UVA exposure

Schematic to show the widenging cellular effects that have been seen in UVA targeted
cells through the photosensitiser reaction pathwa and the consequencebthese at a
cellular level(Ridley et al., 2009)

1.2 UVAand Carcinogenesis

1.2.1 UVA and NMSC

The role of UVA in skin cancers has been seerNMS((Kelfkens et al., 1990but a role

for UVA in the induction of melanoma remains controversial (Sage et al., 2012). NMSCs
arise in keratinocytes and consist of basal cell carcinomas (BCC) amliamous cell
carcinomas (SCC); together these make up 90% of all skin cancers diagnosed. However,
this value may even be an underestimate due to the way in which these cancers are
reported; for example people presenting with multiple BCCs or SCCs aféen only

counted as one casé_omas et al., 2012)



Mouse models have shown that UVA alone is able to induce SCCs in mice but without the
TP53mutations that are characteristic ofUVB induced tumour(van Kranen et al., 1997)
They additionally analysed the position of UVA and UVB sxxciated adducts and signature
mutations in basal and suprabasal keratinocytes from squamous cell tumours and
premalignant solar keratosis a pre-malignant growth which, if left untreated can form
SCCTheyfound that UVA associated fingerprint mutations wre found in the basal
germanative layer whereas UVB signature mutations were localised mostly in suprabasal
layers(Agar et al., 2004) 8-oxoguanine @-oxoQ which is associated with UVA exposure
was found predominantly in the basal epithelial layers. 8xo0G is the oxidised form of
guanine and will be discussed further in section 1.5.1. Whereas, cyclobutane thymine
dimers (CPDs), which are more commonly associated with UVB exposure (and will be

further discussed insection 1.5.2) were predominantly seen in the superficial layers.

1.2.2 UVAand Melanoma

Melanoma is the rarest and deadliest form of skin cancer and its incidence has been rising
annually at a rate faster than any other malignancie@ohler 2011). Unlike NMSCs the
mechanisms and causes behind the development of melanoma are currently unclear
although lifetime exposure to UVR is a welhccepted risk factor(Kanavy and Gerstenblith,

2011).

Molecular studies have shown that melanoma is laeterogeneousdisease; the four
subtypes of melanoma, acral, mucosal, skin with chronic stinduced damage or the
group on skin without chronic surrinduced damage were shown to have distinct sets of
gendic alterations to one another(Curtin et al., 2005), confirming early work that
indicated different mechanisms in melanomas on sun exposed and nsan exposed areas
(Whiteman et al., 2003) Common mutations in Melanoma includeeuroblastoma ras(N-
ras) and B- Rapidly AcceleratedFibrosarcoma(BRAR (Davies et al., 2002hnd the BRAF

mutations are almost exlusively found intumors in areasof the bodywhich are



intermittently exposed to the sun(Maldonado et al., 2003) Conversely, melanomas
deriving from frequently exposed areas have infrequernBRAFMutations but increased

copies of thecyclin D1 (CCND} gene(Curtin et al., 2005)

The role of UVA in the induction of melanoma has been suggested but not been proven
(Mouret et al., 2010) UVA being more penetmative than UVBis believed to account for up
to 99% of the UV that melanocytes are exposed (Bennett, 2008). Whilst epidemiological
evidence strongly suggests that UVA plays a role in the induction of melanoma, the animal

models have been inconsistensee section 1.2.3.

The incidence of melanoma varies greatly depending on skin type occurring almost
exclusively in Caucasians and with very low incidence in those with darker skin types
(Garbe and Blum, 2001) Figure 13 demonstratesthe worldwide prevalence of malignant
melanoma and the increased prevalence of melanoma in countries with populations that
are predominantly Caucasian is clear. Additionally, countries at different latitudes receive
sunlight with different UVA: UVB ratios; Scandinavian countries receive sunlight with a
much higher UVA: UVB ratio than countries closer to the equator such as Australia and
have a much higher ratio of melanoma to NMS@¢oan et al., 1999) Tanning beds emit
rays that consist of mainly UVA rdiation and recent data suggests that use of a tanning
bed is associated with a 75% increased lifetime risk of melanonm{@hang and Bowden,
2012) and the risk is thought to be futhered increased with repeated use and when initial

use occurs at under 35 years ol@Boniol et al., 2012)

In addition, a number of studies have found that both pilots and flight attendants have an
increased lifetime risk of melanoma(Sanlorenzo et al., 2015)Increased exposure to UVB
can be discountel because UVB is unable to pass through the windows but UVA can and
so there is some argument to suggest that these individuals are exposed to increased
levels of UVA irradiation that could play a role in the increased risk of melanoma seen in

these individuals. However, it is unclear what role factors such as cosmic radiation,



lifestyle factors and the disruption of circadian rhythms could have on the increased
melanoma risk(Rafnsson et al., 2000; Pukkala et al.0@3). Despite that there is
increasing epidemiologicalevidencethat suggest a prominent role for UVA radiation in

the development of melanoma.
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Figure 1.4 Worldwide prevalence of Malignant Melanoma . This global map shows that
melanoma risk is high ina@untries with Caucasian populations compared to countries with
populations of individuals with darker skin types. (GLOBOCAN, WWW).

1.2.3 Animal models of UVA and melanoma

The ability of UVA to generate melanoma in animal models has been inconclusive and
many contradictory studies have been published. Additionally, the validity of the animal
models used in such studies has been questioned. When transgenic mice were exposed to
UVA or UVB only those exposed to UVB developed melanof@e Fabo et al., 2004) The
Xiphophoroudish model previously shown to be susceptible to melanomas following UVA
exposure(Setlow et al., 1989 has recently been put under some doubt when a similar but
more robust study found that UVA did not induce melanoma formation in the same model
(Mitchell et al., 2010) Precursors to melanoma have also been seen to occur in the
Mondelphis domesticadpossum) after prolonged (81 weeks) exposure to UVA.ey,

1997) but the suitability of the opossum as modefor UVA damage has been put into
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guestion. Opossum have the ability to repailCPD damage by a photolyase enzyme.
Photolyases use light asa cofactor to repair CPD damage, with avelengths between
320nm and 450nm able to activate photolyaséKusewitt et al., 1991) Photolyase activity
is not seen in humans, which makes the suitability of the opossum as a model for any UV

carcinogenesisquestionable.

A more recent study (Noonan et al., 202) utilized HGF(hepatocyte growth factor)
transgenic mice(Takayama et al., 1996)which are arguably a better model for human
skin; the mice have ectopic ext follicular melanocytes in trunk skin at the dermal/
epidermal junction and the epidermis therefore more closely modelling human skin than
other animal models used previously. Additionally, the formation of melanoma in these
animals also shows significahsimilarities to the development of melanoma in human

skin (Noonan et al., 2000)Noonan et al. (2012)showed that exposure to biologically
relevant doses of UVA initiated melanoma formation in HGF transgenitice but this
initiation was dependent on the presence of melanin. UVB initiated melanoma in both the
albino and pigmented mice suggesting that UVB induction of melanoma is not dependent
on the presence of melanin. This finding suggests the existence ofbtdistinct pathways
that could lead to melanoma depending on the type of UV radiation that the individual

was exposed to.

The group then went on to examine the DNA damage in the mice exposed to UVA that
developed melanoma. They found that the levels of OB detected in the mouse skin after
exposure was low howeveB-oxoGwas detected in significant quantities in the nucleus of
melanocytes at the dermal epidermal junction but only in the pigmented mice. This
suggests that UVA induced melanoma formatiomay be a consequence of oxidative
damage not CPD induced mutageniciffNoonan et al., 2012) consistent with reports that
an oxygen quencher acteylcysteine, delays the onset of melanoma in mice exposed to

broadband UV(Cotter et al., 2007)
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Further evidence suggesting a role for UVA oxidative stress in melanoma was observed by
Mouret et al (2011), who compared the DNA damage profiles of normal melanocytes and
keratinocytes when exposed to biologically relevant doses of UVA. They both showed
similar levels of CPD induction but the melanocytes accumulated more oxidative damage
in the form of oxidised base 8oxoG. The ratio of CPD: ®x0G was 1:4 and 5:2 in
melanocytes and keratinocyes respectively. Furthermore, no difference was seen in the
yield of single strand breaks in the two cell types a strong suggestion that singlet oxygen
is the main mediator ofoxidative stress in melanocytes. Singlet oxygen &high energy
form of oxygenpresent as a single oxygen aton@inglet oxygen is only able to induce 8
0xoG and des not damage the DNA backbor({®ouret et al., 2011) A further possible
detrimental role for melanoma has been seen; UVA induc&loxoGproduction was found
to be enhanced by stimulation of melain synthesis, suggesting a role for either melanin

or one of its intermediates in the production oB-oxoG(Haywood et al., 2006)

Recent work found that nucleotide excision repair is deficient in melanoma following UVA

exposure although further work is needed to establish if this plays role in melanoma
development(Murray et al., 2015) The most recentanimal studies are indicative of a role

for UVA in the induction of melanoma, bushowed thatUVA induced melanoma formation

is dependent on the presence of melanjrwhereas UVB inducg melanoma in both albino

and pigmented mice.This finding suggestghat there are separate pathways for induction

of melanoma for UVA and UVBNoonan et al., 2012)Mouretandcex | OEAOOS j ¢mpc
recent work has suggested a more prominenble of UVA induced oxidative damage than

CPDs in melanocytes.

There are two forms of méanin; eumelanin which is brown/black in colour and

pheomelanin which is a reddish yellow colou(Prota, 2000). In generalindividuals with

darker skin have more eumelanin and it is for this reason it is believed they are better
protected against UV damage. A black epidermis allows 7.4% of UVB and 17.5% of UVA to

penetrate whereas white skin allows 24% UVB and 55% UVA penetrate (Kobayashi et

12



al., 1998) Epidemiological evidence shows that the incidence of skin cancer is lower in
individuals with darker skin, again pointing at a protecti\e role for melanin. Further
evidence comes from the dramatically increased rates of NMSC seen in African albinos,
individuals who lack melanin due to defects in the pathways of melanin synthesis. An
estimated 1000 fold increase in the development of SC@rapared to the normal

population is seen in African albinos.

However, evidence also exists to suggest that melanin can have a detrimental role on the
health of skin. Pheomelanin is prone to degradation as a result of UV exposure and it is
thought that it could contribute to the damaging effects of UV radiation because its
degradation produces hydroxide and superoxideanions (Chedekel et al., 1978)
Pheomelanins have also been found to be more oxidatitiean eumelanin, cells with high
levels of pheomelanin were found to have high levels of oxidative damage following UV

radiation (Wenczl et al., 1998).

1.3 Sources of oxidative stress after UVA

1.3.1 UVA and photosensitiser reactions

UVA at a wavelength bbetween 315nm and 400nm falls outside of the absorption spectra
for DNA unlike UVB wavelengths which are readily absorbed. UVC is the most readily
absorbed by DNA but is of little relevance when looking at the effects tefrrestrial UV
exposureand DNA @&mage because it is fully filtered out by the atmosphere. The

absorption spectrum of DNA isshown in Figure 1.5
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Figure 1.5 Absorption Spectra of DNA.

Shows the absorption spectra for DNA indicating that UVA wavelengths lie outside of those
that are readily absorbed by DNA. The DNA maximal absorbs light of wavelength 260nm,
which is in the U€range.

UVA light is absorbed by endogenous photosensitisers found in tissues; these include
riboflavin, flavins and porphyrins (Moreno, 1986). Upon absorption of UVA these
sensitisers cross over to a triplet state, due to an electron being transferred to a higher
energy orbit (Griffiths et al., 1993) The excitation of these molecules is able to cause
cellular damage by two distinct mechanisms each of which allows the photosensitiser to
return to its normal state (Straight and Spikes, 1985) Type 1 is electron transfer and
hydrogen abstraction processes to yield free radicals; which then go on to produce ROS

through reactions with other molecules. Type 2vhich can be further split into the mapr

14



and minor pathways , the major pathway are the energy transfer from the excited
photosensitiser to Q to yield the reactive excited state, singlet oxygen (Type I{Pattison
and Davies, 2006) The minor pathway refers to the reaction between a photosensitiser
and oxygen to form superoxide or hydroxide moleculéKeyse and Tyrrell, 1990) The type
of reaction that takes place upon sensitiser excitation depends on a humber of factors

including oxygen concentration(Baier et al., 2006)

Free radicals + sens

58N ——————=  Jsenst > 10, + sens

03 fH:0; fHO +
sens

Figure 1.6 Reaction of UVA with photosensitisers

A schematic to demonstrate how UVA causes the formatibROS by excitation of
photosensitisers in the skin which go on to form a number of ROS most notably singlet
oxygen.

1.3.2 The UVA induction of reactive oxygen species

Once generatedROS can go on to cause a number of detrimental effects to the celN/AD
damage such as single strand breaks and the oxidation of bases as well as lipid
peroxidation and the oxidation of proteins. ROS are also known to affect gene regulation

as well as signal transduction pathway$Sen and Packer, 1996and they have the ability
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to stimulate some growth factors(Allen and Tresini, 2000) The effects that UVAnduced
ROS have on different skin cells will be discussed in the following sections and possible
biomarkers for each type of reaction will also be discusseds well as UVA induced

changes seen that are not as a result of ROS production.

1.3.3 Singlet Oxygen

There is significant evidence to suggest that singlet oxygen is the main form of ROS
produced by UVA irradiation(Vile and Tyrrell, 1995). The generation of singlet oxygen
has beenseen to play a role in both UVAnediated carcinogenesis and photoaging. It has
been reported to be involved in a number of eventsaused by UVA irradiation including
cellular death, gene activationGrether-Beck et al., 1996 pctivation of protein kinases
(Kick et al., 1996) and activation of MAP kinase¢Klotz et al., 1997) In addition, the
generation of singlet oxygen has been reported to mediate the mitochondrial common
deletion that is seen frequently in photoaged skirBerneburg et al., 1999)The

production of singlet oxygenis an event that was first reported in laem oxygenase (HO1)
activation (Basu-Modak and Tyrrell, 1993)but has later been seen in a number of other
UVA induced genes inading Matrix Metalloproteinase 1 (MMP1) (Wlaschek et al., 1994)
Singlet oxygen is now considered to be a primary event in UVA mediated gene modulation
and is thought to act via generation of oxidised lipids and phospholipids, both of which

are powerful signaling moleculeqGrether-Beck et al., 2000)

1.4 Enzyme mediated processes

1.4.1 NADPH oxidase

NADPH oxidases (Nx) are a family of membrane associated enzymes. Unlike other
cellular enzymes that generate ROS as a-pyoduct of their normal reactions the NADPH
oxidases area direct source of ROS. NADPH oxidases catalyse the reductionabO

superoxide anion wsing NADH as an electron dongjLambeth, 2004). The Nox family
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modulate a number of redox sensitive intracellulasignalling pathways through the
generation of ROS, including activation of some transcription factors and the inhibition of
some protein tyrosine phosphataseg¢Bedard and Krause, 2007)Additionally, the Nox
family differs from other enzymes in the wide range of stimuli with are able to activate

those (Jiang et al., 2010)

These enzymes are multunit and the different isoforms can be distingushed by the
catalytic subunits (Lambeth, 2004). Isoforms that have been identified are Nox-b and
DOX 1/2 and these isoforms have been recognised as mediaaf normal physiological
functions including signal transduction, innate immunity and biochemical reactions as
well as being implicated in a range of pathological conditions including cancframbeth,

2007).

Valencia and Kochevar (2008) examined the effects of a nagtotoxic dose of UVA (50
kJ/m2) on human keratinocytes. They reported that levels of ROS were increased within 5
minutes of exposure to UVA, reaching a peak at 15 minutes and within 60 minutes the
ROS levels had returned to that of the neimradiated cells. They also observed a decrease
in ROS followng treatments with both DPI, arNADPH oxidase inhibitor and

mitochondrial targeted ubiquinone, an antioxidant which becomes localised in the
mitochondria. Additionally, they saw that an increasén NADPHoxidase activity was an
early evert following UVA, and that inhibiting t had little effect on ROS at tar time

points. This therefore suggestdhat NADPH oxidase is involved in initial bt not

prolonged ROS induction following UVA irradiationTheir data suggested a greater role
for NADPH oxidase in UVA induced ROS hhey also stated that since neither inhibitor

fully abrogated UVAinduced ROS there must be another mediator involved.
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1.4.2 Haem oxygenase

Haem oxygenase (HO1) is the inducible form of haem oxygenase, a family of enzymes
responsible for the degradation of haem to biliverdin and carbon monoxide as well as
playing a role in the inhibition of immune responsesHOLis the gene whose expression is
most significantly up regulated by UVA exposure, it is upegulated in response to changes
in the cells redox statugLautier et al., 1992) and appears to be triggered by the
generation of singlet oxyger(Basu-Modak and Tyrrell, 1993) Lipid peroxidation has also
been suggestedo play a rolein the induction of HO1lby UVA(Basu-Modak et al., 1996)
UVA is able to upregulate the expression oHO1ImMRNAIn human fibroblasts (Keyse and
Tyrrell, 1989) although this induction has been found to be cell line dependent and no

such induction was observed in keratinocytes (Applegate et al., 1997).

HO1lappears to play a role in the UVAnduced immune responsegOtterbein and Choi,
2000). The role of UVA in immunosuppressions complex; both the dose and wavelength
have been found to play a role in determining the effect that UVA has on
immunomodulation. Low doses of long wave UVA between 364 and 385nm has been
found to induce immunosuppression but at higher doses this immunogpression was
lost (Matthews et al., 2010) The mechanism behind this bell shaped dose response is
currently unclear although it is thought that higher doses of UVA could activate protective
mechanisms or inactivate the immunosuppressive pathways activated by lower doses
(Byrne et al., 2002) The UVA dose that causes immunosuppression is equivalent to 5
minutes of midday sunlight(Byrne et al., 2006) HO1 activity induced in murine skin by
UVA has been shown to be associated with immusprotective effects ofUVA against UVB
associated immunosuppression, an effect which was abrogated when HO activity was

inhibited (Reeve and Tyrrell, 1999; Allanson and Reeve, 2004)
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Figure 1.7 UVA induced expression of HO1

Schematic representation of the mechanism behind increased HO1 expression as result of
exposure to UVA. Singlet oxygen has been foundddiate this reaction through the
oxidation of both lipids and phospholipids.

Gruber et al (2007) suggested that oxidation products of phospholipig 1- palmitoyl z 2
arachidonoyl z snz glycerol z 3- phosphorylcholine (PAPC), a major component of cell
membranes and lipoproteins could play a role in HO1 induction. They showed that the
oxidation products of PAPC inducetiO1lin both fibroblasts and keratinocytes and the
formation of these oxidation products was mediated by UVA exposuri addition they
studied gene expression changes induced by either UVA or UVA induced PAPC oxidation.
UVA was found to modulate the expression of over 300 genes, whereas-RAPC

modulated the expression of 48 genes, indicating that only part of the UVA response is
mediated bythe signaling of oxidised phospholipids. The genes that were modulated by
both treatments were found to be mainly of cytoprotetive and detoxifying properties

(Gruber et al., 2010)
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1.5 DNA damage by UV
Ultraviolet radiation is able to induce a variety of DNA lesions and in turn cause the

activation of a variety of DNA repair pathways to repair the lesions. Tablel summarizes
the main types of lesion that can occur following exposure to UV and describes the DNA
repair pathway activated in each case. The ability of UVA and UVB to induce DNA lesions

will be discussed in the following section.

Lesion type DNA repair pathway activated

CPD/ 64PP Nucleotide Excision repair

8-0x0G Base Excision repair

Abasic site Base Excision repair

Doublestrand break Homologous recombination / norrthomologous end joining
Singlestrand break Ligation/ base excision repair.

Table 1.1 The main DNA repair pathways responsible for _repairing _each type of
DNA lesion

The nucleotide excision pathway (NER) is the main pathway responsible for the removal
of CPD4Gillet and Scharer, 2006) The NER pathway detects and repairs lesions which
cause chemical and structural alterations to the DNA double hel{Batty and Wood,

2000). The damage is deted by two different pathways before they converge to the
same pathway. The transcription coupled repair pathway detects lesions occurring in
transcribed regions of the DNA, mutations in components of thigathway Excision repair
cross complementation group 6 (ERCC&nd Excision repaircross complementation
group 8 (ERCCB8)result in Cockayne syndrome, a disorder associated with neurological
abnormalities but no increase in incidence of skin cancéNance and Berry, 1992) The

global genome repair pathway detects lesions throughout the whole genome, in both
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transcribed and nontranscribed regions, pathological mutations irXeroderma
Pigmentosum, Complementation Group 4 (XPA-XPB and Damage specific DNA binding
protein 2 (DDB2) are seen in Xeroderma PigmentosurfCleaver, 1968) a disease
characterized by increased risk of skin cancer and increased sensitivity to UV. The
disorders associated with nucleotide excision repaideficiencyare discussed in more

detail by Cleaver et al., (2009)

Table 1.1 DNA repair pathways activated by UV -induced lesions

1.5.1 8-ox0G

8-oxouanine (8-oxoQ is detected in cells following exposure to all types of ultraviolet
light. 8-oxoGis producedindirectly by a photosensitiser mediatedreaction in the
presence of singlet oxygeriCheng et al., 1992)Itis the most common form of oxidatve
base damage, guanine being the base with the highest reducing potential and therefore
the most ausceptible to oxidative damagéCollins et al., 1996) ROS can also act to form
both single strand bre&s (Kielbassa et al., 1997and protein cross links although these

are much less common tha®-oxoG
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Figure 1.8 The formation of 8-0xoG from guanine
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There is contradicting evidence as to whethe8-oxoGcontributes significantly to the
mutagenic properties of UVA. Its hallmark mutation is G to T transversions from the
mispairing of 8-oxoGwith adenine but these mutations have rarely been seen in UV
mutation spectra (Drobetsky et al., 1995) Mice knockous of 8-oxoGDNA glycosylase
(OGGL1), the enzyme which removedoxoG showed no increase in BCC formation
following UVA exposure, suggesting tha8-oxoGmutagenicity lacks arole in the initiation
of BCQKappes et al., 2006)In contrast, decreased levels of human OG®&ere detected

in BCC cells, implicating @otential role for 8-oxoGin BCC(Huang et al., 2012)

1.5.2 UV and cyclopyrimidine dimers

The primary DNA lesion following UVB exposure is the formation of CPDs afwdt
photoproducts (6-4PP), both ofwhich are formed when UVB is diredy absorbed by DNA
(Cadet et al., 1992) The role of these lesions in UVB induced carcinogenesis wid
discussed in greater detail in section 1.11. Originally it was not thought that UVA would
induce CPDs but it has now been found that UVA at doses as low a&Jd¥n2 is sufficient
to induce CPDs. The presence of UNtiduced CPDs has been seen in bothltured cells
(Kvam and Tyrrell, 1997; Perdiz et al., 2000; Freeman et al., 1989; Freeman and Ryan,
1990) and skin(Freeman et al., 1989; Young et al., 1998Even at verjjow dosesCPDs
are still present attwice the abundance oB-oxoGin human skin cells exposed to UVA

(Courdavault et al., 2004)xand in whole skin(Mouret et al., 2006)

Unlike in response b UVB irradiation, CPDs produced from UVA exposure only form at TT
sites not CQr CTsites (Douki et al., 2003; Rochette et al., 2003)nd the yield of CPDs

from UVA is 10 7 105less than that caused by UVBKuluncsics et al., 199). Whilst CPDs
are now considered to be the predominant lesion, the ratio of CPD 8soxoGdepends on

radiation conditions and cell and skin typegRinger and Kappes, 2008)
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Figure 1.10 The formation of CPDs

A schematic representation of the formation of CPD formation from two adjacent thymine
bases.

As previously mentioned UVA fallsoutside of the wavelengths of light that are absorbed
by DNA, thereforeit is unable to act directly upon UVAinstead inducing effects as a result
of photosensitiser mediated mechanismgdowever, Jiang et al (2009) detected the
presence of CPDs in isolateDNA and suggested that UVA may be able to directly induce
CPDs in the absence of photosensitisers. In addition, later work by a different group

detected similar yields of CPDs in isolated DNA and human keratinocyte cells after
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exposure to UVA (either 50 or 1000 kJ/m2). CPDs were also detected in synthetic DNA
after exposure to UVA confirming that their presence in isolated DNA was not because of
contamination. The CPDs in whole cells and isolated DNA show similarities in both
efficiency and their distribution, indicating that the mechanism is the same in each case
and there is no photosensitiser involved in UVA induced CPdouret et al., 2010)
Although the doses of UVA used in these studies were highéan those used in earlier

work so this could possibly be true only at high doses of UVA.

Intriguingly, ahigher ratio of CPDmutation has been observed following UVA compared
to UVB irradiation. Previously it had been suggested that the increased level of
mutagenicity is related to oxidative effects of UVA irradiation which cause additional
mutations (Enninga et al., 1986) However, the predominance of C to T transitions in UVA
irradiated cells suggests that this is not the cag&iinger and Kappes, 2008and that this
increase in mutations following UVA is as a result of unrepad CPDs. The same group
used equimutagenic doses of UVA and UVB to irradiate fibroblasekts and measured
CPD formation. Tiey found that significantly more CPDs were formed when cells were
exposed to UVBfurther supporting the ideathat repair of CPDdollowing UVA is less

competent than following UVB.

Runger et al (2012) proposed that the higher cellular responses were activated less
strongly following UVA than UVB leading tanicreased persistenceof CPDs. Previously it
has been reported that p53, @entral regulator of the DNA damage responses was
significantly less activated following UVA compared to UVEappes et al., 2006) Here
they reported on the effects that equimutagenic doses of UVA and UVB have on DNA
replication, cell cycle progression, DNA repair and apoptosis in human fibroblastsh&
group identified UVB to have a much gumger effect on DNA replication and repair.
Excision repair cross complementation grougfXPQ central component of the NER

pathway was seen to be more strongly and persistently upregulated following UVB. There
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was a more prolonged cell cycle arrest detected at all stages of the cell cycle following
UVB compared to UVA. Furthermore UVB irradiation resulted in a greater induction of
apoptosis than UVA. They concluded that the difference between cell cycle progression
DNA repair activation and apoptosis induction following UVA and UVB was significant and
together, these account for the increased mutagetity seen from UVAinduced CPDs
(Runger et al., 2012)

Recent work found that nucleotide excision repair is deficient in melanoma cell lines
compared to primary melanocytes following UVA exposure. Alterations in the global
genome repair pathway were detected in melanoma cell lines followg exposure to UVA.
These included delayed expression 0{PCDDB1, DDB2and Tp53, resulting in a delay in
CPD repair in the melanoma cell lines compared to melanocytes. This work was
indicative of a role for UVA induced CPDs in melanoma development althgh further

work is needed to confirm these findinggMurray et al., 2015)

1.5.3 Dark CPDS

Recently the induction of delayed CPD formation has been seen in pigmented melanocytes
following both UVA and UVB exposure. The formation of CPDs was seen to continue for 3
hours after exposure to UVA, at this point further increase in CPD induction was offset by
concurrent repair. Interestingly the predominant form was TC + CT/TT, in contradb the

TT CPDs that are historically associated with UVA exposufieremi et al., 2015) these are
also the mutations that have been seen to occur frequently in sunlight induced

melanomas(Brash, 2016).

1.6 The ability of UVA to form Double Strand Breaks

Doublestrand breaks (DSBs) are considered to be the most dangerous form of DNA
damage; repair of DSBs is critical to avoid cell death, chromosomal aberrations, and

mutations. In some cases, presence of DSBs can directly initiate pdtigical events such
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as caners (Mah et al., 2010) The presence of UVA induced, double stranded breaks
(DSBs) has been a subject of debate over recent yegarticularly since UVA alone is not

energetic enough to beak the covalent bond directly(Cadet et al., 2009)

While it is now accepted that replication dependent DSBs can occas a result of UVA
exposure(Limoli and Ward, 1994), the data on the existence of replication independent
DSBs has been conflicting. Mhoof the work has focused on detecting upregulation of the
DNA damage response@DRh OOAE AO ET AOAAOGAA (¢! 8 Ol
strand breaks. Some groups finding no existence of DSBs even when using very high doses
(400 kJ/m2) of UVA(RIizzo et al., 2011while others have gaired data to support the

existence ofUVAinduced DSBs though the induction of a number of biological endpoints
associated with DSBsThese have included micronucldormation, clonogenic survival
(Phillipson et al., 2002)and the/El O AOET T  I(HEetral(, 20058 GrefBkriieEal.,

2012b).

The formation of double strand breaksletected by increased numberof ( ¢! 8 /&l AE
the neutral comet assay were seeafter exposure to UVA has beerecently observed in

both HaCaT cells and fibroblasts, implying the existence of a common mechanism of DSB
formation and not a mechanism dependent on cell line. The addition of antioxidants was
found to prevent the formation of DSBssuggesting a key ra for ROS in the induction of
DSBs. Additionally, the rate of DSB formation was higher in cells exposed to split doeé

UVA when compared to cells exposed to a single irradiation equaling the same total dose.
This finding suggests the involvement of a sesitiser that becomes depleted in the cells
exposed to single dose UVA and when a split dose of UVA is applied the photosensitiser
becomes replenished so is no longer a limiting factor in the UVA induced formation of

DSBgGreinert et al., 2012b)
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1.6.1 H2AX phosphorylation and the DNA damage response

The DNA damage response is crucial to maintaining genormesstability following changes
to chromatin structure. The DNA damage respae is a complex network of pathways
which prevent DNA lesions causing genomic stability. The DDR comprises of DNA repair
mechanisms, made up of specific pathways tailored fmocesseach type of DNA lesion
(these are described in table 1)1 as well asactivation of cell cycle checkpoints, to slow
replication and allow the cell time to repair damage and to prevent damage DNA from
being replicated and tolerance processes which allows the bypass of lesions and
replication to continue (Hoeijmakers, 2001) There is extensive crosstalk between these
pathways which allow for proper repair of lesions, in particular between the DNA repair
pathways and the activation of cell cycle checkpoints which allow for additi@l time to
repair the damage(Bartek and Lukas, 2007) The cell cycle position at which the cell is

arrested is dependent on the type of damage that has occurrédhou and Elledge, 2000)

H2AX is a subtype of histone 2, making up approximately 10% of all H2A molecules in the
nucleosomes, it is present in approximately every 5 nuclsmmes. However, the ratio of

H2A typesvaries between cell lines, although the reason for this is unknow(Rogakou et

al., 19984 EA A& O1 AGET T T &£ r(c! 8 EO xalulirfhl U AAAADPOAA
activation of the DDR; H2AXs rapidly phosphorylated and recruited to the DNA in

response to double strand break¢Burma et al., 2001)and stalled repication forks (Ward

and Chen, 2001)When activatedr (2AX acts a signaling molecule to downstream

effectors, which vary depending on which pathway has been activated.

(¢! 8 PET OPET OUI AGETT jr(¢!8q EO OEI OCEO O1 AI
genome stability in a number of ways; the modification in@ases accessibility to the DNA

leading to increased accumulation of DNA repair proteins, sends an epigenetic signal to

AT xT OOOAAI OAPAEO DPOI OAET Oh r(¢!'8 OAAOOEOO Al

chromosomal regions where DNA breaks have occurred. At Idevels of DNA damage
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higher this is not seen suggesting an alternative pathway occurs to manage cell cycle

checkpoints & high levels of DNA damagéMah et al., 2010)

1.6.2 Mechanism of H2AX phosphorylation

As mentioned above H2AX is phosphorylated at serine 139 in response to DSBs; in recent
years much research has gone into identifying the mechanism by which this
phosphorylation occurs. H2AX is a substrate of several phosphoinositide 3 kinase related
protein kinases (PIKKSs) includingAtaxia telangiectasia mutated ATM), ataxia

telangiectasia and Rad3delated protein (ATR) and DNA dependent protein kinas¢DNA-

PK). The PI3K family is activated immediately after DNA damage and act as transducer
proteins playing a role in the control and progression of the cell cycle, remodeling of
chromatin as well as DNAepair (Rogakou et al., 1998)ATM is activated by DSB&urma

et al., 2001)whereas ATR is recruited to sigle strand break regions, which arise at stalled
replication forks or during the processing of bulky lesions including UV photoproducts

(Zou and Elledge, 2003)

The rapid phosphorylation of ATM in response to duble strand breaks haseen seen to
be MRN dependent.r cells expressing mutated MRN or in MRN knockdown cells ATM
signaling has been seen to be defectivEhe MRN complex is made up of MRE11, RAD50
and NBS1 and this complex is associated with the phospiylation of ATM at serine 1981
as well as its recruitment to DNA damage sitgeee and Paull, 205). This was seen in
multiple cell lines including Hela, lymphablasotoid cells and normal fibroblast suggesting
that this is likely to be a global mechanism and not a cell lirdiependent one(Carson et
al., 2003 Uziel et al., 2003)The recruitment of the MRN complex to the site of the DSB

is a very early event and has been confirmed to act as a sensor of D&Rgrini and
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Stracker, 203). Consistent with this work the levels of the MRN complex have been
demonstrated to be constant throughout all stages of the cell cycle, further indicative of its
role as a damage sensqMaser at al 1992) In addition to its activation by the MRN
complexin response to DSBSATM can also be activated by changes in chromatin
structure that do not result in the formation of double strand breaks in a MRN
independent mechanism. The levels of ATM that are seen in response to changes in
chromatin structure initiated by treatment with hypotonic solution are similar to that the
seen followingexposure to ionising radiation(Bakkenist and Kastan, 2003)Additionally,
inhibition of histone deacetylases lasalso been seen to activate ATKLee, 2007; Jang et

al., 2010)

Phosphorylation of H2AX at serine 139 as well as its recruitment to the sites of damage

rapidly follows. As well as acting as a marker for DNAdamCA r (¢! 8 BI AUO A AO
in the DDR and acts to amplify the signal of damage to aid DNA repair. Following its

PET OPET OUI AGETT AT A OOAOANOAT O OAMHe™édadi AT O OI
of DNA damage checkpoint {MDCJ) (Stucki et al., 2005)o the break, this in turn

continues the activation of ATM, generating a positive feedback loop to enhance H2AX
phosphorylation (Stucki and Jackson, 2006}his creates the chromatin modification

required for the efficient binding of p53 binding protein 1 (53BP1) (Bekker-Jensen etl.,

2005). Recruitment of 53BP1 results in recruitment of RNF8o phosphorylated MDC1,

which subsequently results in polyubiquitation of H2AX to recruit BRCA(Huang and

D'Andrea, 2006) The activation ofATM also leads to the activation of a number of other

signaling molecules that play a role in cell cycle progression and DNA repair; these

include; p53, Chk2 and Brcal.
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Figure 1.9 The mechanism behind the phosphorylation of gamma H2AX.

This figure denonstrates the two distinct pathways that phosphorylate H2AX following the
detection of either double strand breaks or stalled replication forks. Double strand break
formation stimulates the recruitment of the MRN (MreiRad5GNbs1 ) complex, this
recruitment stimulates the phosphorylation of ATM at serine 1981 and also its recruitment
to the DNA and out of its dimeric form. The phosphorylated ATM then goes on to
phosphorylate the histone H2AX and facilitates its recruitment to the site of damage. The
presence of stalled replication forks is detected by ATR, which phosphorylates H2AX and
other DNA damage response signaling molecules which are distinct from those activated by
ATM

The activation of ATM has been detected following UVA but not UVC irradiatiarboth
mouse and human fibroblast cell lines UVA induced apoptosis has been found to be
dependent on the activation of ATM whereas UVC induced apoptosis is ATM independent.
Furthermore, the activation of both UVA induced JNK and p53 has been seen to be
dependent on the activation of ATMZhang et al., 2002kuggesting that the activation of

ATM could be a key mediator in a cells avoidance of UVA induced photo carcinogenesis.
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1.6.3 H2AX in mitotic cells

Inadditol O1T EOO OT1 A ET OEA O&aXAdsasolbeen seénAl A OO0O
un-irradiated cells, where two different populations of foci were seen; one population

consisted of large foci that were morphologically similar to those seen detected followgn

ionizing radiation, the other populations were smaller and less intensely stained. The

smaller foci were not found to celocalise with proteins associated with DNA repair

(McManus and Hendzel, 2005)Cell cycle analysis showed that the abundance of the

2
C
p2

Ol ATTAO r(¢!'8 &£ AE ET AOAAOGAG AO OEA AAITI
as may be expected the peak was seen in mitotic cells. Efforts have been made to
understand the upstream eféctor of H2AX phosphorylation in untreated cells, but results
have beenconflicting; with one group finding it to be ATM dependent{McManus and
Hendzel, 2005)whereas a conflicting report found that DNAPKcs was responsibl€Tu et
al., 2013) and a third gioup found no role for either ATM or DNA PK in H2AX

phosphorylation in cells lacking DNA damag@chijima et al., 2005)

1.7 UVA and stress response pathways

UV radiation is considered one of the most important erironmental stresses for skin
damage(L6pez-Camarillo et al., 2012)Following exposure to UVA and the generatioaf
oxidative cellular stress a number of signaling pathways are activated which could give
rise to changes in gene expression of signaling molecules and activation of transcription
factors resulting in differential gene expression and protein production with can lead to
change in levels of enzyme activation. Of particular importance is the ability of the cell to
resist apoptosis in order for the mutations to survive and spread. Better understanding of
the pathways involved could give rise to increased undstanding of tumour initiation and
progression (Zhang and Bowden, 2012and give rise to better chemotherapeutic cugs

(Syed et al., 200p.
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1.7.1 MAPK

The Mitogen Activated Protein Kinase (MAPK) signaling pathways are made up of a

number of signaling components, they play a vital role in the cell, converting stimuli on

cell membrane into a wide range of cellular responses by transfer fEA OECT Al Ol

nucleus(Wagner and Nebreda, 2009) The response initiated by the MAPK is dependent
on the stimuli which caused its activationWinter-Vann and Johnson2007). They can be

divided into three subsets of pathways; p38 MAPK, JNK and ERK.

The MAPK family can be activated by a wide range of stimuli and their activation is
through activation of at least two enzymes upstream. Stimuli activate MAPKKK which
phosphorylates and activates the MAPKK, which then causes activation of the MAPK
through dual phosphorylation of the Threorine Tyrosine motif on its activation loop

(Seger and Krebs, 1995)The regulation of MAPKSs is tightly regulated and this regulation
is paramount to the health of the cells as all members of the MAPK family have been seen
to play roles in both cell health and cell death. Sustaideactivation ofthe MAPK family has
been seen to induce adverse effects including increased proliferation and cell death

(Winter-Vann and Johnson, 2007)

Although there are conflicting data about the ability of UVA to activate all three pathways:
UVA can activate p38 and-Jun Nterminal kinases (JUN but not Extracellular signak
regulated kinases(ERK) in fibroblasts (Klotz et al., 2001)but a paper by Zhang et al

(2001) suggested UVA activates all 3 pathways. It has since been suggested that activation
of different MAPK pathways could be dependent on both dose of UVA and th# tgpe
(L6pez-Camarillo et al., 2012) Activation of these pathways is also wavelength dependent
and the pathwaysactivated by UVA vary to those activated by UMByed et al., 2012)

MAPKs were not activated in mouse keratinocytes after UVA exposure but have been seen

to be activated in human skin, suggesting that a separatemponent, found in human skin
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could play a role in regulation of MAPK aétation in human keratinocytes(Lépez-

Canrillo et al., 2012).

1.7.2 UVA-dependent phosphorylation of ERK

ERK was the first MAPK characterised it has 8 isoforms, of which ERK1 and ERK2 have
been studied extensively(Zhuang and Schnémann, 2006) . They are widely expressed
and play a role in regulation of mitosis and meiosis as well as regulating post mitotic
functions of differentiated cells. A great number of stimuli have been found to activate
these pathways including cytokinescarcinogens and growth factors, the latter being the
pathway that is best understood. Oncogenic Ras has also been seen to activate this
pathway leading to increased proliferation as well as the investigation into use of ERK

inhibitors as anti-cancer drugs(Johnson and Lapadat, 2002)

An extensive study by He et al (2004) found that UVA activates ERK in a dose and time
dependent manner in HaCaTells.Post irradiation, increased ERK phosphorylation was
not detectedafter 1 hour but a significant increase was seen after 3 hours and up to 15
hours after irradiation. Ras activation was also seen to increase after UVA irradiation in
the same time span as ERK and exposure of cells with negative Ras showed a dramatic
decrease in ERK activation showing UVA induced ERK activation is Ras dependent. ERK
activation was also seen to be dependent on PKC. These results were seen in a number of
different cell lines so ERK activation proving ERK activation is not cell line specifide et
al., 2004)in addition sustained ERK activation has been shown to protect cells from
photodynamic therapy (Tong et al., 2002) Photodynamic therapy is a form of canae
therapy where patients are treated first with a photosensitiser, which enter all cells, then
are later treated with UVA light at a time point where the photosensitiser has left the

normal cells but remains present in tumour cells. The reaction between ¢
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phososensitieser and light then produces ROS which kill the neighboring tumour cells

(Dolmans et al., 2003)

The activation of p38 and JNK pathways is now thought to be a key eventlie UVA
response(Zhang and Bowden, 2012)These two pathways are often referred to as stress
activated protein kinases due to their sensitive reaction to external stressors such as UV
exposure. They both function in a cell context specific and cell type specific manmer
order to generate signals which affect a great number of cell functisand are both seen
to be deregulated in a number of human cance®Vagner and Nebreda, 2009)P38 and
JNK are activated immediately within 5 minutes after UVA irradiation and reach a peak

after 30 7 45 minutes in HaCaT cell§Zhang and Bowden, 2012)

1.7.3 UVA activation of p38

Numerous studies have found p38 to be activated by R@an et al., 2009and UVA has
been foundto activate p38 MAPK in a number of different cell lines , although the dose
needed to cause activation does diffgzhang and Bowden, 2012)Activated p38 has a
wide range of supstrates, but most interestingly it has been seen to cause both anti
apoptotic and pro-apoptotic effects. The apoptotic effects of p38 after UVB irradiation are
well established but recently Zhang and Bowde(2012) gained data that showed p38 had
anti apoptotic effects in UVA irradiated HaCa€ells; Inhibition of p38 of irradiated

HaCaB showed a great increase in apoptosis. The ndnnctional p53 (Lehman etal.,
1993) in HaCaTs has been suggested as a possible explanation for this controversial
finding. Activation of p38 causes increased expression of G@8xhrough the increased
stability of mMRNA kading to increased expressioiiBachelor and Bowden, 2004aand B-

cell ymphoma-extra large(Bcl-XL).! T ET AT 1T T AAT O 1T £ Doy, EAOA
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knockout mice are nonviable. However a skin specific knockout has been developed and

shows a significan inhibition in tumourigenesis (Bachelor and Bowden, 2004b)

Activation of MAPK by UVAgenerated ROS has been heavily implicated ingging a role in
regulation of gap junction intercellular communication (GJIC). This area has gained
interest in recent years because the pathways involved have been suggested as good
targets for combating the detrimental effects of UVA including carcinogesis and
photoaging. The disruption of GJIC is widely believed to have a role in tumour
development and progression as GJIC is involved in a number of keratinocyte processes

including differentiation and growth (Provost et al., 2003)

P38 MAPK reduces GJIC via @sphorylation of protein connexin43 (cx43) which
compromises itsexpression. Phosphorylation of k43 has a number of effects relating to
GJIC, it affects opening and closing of the channels as well as affecting the number of
active channels via its effec on the synthesis of cx43 which through a positive feedback
mechanism further increases the expression of cx43. The cumulative exdfs are seen in
aberrant GJIGWu et al., 2011) A role for ROS in GJIC has beeeavily implicated; a strict
correlation has been observed between free radical production and decreased GJIC. In
keratinocytes treated with N-acetylcysteine, a free radical scavengghe decrease in GJIC
was partially prevented further suggesting a roledr ROS in the decrease GJXBellei et al.,

2008).

1.7.4 UVA activation of JINK

The JNK family are also activated in response to stress including UV, in the case of UVA;
they are activated by the presence of singlet oxygen as proven by an increased activation

of INK in the presence of deuteriumxdde which increaseshe lifetime of singlet oxygen
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(Klotz et al., 1997) The major target for JNK signalling is the activation activator
protein 1 (AP1) via the phosphorylation of subunit JUN. It is the activation of AP1 that is

considered the prime oncogenic function of JNK.

Activation of JNK can have diverse effects on the cell, in some cases promoting apoptosis
(Sluss et al., 1994and in some proliferation (Schwabe et al., 2003these effects are
thought to be dependent on stimuli and the strength of JNK activatidihin and Dibling,
2002). The efects have also been seen to be dependent on the member of the JNK family
that has been activated; JNK2 has been linked to degradation of JUN whereas JNK1
phosphorylates JUN leading to activation of AP1 and hasalbeen linked to senescence
via p53. AP1 b a transcription factor complex comprised of two heterodimers Fos and Jun.
It is well established that MAP kinases are able to directly phosphorylate the proteins of
the AP1 complex therefore directly affecting its activitf{Whitmarsh and Davis, 1996)
Activation of JNK family are also linked to expression of cytokines which control
inflammation and cancer although not as strongly as seen by p3&utations of JNK have

also been seen in human cancers.

The MAPK family araesponsible, in part for the increased expression of-QUN in
response to UVA exposure. MAPK enzymes are situated directly upstream @fUlN in a
number of pathways which lead to increased expression offlUN and therefore an
increase in AP1 which direcly initiates the increase in MMPs, enzymes which play a
critical role in photoaging of the skin.C-JUNhas been suggested as a good potential

biomarker for photoaging.
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1.7.5 UVA activation of AP1 and its role in carcinogenesis

There is increasing eviénce to suggest that UVA increases AP1 activation in multiple cell
lines, but the MAP kinase responsible for the observed increase has been observed to vary
between cell lines(Bachelor and Bowden, 2004b) AP1 has been shown to be involved in
both skin tumour promotion and progression; ncreased levels of AP1 have been seen in
tumour promotion sensitive cells compared to tumour promotion resistant cells

(Bernstein and Colburn, 1989)and AP1 levels have been observed to be highin

malignant tumours compared to benignDomann et al., 1994)

UVA

}

ROS
EGFR ﬂ\
. J

ERK NK

Figure 1.12 UVA activation of MAPkinases

A schematic representation of MAPK activation by UVA radiation. Demonstrating that
activation of MAP kinases by UVA can lead to effects which contribute to both photoaging
and carcirogenesis.
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1.8 UV induction of apoptosis

When the DDR is unable to fully repair the DNA lesions that have been induced, the stress
pathways can respond by inducing apoptosis. There are two main pathways by which
apoptosis are induced, the extrinsic and imtnsic pathways which are also referred to as

the death receptor and the mitochondrial pathway. The intrinsic pathway is activated

from inside the cell by members of théB-cell ymphoma?2 (BCL-2) protein family; the
extrinsic pathway is activated from ouside the cell by the binding of preapoptotic

ligands that bind to death receptors on the cells surface reviewed in detail l§green,

2000). The activation of either of these pathways ultimately results in upregulation of
caspases, important effector molecules whitplay a prominent role in apoptosis

(Earnshaw et al., 1999)

The pathways through which UV radiation trigger apoptosis in cells have been shown to
be both dose and cell line depender({Lee et al., 2013) A number of pathways have been
reported to play a role in UVA induction of apoptosis, which include the activation of the
p53 signaling pathway following DNAdamage(Ziegler et al., 1994)activation of death
receptor pathway (Aragane et al., 1998 and the mitochondrial pathway(Kulms and

Schwarz 2002).

The pathways leading to the initiation of apoptosis following exposure to Uate still not
fully understood. It has been suggested that the formation of photoproducts plays a
substantial role; NER deficient cells have been shown to have inceeal susceptibility to
UV induced cell killing(Dunkern et al., 2001) Furthermore, it is thought that formation of
CPDs plays a more prominent role in apoptosis induction than-@PPs, at least in NER
proficient cells because of the speed at which the latter are repaird@iiellon et al., 1987)
Although notconfirmed, it has been suggested that the presence &oxoGdoes not

contribute significantly to apoptosis following UVA induction. It has long been shown that

38



CPDs and no8-oxoGare the primary lesion following UVA(Courdavault et al., 2004)and
secondly that,8-oxoGwhen compared to other DNA lesions has little effect on blocking

either replication or transcription (Larsen et al., 2004)

There is also evidence to suggest that UVA is alib induce apoptosis independently of
DNA damage. The increase in ROS following UVA exposure have been shown to cause
damage to proteins, lipids and saccharides within the cglPattison and Davies, 2006)
This can cause damage to both the cell membrane and the mitochondrial membrane,
resulting in the release of cytochrome c, a pivotal part dhe intrinsic apoptosis pathway

(Li et al,, 2000).

ATM has been reported to play a role the cellular decision to trigger p5and ¢Jun N
terminal kinase (JNK}dependent apoptotic pathways in response to UVA, however in
ATM deficient cells apoptosis following UVA was not completely abrogated qyesting the
involvement of another pathway(Zhang et al., 2002) This is consistent with in vivo
evidencethat AT cells have a high tendency towards malignant transformation as a result
of increased resistance to poptosis, resulting from deficient ATM signalingWestphal et

al., 1997)

Both UVA and UVB induce apoptosis in melanocytes through p53 dependent pathways
but the pathways that activate the p53 are different. The melanocytes showed higévkls

of oxidative stress but no increase in p53 expression; however, translocation of p53 to the
mitochondria was detected. This translocation was dependent on oxidative stress; the
addition of N-acetylcysteine blocked it. Downstream, mitochondrial releass of cytochrome

¢ and consequent caspase activation were observed as well as the translocation of the
BCL-2 family to the mitochondria. This indicates that the p53 medited apoptosis

following UVA may betranscription independent, at least in some cell lias. UVB also
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initiated the translocation of p53 to the mitochondria, but this was seen alongside an
increase in expression, and both of these events were seen toibdependent of oxidative
stress, ndicating that UVBmediated apoptosis is a transcriptiondependent event
(Waster and Ollinger, 2009) The clear role for p53 in apoptosis induction following both
UVA and UVB exposure suggests that the intrinsic apoptosis pathway is activated in
response to both UVA and UVB wavebandsterestingly it has also been émonstrated

that UVA irradiation protects cells from UVB mediated apoptosi@buki et al., 2007).

UVA

—
b ) ‘(—-—-""’ ATM
2 @

Figure 1.11 UVA induced pathways of apoptosis

Schematic representation of pathways involved in apoptosis induction following exposure to
UVA,; pathways exist which are able initiate apoptosis in the absence of DNA damage as
well as pathways that are initiated by DNA damage.
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1.8.1 Mitochondrial Membrane Potential and Apoptosis

It has previously been described that the mitochondria play a central role in the induction
of apoptosis via both the intrinsic pathway and extrinsic pathways. The involvement of
mitochondria in a number of apoptotic pathways is well established, resulting in their
release of cytochrome c and in turn the activation of caspases, which in turn indisce
apoptosis, see Deshager and Martinou for reviewDesagher and Martinou, 2000) In
particular, discussion has focuse@n the mitochondrial membrane potential and its
possible role in apoptosis induction; although there remains some debate as to whether
mitochondrial membrane potential is an initiator or an effect of apoptosis. A number of
groups have seen loss of mitochatrial membrane potential prior to nuclear feature of
apoptosis(Vayssiere et al.Zamzami et al., 1995) Loss of mitochondrial membrane
potential has also been seen to be independeaf caspase activation and habeen seen as

a requirement for cytokine induced apoptosigBarbu et al., 2002)

In contrast, a nunber of studies have found a lack of early loss of mitochondrial

membrane potential; instead they have seen it occurring late on as a result of nuclear
alterations and activationof the intrinsic apoptotic pathway. (Desagher and Martinou,
2000). This has led to some suggestion that the loss of mitochondrial membrane potential
may be as a consequence of apoptosis induatiobut it may serve as an amplification

method to initiate further apoptosis .

1.9 Dose rate response

The effect of dose rate response of UVA is of great interest because of its biological
relevance. The intensity at which individuals are exposed to UVArr vary greatly
depending on time of day, time of year and geographical location. The BungRnscoe Law

of Reciprocity states that if the cumulative dose of radiation administered remains

41



constant then the biological effect of the radiation is the same ragdless at the intensity

at which the exposure occurs. Much of the earlier data characterised the biological end
points for a dose of UVA exposure assuming the biological effect was independent of the
dose rate at which the UVA was administered. Howevernamber of studies now exist
which challenge this law and dose rate response has been found to affect a number of

biological end points.

Merwald et al(2005) hypothesised that due to the complex effect that exposure to UV
radiation has on the cell the Busen Roscoe Law of Reciprocity law is unlikely to hold true
for these photochemical reactions. They reported that fractionated UVA doses increased
the rate of apoptosis compared to one single dose as well as inducing a greater decrease
in rate of proliferation and cells exposed to fractionated UVA exposure showed greater
membrane damage. The increased ability of UVA to cause a variety of cellular damage at
fractionated doses was true of intervals between doses of up to 4 hours, longer than this
and a decreas in damage was seen, perhaps indicative of an antioxidant response

occurring at this time point (Merwald et al., 2005)

Shorrocks et al (2008) demonstrated an inverse dose rate response relationship for

micronuclei formation and membrane damage. They also demonstrated thatadiation
at a lower dose rate resulted in a higher rate of apoptosis over the 7 day time course
(Shorrocks et al., 2008)Greinert et al(2012) have reported an increase in DSBs when

irradiated with fractionated UVA compared to a single dose.

1.10 Long term consequences of UVA

It is now recognised that not all biological effects are as a direct result of radiation
exposure. Irradiated cellshave been seen to maintain a level of instability for some time
post irradiation. This instability can result in new chromosomal damage, an increase in

spontaneous mutations, membrane damage and an increased rate of apoptosis. These
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characteristics can lad to the cells developing a hypermutator potential and later on

becomingcarcinogenic(Dahle and Kvam, 2003)

Evidence for long term effects of UVA radiatiois increasing. As seen in ionising radiation
changesin the cellular survival rate and an increase in mutations have been seen in the
progeny and cells surrounding irradiated cells. These long term changes are often

referred to as persistent genome stabity and the bystander effect which has been found

to occur in UVA irradiated cells is thought to be one of the main causes.

1.10.1 Persistent Genome Instability

Persistent genome instability (PGI) was first characterised in ionisingadiation (Little et

al., 1990)and is defned as persistent DNA and cellular damage in progeny of irradiated
cells for multiple generations post irradiation. It refers to a cellular phenotype which
expresses an increase in both cell death and spontaneous mutations at both the
nucleotide and chronosomal level(Phillipson et al., 2002) Genomic instability has been
linked to almost all cancers and has been suggested as the first step in radiation induced
carcinogenesis (Selvanayagam et lg 1995). Skin cancer in particular is highly genetically

unstable both at the chromsomal and the nucleotide leve{Dahle et al., 2005)

/I 82ARAET T U ATA -1 OEAOOEIT jpwwxq AAITT OOOAOAA
UV irradiation. Other groups have since looked at the effects of UVA on other

characteristics of PGlthey reported that UVA induced an increase in delayed cell death
confirming previous work, delayed spontaneous mutations and induction of micronuclei,
representing chromosomal damage. They also found that incubation in catalase prior to

UVA irradiation decreased the above effectisuggesting that hydrogen peroxidegplays a

role in PGI induction(Phillipson et al., 2002)

UVA causes fewer immediate mutations than UVBVells and Han, 1984 put induces

more genomic instability than bothUVB radiation and X radiationDahle and Kvam,
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2003). The same laboratory later found thawhilst long term mutations induced by UVB
were significantly decreased with incubations in catalasesuperoxide dismutase §OD or
glutathione (GSH, only GSH significantly inhibited the long term mutations caused by
UVA(Dahle et al., 2005) Their finding indicates that the generation of ROS plays a great
role in the induction of long term mutations of both UVA and UVB. GSH decomposes a
wider range of ROS than the other enzymes. Furthermore GSH can be broken down by
membrane enzymes, the byroducts of this are then able to pass into the cell and
stimulate GSH production inge the cell suggesting a more prominent role for gap
junction intercellular signaling than signal release into medigDahle et al., 2005)
Furthermore, they attempted to investigate both the time course and the mechanism
behind UVA induced PGI. They showed a significant increase in delayed mutations in the
UVAirradiated cells for up to 21 generations post irradiation. Their results also suggested
that the so called bystander effect plays a role in the increase in delayed mutations
induced by UVA but to a lesser extent than UVB. The bystander effect is defined as the
induction of DNA and cellular damage in cells which have not been directly irradiated, but
as a result of signals released from directly irradiated cells. The bystander effect will be

discussed further in chapter 4.

1.11 UV mutations in cancer

To gain further insight into UVR carcinogenesis the mutation spectrum of skin cancers has
been studied, looking for the presence of mutations associated with CPDs»®G and

other UV DNA lesions. CPDs formed following UVB are associated witli €ansitions.

The presence of €Ds distorts the structure of the DNA double heligkim et al., 1995)

and presents a challenge for replication and transcription, therefore must be repaired
before these processes can continue. In most cases CPDs are readily repaired by the NER
pathway (Thoma, 1999)however, if undetected thesdesions are then targeted by the

translesion polymerasepof xEEAEh OT 1 EEA OOAT OAOEDPOEI 1
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nucleotides opposite to the dimer. This is non mutagenic when the CPD does not contain
cytosine but can cause a-T mutation in cytosinecontaining lesions, due to the tendency
for these to undergo hydrolytic deamination to uracil lesions. These-Tor CCTT

mutations are often referred to as the UV signature mutatio(Ziegler et al., 1994) In
addition to formation of CPDs UV, in particular UVA also causes the oxidation of bases, in

particular 8-oxoG(Cheng et al., 1992)

Earlier worked focused on the mutation spectrum of single geneslvever this has

changed drastically in recent years as next generation sequencing has become affordable
and is now readily utilised. In 2010 the mutation spectrum of a malignant melanoma was
published (Pleasance etl., 2010)and subsequent studies have confirmed the mutation
spectrum described in their work. However challenges still remain, skin cancers have the
highest mutational load of all cancers, which can make it difficult to distinguish between

driver and passenger mutations.

1.11.1 UV mutations in Non -melanoma skin cancer

Tp53is a tumour suppressor gene of key importance in the DNA damage response
pathways; it is mutatedin at least 50% of all cancerg¢Zhang et al., 2007)Mutation of
Tp53is strongly associated with UVB irradiation and normelanoma skin cacers; it has
been stated thatTp53is mutated in 90% of SC(Brash et al., 1996)and 50% of BCC
(Nataraj et al.,1995). The link between UVB irradiation and mutations ofp53are well
known and it is considered a key player in UVB induced skin carcinogenesis. An early
study analysingTp53 mutations in SCC to internal tumours found distinct differences in
the mutations in the Tp53gene suggesting UV induced cancers harbour distinct
mutations. Wavelengths in the UVB range were found to contribute most significantly to
mutations of Tp53seen in the squamous cell carcinoma, 58% of mutations in tfig53

gene were found o be CT or CT transition mutations, (Brash et al., 1991)
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Mutations of p53 occur early in UV carcinogenesis as well as being detected in aon
cancerous UV exposed skin. Mouse model studies have identified ¥Eb3 mutation to be

an early response to UVB occurring far before a tumour is observéderg et al., 1996)

The Tp53mutation is believed to play a pivotal role in the development of skin cancer,
causing the cell to be genetically unstable and opening it up to more mutatio(de Gruijl,
2002). In contrast to the effects obUJVB, exposure to UVA does not increase expression of
Tp53in melanocytes and only causes a slight increase in expression in keratinocytes,
approximately half of the increase seen by the same dose of solar simulation compared to

non-irradiated controls.

Patched gene PTCH)is a tumour suppressor gene which is believed to play a role in the
development of BCC. It encodes for a regulatory protein that forms part of the sonic
hedgehog pathway(Stone et al., 1996) Inactivation of this pathway has been seen to play
a crucial role in oncogenic transformation. Inactivation oPCTHs the most common cause
of inappropriate Hedgehog signaling leading to oncogenic transformation. Mutations of
PTCHhave been seen to commonly @tir in BCQHahn et al., 1996; Unden et al., 1996)
and are seen equally in minute and larger tumours. The most common mutations seen in

PTCHare UV signature mutationgGailani et al., 1996)

As mentioned above next generation sequencing is becoming increasingly used to study
the mutation spectrum of tumours on a global scale; recent work sequencing the whole
exome of tumour and normal DNA from 12 BCC patienfound that BCCs are the most
highly mutated cancer, with a mutation rate of 75.8 mutations /Mi{Jayaraman et al.,
2014), which was double that seen in SCC (33.3 mutations/Mpurinck et al., 2011)
They additionally found that tumours arising from areas associated with chronic rather

than intermittent UV exposure had a greater number of mutations.

This methodology confirmed much of the early work loolkng at specific genesPCTHand

Tp53were mutated in 75% and 66 % of the tumours respectively. Furthermore, three
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mutational hotspots were also identified which had not previously been strongly
associated with cancer. The UV sighature mutation Twas se@ in the same loci in
multiple tumours in signal transducer and activator of transcription 5SB(STAT5B,
Crooked Neck PreViRNA Splicing Factor ITCRNKL) and Nebulette (NEBL (Jayaraman et

al., D14).

1.11.2 UV signatures in Melanoma

It is now accepted that melanomas display an elevated level of base mutations compared
to other solid tumours (Pleasance et al., 201Qwhich is almost entirely attributable to the
observed increase in € mutations associated with UV exposure. The two genes most
commonly mutated in melanoma areBRAF which has been found to be mutated in over
50% of melanomag(Davies et al., 2002and NRASwhich is mutated in up to 30% of
melanomas(van 't Veer et al., 1989) Mutations in these two oncogenes are mutually
exclusive (Rajagopalan et al., 2002and melanomas negative for 8RAFRMutation often
contain aNRASnutation. The mutations which activate these two oncogenes are not the
C-T transitions that are associated with UV DNA lesions. Although, in the casB&ARhis
has been disputed; the most common mutation seen BRARs VE0OE, resulting froma T
to A transversion(Davies et al., 2002) Although there have been suggestions that this
mutation could be as a result of error prone replication repair following UV damage

(Thomas et al., 2006)

The increased use of genome wide analysis has allowed further insighto the mutation
spectrum of melanoma rather than looking at individual genes. Pleasance et al (2010)
usednext generation sequencing to establish the catalogue of somatic mutations in COLO
829, a cell line derived from a malignant melanoma. The mostmonon mutation

observed was CT transition, which is associated with the formation of CPDs following
exposure to UV light. They additionally reported that the second most common class of

mutations were G to T transversionssuggesting that8-oxoGformation could play a larger
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role in mutagenesis than has been indicated by animal models. However, a study focusing
on the driver genes involved in melanoma progression found that 46% of mutations in
driver genes were UV signature mutations, but only 9% of thesgere GT mutations
associated with UVA, the remainder were UVB signature mutations. They also found that
the percentage of UV mutations in driver genes increased when the oncoge#AFand
NRAS which are activated by non UVB signature mutations, were dxded, suggesting

that UV may play substantial role in melanomas withouBRAFor NRASnutation (Hodis et

al., 2012)

In recent yeais a number of studies have sequenced both the whole genome (WGS) and
exome (WES) bmelanoma tumours, metastases and cell lines to gain further insight into
the mutational landscape of melanoma. Novel genes identified in these studies have been
summarized in the below table and are reviewed in more detail ifZhang et al., 2016)
Further insight into the genomic landscape of melanoma has great potential for

development of new, more targeted therapies and potential to improve patient outcome.

The studies summarized in the tabldocused on either a single platform analyzing a large
number of samples or utilized multiple platforms on fewer samples The Cancer Genome
Atlas Project used multiple platforms on a large (333) number of samples in the most
comprehensive genome analysisfanelanoma to date. In this work they proposed that
there are four genomic subtypes of melanom&RAFRASNF1and triple wildtype. They
defined the tumours as having a UV signature if over 60% of total mutations were either
GCT or CCTT transitions; interestingly they saw that only 30% of the wild type tumours
had a UV signature, compared to over 90% in the three other genomic subtypes. In
addition the wild type tumours also harboredTp53 mutations less frequently(Network,

2015).
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1.11.3 UV mutations in TERT

Telomerase reverse transcriptase (TERT) is responsible for maintaining telomere length
and its reactivation is strongly associated with carcinogenesi&tines and Rudolph,

2013). Mutations in the promotor region of TERT are common in a number of cancers
including gliomas and thyroid cancergLanda et al., 2013; Killela et al., 2013)ut have

been seen to be particularly common in skin cancers, and result in increased TERT
activation and therefore decreased telomere wearing. Activating mutations in the

promoter region of TERT have been seen in 56% of BCCs, 50% of SCCs and up to 70% of
melanomas. The mutations display a UV signature indicating a causative role for UV

radiation (Horn et al., 2013; Huang et al., 2013; Griewéret al., 2013)
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Authors Study | Patient | Sample type Novel Mutation
Type | Number genes Prevalence
(Wei et al., 2011) WES | 14 Metastases GRIN2A | 42.9%
(Stark et al., 2012) WES | 8 Cell lines MAP3K9 | 15%
(Nikolaev et al., 2012) WES |7 Cell lines MAP2K1 | 6.3%
(Berger et al., 2012) WGS | 23 Metastases PREX2 | 44%
(Hodis et al., 2012) WES | 121 15 primary tumour | PPP6C | 9.1%
30 Metastases
76 cultures derived
from metastases
ARID2 | 9.1%
(Krauthammer et al., WES | 73 Metastases and RAC1 9.8%
cultures derived
2012) from metastases PPP6C | 13.1%
ARID2 18%
DCC 34.4%
PTPRK | 19.7%
(Mar et al., 2013) WES | 34 Primary tumours NF1 17.7&
(Gartner et al., 2013) WES | 29 Metastases BCL2L12| 3.4%
WGS
(Aydin et al., 2014) WES | 8 Metastases FBXW7 | 8.1%
(Wong et al., 2015) WES | 20 Cell lines RQCD1 | 4%
(Ding et al., 2014) WGS | 20 Cell lines EPHA3 | 25%
(Krauthammer et al., WES | 117 Primary tumours, SOS1 6.6%
metastases and cell
2015) lines derived from
each0
(Shain et al., 2015) WES | 20 Primary tumours PAK3 19%
and
WGS

Table 1.2 Mutations identified in Melanoma

A table summarizing recent workidentifying mutations in melanoma utilizing both whole
genome sequencing (WGS) anglhole exome sequencing (WES).
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1.12 UV, COX2 and tumorigenesis
In addition to p53 mutations there are a number of other UV induced events which are

considered critical for the progression of skin cancer. One of which is the upregulation of
COX2 expressionan enzyme belongs to theyclooxygenasg COX) family, which is
undetectable in normal healthy tissues, including skin. COX2 has been found to be
elevated in a number of human cancer@Hull, 2005). There is substantial evidence to
suggest a role for COX2 in the promotion of skin tumours following UVB irradiation.
Elevated levels of COX2 have been seen in SCCs, benign papillomas and metastatic
tumours of the skin (An et al., 2002; Kagoura et al., 200 1FFurthermore the inhibition of
COX2 has been seen to have detrimental effects on the growth and survival of UVB skin
cancers reviewed iRundhaug and Fischer, 2008%imilarly, to what is seen with p53,
the upregulation of COX2 has been shown to be an early event in UV induced
carcinogenesis(An et al., 2002) At a molecular leel, a number of pathways have been
reported to lead to the upregulation of COX2 seen in response to UV irradiation, these
include the p38MAPK pathway, activation ofpidermal growth factor receptor (EGFR,

p53 pathway and upstream stimulatory factors 1 an@, see review by Rundhaug and

Fisher for more detail(Rundhaug and Fischer, 2008)

UVA has also been seen to upregulate COX2 and it has been hypothesised that 70% of
solar light induced COX2 is as a result if UVA irradiatiofMahns et al., 2004) The UVA
upregulation of COX2 is mainly through increased ROS signaling, leading to lipid
peroxidation. In addition, singlet oxygen activation of p38 has been seen to stabilise COX2
MRNA and lead to increased protein levelBachelor et al., 2002) A role for JNK signaling
also become apparent when a selective JNK inhibitor blocked upregulation of COX2 in
UVA irradiated artificial epidermis (Mahns et al., 2004) Therefore, it seems likely that

UVA like UVB leads to the upreguten of COX2 through a number of different pathways.
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1.13 General Aims

The broad research aims of this project were to identify markers of UVA exposure that
could be used to assess efficacy of sun creams in a more biologically relevant methodology
than those that a currently used. Current methods of assessing UVA protection are a 5 star
system that measure the amount of UVA that is blocked by a sun cream compared to UVB,
that is, a ratio of UVA: UVB sun protection offered. Identification of markers of BV

damage would allow the direct measurement of UVA protection afforded by application of

a sun cream.

1.13.1 The ability of UVA and UVB to induce the DNA damage response

Chapter 3 aimed to look for upregulation of the DNA damage response following

biologically relevant equitoxic doses of UVA and UVB.

1.13.2 Initiation of a DNA damage response in UVA bystander cells

There is accumulating evidence supporting the ability of UVA to induce a bystander effect,
but the majority of this work focuses on a decrese in survival orincrease in apoptosisof
the bystander populations. Here | aimed to study the existence of a DNA damage

OAODI T OA ET AUOOAT AAO AA1T1Oh 1TTAA ACAET OOET ¢

1.13.3 Activation of MMPs in response to UV A

As well as being a class one carcinogen UVA plays a role in induction of photoaging. At a
molecular level MMPs have been describe to be important in the increased turnover of
collagen that is characteristic of photoaging. In chaptes, | aimed tolook for the

increased activation of MMPs following UVA irradiation.
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Chapter 2 Materials and

Methods
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2.0 Methods

2.1.1 Materials

All tissue culture mediaand additiveswere obtained from Lonza unless stated otherwise.

Keratinocyte Growth medium wa purchased from PromoCell.

Cell culture T75 flasks were obtained from NUNC and all cell culture dishes were from

Grenier Bio-one.

FBS was purchased fromdbtech.

KOSR serum replacement was purchased from Invitrogen.

Trypsin EDTA and 0.5M EDTA pH 8 was tained from Gibco.

PBS tabletg Gibco

2.1.2 Buffers and Solutions

Unless otherwise stated buffers were made up in water.

3x SDS loading Buffer 150 mM Tris, pH 6.8, 30% Glycerol 0.6% SDS, 0.3M DTT 0.02%

Bromphenol blue

10X TBSTz0.5 M Tris, 1.5 M NaCQ.5% Tween 20, pH 7.4

10X TGz 0.25 M Tris, 1.9M Glycine

10X TGSz 0.25M Tris, 1.9M Glycine, 1% SDS

Coomassie Stainz 2.5¢g/l brilliant Blue R250 40% Methanol 10 % Acetic acid

Destaining Buffer - Methanol: acetic acid : water 40:10:50

Developing buffer - 50 mM Tris-Cl, pH 8 5 mM Cagl0.02% sodium azide
Incubation buffer z 0.5% bovineserum albumin (BSA) in 1X PBS.

Phosphate z buffer saline z 0.14 M NaCl, 0.01 M NaR{buffer, 3 mM KCI
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RIPAZz 0.05 M Tris, pH 7.4, 5 M NaCl, 1% Igepal (6A0) 0.1% SDS, 0.1# sodium

deoxycholate.

Resolving Tris - 1.5 M Tris, pH6.8

Stacking Tris 7 0.5 M Tris, pH 6.8

Staining Buffer -5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 2 mM

magnesium chloride,10% dimethyl sulphoxide (DMSOQO) buffer stabilizer PBS

Transfer buffer - 10% Methanol, 1 X TG
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2.1.3 Antibodies

Table 2.1 Antibodies used in Western Blotting

Primary Supplier Incubation Secondary | Supplier Incubation

Antibody conditions conditions

Anti-gamma Abcam 1/2000 for 1 § Shp pAbto | Abcam 1/1000 for 1

H2A.X (ab26350) | hour at RT [ mouse hour at RT

(phospho (ab6808)

S139) antibody

Purified Mouse | BD Shp pAbto | Abcam 1/1000 for 1

Anti-Human Bioscience mouse hour at RT

p53 Clone DO | (554293) (ab6808)

1

TIMP1

Beta Actin 1/200 for 1 | Shp pAbto | Abcam 1/1000 for 1
hr at RT mouse hour at RT

(ab6808)
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Table 2.2 Antibodies used in Immunofluorescence

Primary Supplier Incubation Secondary | Supplier Incubation
Antibody conditions antibody conditions

Goat antt
Anti-gamma | Abcam 1/4000 for 1 | Mouse IgG | Thermo 1/1000 for 1
H2A.X (ab 26350) | hour at RT (H+L) Fisher hour at RT
(phospho Secondary | Scientific
S139) Antibody,
antibody Alexa

Fluor® 488

conjugate

Goat antt
53BP1 GeneTex 1/500 Rabbit IgG Thermo 1/1000 for 1

Overnight at | (H+L) Fisher hour at RT
4°C Secondary Scientific

Antibody,

Alexa

Fluor® 568

conjugate
Anti-ATM Goat antt
(phospho Abcam 1/1000 Rabbit IgG Thermo 1/1000 for 1
$1981) (ab79891) Overnight at | (H+L) Fisher hour at RT
antibody 4°C Secondary | Scientific

Antibody,

Alexa

Fluor® 568

conjugate
Phospho Goat antt
Chk1 Cell 1/250 Rabbit IgG Thermo 1/1000 for 1
(Ser345) Signalling Overnight at | (H+L) Fisher hour at RT
(133D3) 4°C Secondary Scientific
Rabbit mAb Antibody,

Alexa

Fluor® 568

conjugate

57




Table 2.3 Antibodi_es used in Flow Cytometry

Primary Supplier Incubation Secondary Supplier Incubation
Antibody conditions conditions
Goat antt
Anti-gamma | Abcam 1/1000 for 1 | Mouse IgG | Thermo 1/1000 for 1
H2A.X (ab26350) hour at RT (H+L) fisher hour at RT
(phospho Secondary | scientific
S139) Antibody,
antibody Alexa
Fluor® 488
conjugate
Table 2.4 Inhibitors used.
Name Substrate | Supplier Working Incubation
Concentration | time
KU-55933 ATM Selleckchem | 1uM 1 hour prior
(51092) to irradiation
VE821 ATR Selleckchem | 1uM 1 hour prior
(S8007) to irradiation
Mirin MRN Abcam 100 uM 1 hour to
complex (ab141182) irradiation
Catalase Hydrogen | Sigma 250 units/ml Immediately
peroxide (C-9322) after
irradiation
for the
duration of
the
experiment
NADPH 2t - 18 hours
Diphenyleneiodonium | gxidase prior to
(BPI) irradiation.
Media was
changed
immediately
after
combination
of feeder and
bystander
cells
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2.2 Cell culture

2.2.1 HaCaT cell culture

HaCaT cells were obtained from ate ATCBaCaTswere grown in DMEM + 10%FE
(Foetal bovine serum) +penicillin (100U/ml) and streptomycin (100ug/ml) in T75 cell
culture flasks and incubated at 37 °C and 5%G@® a humidified incubator. To split the
cells medium was removed and the cells were washed in 5ml Phosphdaffered Saline
(PBS) (Gibco) befoe 5ml of PBSEDTA (0.05%) (Gibco) was added to the flask and
incubated at 37 °C, 5% CQor 10-12 minutes. 2ml Trypsin was added to a T75 flask and
incubated for 2 minutes at 37 °C or until the cells had detached. The trypsin was then
neutralised with 3ml of complete DMEM media and the cells resuspended. For
maintenance of cell culture 1ml of cells was then added 11ml of fresh media in a T75

flask.

2.2.2 NHEK cell culture

NHEK cells were obtained from Life Technologie3o make up the complete keranocyte
medium the Supplement mix was added to the basal medium along with Calcium chloride

solution. The final supplement concentrations are shown in the below table.

Table 2.5 Concentrations of supplements in NHEK media

Supplement Final Concentration
Bovine Pituitary extract 0.004ml / ml
Epidermal Growth Factor (recombinant 0.125ng / ml
human)

Insulin (recombinant human) 5ug / ml
Hydrocortisone 0.33pg / ml
Epinephrine 0.39 ug / ml
Transferrin 10 pg / mi

CaC4 0.06 mM
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NHEK cells were passagedsing the Detach Kt (PromoCell).

Table 2.6 The NHEK Detatch kit

Constituent Composition

HEPESBSS 30 mM HEPES, {&5lucose, NaCl, KCI, Na
phosphate and phenol red

Trypsin EDTA Solution 0.04% trypsin
0.03% EDTA

Trypsin Neutralising Solution 0.055 trypsin Inhibitor
0.1% BSA

The PromoCell DetaclKit was allowed to equilibrate to room temperature prior to
passagingthe cells. Medium was aspirated from the NHEK cells and 100 ul of HEPES per
cmz of culture vessel surface was added to the flask to wash thells. The vessel was
agitated for 30 seconds before thélEPESsolution was removed. 100ul of Trypsin/EDTA
solution per cne of surface area of flask was added to the cells and the cells were
visualised under the microscope until they had detached from thdafsk. Once the cells had
detached 100 pl per craof surface area of Trypsin neutralising solution was added. The
cell suspension was transferred to a centrifuge tube and centrifuged at 220 x g for 3
minutes. After centrifugation the supernatant was discardd and the cells were re
suspended in 1ml of the appropriate media and counted. Cells were then seeded at the
required density either for experiments or for maintenance of culture. The cells were

routinely maintained at 37 °C 5% C@

2.2.3 Dermal Fibrobla st Cell Culture

Normal human dermal fibroblast cells were purchased fronkife Technologies The cell
culture methods used for this cell line were identical to section 2.2.1, but the PBS EDTA

incubation prior to trypsinisation was omitted.
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2.2.4 Bystander cell culture

For the bystander effect experiments both a transvell system and the exchange of
conditioned media methods were used depending on the experimental demands.€r6
xAT 1T Dl AOAO MAirdsizd Wabehpréhased;front Greiner. The 60mm culture
dishes used for the media exchange experiments were purchased from NUNC. The trans
well system was used for all immunofluorescence experiments and the media transfer

method was used for flow cytometry or western blotting.

For all bystander experiments the feeder cells were grown on the permeable insert and
the bystander cells were grown on coverslips in the 6 well plate. Cells were seeded at
densities of 10000 cells per insert and 50000 cells per well. The inserts were placed into
a 6 well dish containing media but no cells in the wells. Both plates were incubated
overnight at 37° and 5%CQ. The feeder cells were irradiated with UVA as described in
section 2.3.1 andmmediately after irradiation the inserts containing both the irradiated
and control feeder cells were placed into a six well plate containing the bystander cells.
The caincubation was maintained at 37€and 5% CQ until the time at which the cells
were required to be harvested for analysis, typically 48 hours. Both HaCaT and dermal

fibroblast cells were used for bystander cellsthe experiments were set up as in table 2.7

Table 2.7 Bystander Set _up

Feeder Cells Bystander Cells
HaCaT HaCaT
HaCaT Dermal fibroblasts
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2.3 UV Irradiation

The cells were irradiated in phenol red free DMEM +-fglutamine, unlike a number of
other studies which have carried out their irradiations in PBS. Phenol red also known as
phenolsulfonephthalein is a pH indicator includel in many culture mediums. Phenol red
free media was used because phenol red has been seen to be photoactive and therefore

media containing phenol red is not a suitable choice for an irradiation media.

The phenol red free media in which the cells were irrdiated did not contain antibiotics.
In a previous study by Le Gall et al (2005) antibiotics have been found to affect the
susceptibility of fibroblasts to UVA irradiation. They found that streptomycin could at
least partially protect the cells against UVAnduced mortality as well as causing a
decrease in lipid peroxidation. A role for the antibiotics in ROS scavenging was also
suggested.Therefore,it is undesirable to have antibiotics present in the media when the
cells are irradiated with UVA. The studwlso found that culturing the cells without
antibiotics for 24 hours prior to UVA exposure was long enough to abrogate the effects of
antibiotic on UVA irradiation and so our cells were routinely maintained in medium
containing streptomycin and penicillin but upon trypsinisation and seeding the cells for
experimentation the cells were cultured in antibiotic free medium for 24 hours prior to

irradiation with UVA.

2.3.1 UVA irradiation

UVA irradiations were carried out using Prelite Plus 240V 25W UVA bulbsThese tubes
had a small UVB output which was gquenched using Mylar filter. Measurement of the
output of the bulb was done prior to each irradiation using a Spectroradiometer (MACAM
Photometrics Model SR9910PC). Output readings gained was used to calcuthte
irradiation time required to irradiate cells with the desired dose of UVA. Outputs from the

bulb were between 7585W/m 2/s with a peak output at 37
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The rig was kept at a constant temperature in order to prevent change of temperature
being a factor inany changes seen to cellsThe cooling systemGrant RC 400 set to 25 °C
and this was sufficient to maintain the temperature at 37 °C for the duration ofldJVA
irradiation doses used.Control cells were kept in the incubator in which they were

cultured.
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Figure 2.1 UVA output

2.3.2 UVB irradiations

UVB irradiations were performed using Phillips T140 UVB bulbs (Starna Ltd) at 37 °C. The
outputs were measure using Spectmadiometer (MACAM Photometrics Model SR9910PC)
and readings gained were used to caldate the irradiation time needed to achieve the
desired dose. UVB doses ranged from Z8m2 to 200 J/m2 depending on the experiment.
The doses that were used were used because they have equal to the UVA doses that had
been used in the UVAlonogenic survival experiments There was no need for the use of a

chiller to maintain the temperature of the cells because the time of irradiation was short
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enough to not cause any substantial dip in temperature of the media the cells were

cultured in.
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Figure 2.2 UVB Output
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2.4 Clonogenic Assay Method

250 HaCaT cells were seeded in 4ml of phenad free DMEM medium +10 %FB + -
glutamine into 60mm cell culture dishes. The cells were incubated at 37 and 5% £I@r
approximately 6 hours to allow them to adhere to theulture dish but not replicate. The
cells were then either sham irradiated or exposed to UVA irradiation at one of the
following doses; 25kJ/n?, 50kJ/m2, 100kJ/m2 or 200kJ/m2. When looking at the effects of
UVB via the clonogenic assay doses of UVB thatre equitoxic the doses of UVA were
used and cells were irradiated with 25 J/m, 50 J/n#, 100 J/n? or 200 J/m2. Each dose

including the sham irradiation was carried out in triplicate.

Following irradiation , the phenol red free DMEM was removed and 4ml cortgie DMEM
was added to the cells. This was done to prevent infections occurring in the cells. The cells
were then left to proliferate in the incubator in the same conditions as described above.
After 9 days the cells were fixed in 70% ethanol for 20 minutg followed by staining in

5% Giesma for 20 minutes. The Giemsa stain was then remoy#tk plates were rinsed

with PBS and the cells were allowed to dry before the colonies formed were counted, and

an average taken for each condition.

The plating efficiency was then calculated as follows;

(Colony number / number of cells seeded) x 100.

Using the plating efficiency the percentage survival for each condition was calculated:;

(Treated plating efficiency / control plating efficiency) x 100

The same methodolgy was repeated increasing the seeding density to 500 cells to
establish if the previous result was seen because the cells were seeded at such a low

density.
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2.5 Western blotting

2.5.1 Protein isolation

1.5 X 1@ HaCats or NHEKS were seeded in a 100mmitare dish, allowed to adhere
overnight at 37°C and 5% Cégprior to UVA/UVB irradiation. Post irradiation the media
was removed, cells washed in PBS and proteins isolated using Rl protease

inhibitors (Proteasescomplete Ultra tablets Roche) and phgshatase inhibitors (and Phos
STOP Roche). RIPA extracts were collected at the following time points post UVA / sham
irradiation; O hour, 1hour, 3hours, 24hours and 48 hours. The RIPA extracts were

centrifuged at 13300rpm for 10 minutes at 4 °C.

2.5.2 Protein concentration measured using Bradford assay.

Protein standards of 1mg/ml 0.5 mg/ml and 0.25mg/ml of BSA (Sigma) were made up

and 30ul of each standard was added to 2.5yl of RIPA. A blank was made up from 2.5ul of
RIPA and 30pul of PBS. To analyse peat content of samples 2.5ul of each sample was
added to 30ul of PBS. 960ul of Bradford reagent was added to each sample, the standards
and the blank. Each tube was mixed and incubated at room temperature for 5minutes.

The solutions were transferred to cuettes and thespectrophotometer was blanked using

the blank made up. Absorbance of the standards and unknown solution was read at
600nm. A standard curve was drawn using results gained from the standards and the
equation of the line was used to calculatéhe concentrations of protein in the unknown
samples. The concentrations of proteins were used to calculate the volume needed to load
20ug of protein into the gel for Western Blot analysis. 20ug of each RIPA extract was
added to PBS to a total volume of 10 AT A OEEO xAO OEAT | EQAA
SDS PAGE loading buffer and boiled at 95 °C for 3 minutes. The sample was then vortexed

whilst hot.
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2.5.3 SDS PAGE gel

Protein samples were ran on 414% gradient gels(BioRad). The protein marker,
Precision Plus Protein Standards All Blue (BioRad) was loaded into one of the lanes and
the samples were loaded. The gels were run in 1 x TGS buffer at 200V for 35 minutes

using the MinizPROTEAN ®Tetra Vertical Electrophoresis Cell setup.

2.5.4 Gel transfer system

AEA 4EAOIT 3AEAT OEZEAA OEAOAAA 01 xAO "17100AO
Immobilon® PVDF Membrane (Millipore). The membrane was soaked in methanol to

hydrate it. The membrane and 4 sheets of blotting paper were then soakedGnE A Q1A A A

Step Transfer Buffer. The required settings were selected according to how many gels

were being transferred and the size of the proteins of interest for that experiment.

2.5.5 Detection of proteins

Following irradiation the membrane waswashed once with1XTBST and blocked in 5%

w/v BSAin 1X TBST Antibody incubations were carried out as described in table 2.1.

The membrane was visualised using Super Signal West Pieagent(Thermo Fisher), 0.5
ml of each substrate was mixed together before coating¢hmembrane and incubating for
2minutes, the membranechemiluminesence was visualised with 8ioRad Chemidoc XRS+
Imaging System. The exposure time adjusted accordingly depending on band strength/

background signal.
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2.6 Immunofluorescence.

2.6.1 Cell culture and irradiation for immunofluorescence

9 X 1¢* HaCaT cells in 1.5mbf phenol red free DMEM + 10% FB+ 1mM Lglutamine
were seeded onto 25mm cover slips in culture dishes and incubated overnight at 37 °C

and 5%CQ. The cells were then exposed to UWas previously described in section 2.3.

¢898¢ 00T AAOCOEI C i A&/ Ai OGAOOIEDPO A& O AAOAAOETT

Post irradiation the cells were washed once with PBS and fixed with 4% PFA at room
temperature for 20 minutes. Cells were fixed at various points post irradi#gon according

to the experimental demands. After fixation the cells were washed 3X in PBS and
permeabalised in 0.5% Triton X100 and washed 3X in PBS. After washing the coverslips
were removed from individual culture dishes and placed onto labelled Pardfin in a
humidified dish. Fresh 3% BSA made up in PBS was used to block the cells for 1hour at
room temperature, followed by incubation with the appropriate antibodies as described

in table 2.2.

Following incubation with the fluorescently labelledsecondary antibody coverslips were
then washedfive timesin PBS and then rinsed with ddkD. Excess water was drained off
the coverslips and they were mounted onto slides using Vectashield (Vector Labs). Once
dried the slides were sealed with clear nail varnishad stored at 4 °C in the dark ready for

visualisation by microscopy.

2.6.3 EdU labelling

Cells were pulse labelled pincubation with EAU at a concentration of 10uM for 30
minutes at 37 degrees and 5%C{rhe cells were then fixed with 4%PFA for 20minutest
room temperature, washed twice with 3%BSA and permeabalised in 0.5% Triton200
for 20 minutes at room temperature. he coverslips were again washed twice and

transferred to a humidified chamber. The coverslips were then incubated in 1&lick-iT®
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reaction cocktail made up as shown in tabl@.8 for 30 minutes in the dark. e coverslips
were then washed once in 3% BSA and antibody incubation steps were carried out.
Following incubation with the reaction cocktail all further incubations were carried outin

the dark tominimize photobleaching.

Table 2.8 EdU Reaction cocktail

Reaction Component Volume (ul)

1 X Click it reaction buffer(Life 430

Technologies)

CusSQ 20
Alexa Fluor555 azide 1.2
Reaction Buffer Additive 50
Total Volume 500

2.6.4 Confocal Microscopy

In chapter 3 Images were taken using deiss LSM510 confocal microscope.

In chapter 4 images were taken using a Zeis&SM880 confocal microscope.

2.6.5 Image J analysis of fluorescence

In order to establish whether UVA or UVB causes a siicant difference in fluorescence
guantification of the fluorescence of each nucleus needed to be carried out. Image J was
used to establish the fluorescencetensity of each nucleusOr, the average number of foci
per nucleus, for analysis of 53BP1At least 100 nuclei were analysed for each condition
across a number of fields of view. The average intensity per nuclei was then calculated for
each time point for both the UVA irradiated and usirradiated HaCaT cells. From this the
relative intensity for each condition was calculated relative to the fluorescence seen in the
control cells at zero hours. Box plots were then plotted to illustrate the median and the
spread of fluorescence intensity. Either one way ANOVA or pairedtésts were carried
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out to establish if the differences in fluorescence were significant for any of the

conditions.

2.6.6 ZEN analysis of fluorescence

In chapter 4, image analysis was carried out using ZEN imaging software. In this chapter
EdUwas utilized to identify S phase cellsand the fluorescence of EdU +ve agde cells
was analysedseparately. At least 100 nuclei were analysed for each condition across a
number of fields of view for 3 biologically independent replicates. The average intensity
per nuclei was then calculatedor each time point and EdU status for both the UVA
bystander and unirradiated HaCaT cells or dermal fibroblast cells. From this the relative
intensity for each condition was calculated relative to the fluorescence seen in the EdU

control cells.

Box plots were then plotted to illustrate the median and the spread of fluorescence
intensity for each experimental group. Either one way ANOVA or paired t tests were
carried out to establish if the differences in fluorescence were significant for any of the

conditions.
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2.7 Flow cytometry

Cells were seeded in phenol red free DMEM in a 100mm dish at a density of 1% 10
incubated overnight at 37 °C and 5% CGOThe cells were then either exposed to UVA or
UVB irradiation as previously described in sectior2.3 or were treated as control cells. The
cells were then harvestedy incubation in PBS EDTA followed by trypsinisation,
neutralisation in media and centrifugation down to form a pellet. The cell pellet was then
fixed in 100l of 1% PFAvortexing the pellet as thePFA was added drop by dropand
incubated for 10 minutes at room temperature. The above steps were timed so that the
cells were fixed 1 hour after irradiation with UVA so that t time points were directly

comparable with immunofluorescence and Western blat

After fixation, 1 ml of 0.1% Triton X100 was added to the cells, the pellet was re
suspended and centrifuged at 5009 for 5 minutes. After pelleting a further 100l of 0.1%
Triton was added to the pellet, again using vortexing to mix and incubated f@&0 minutes
at room temperature. The pellet was then washed by centrifugation and +®uspension in
PBS three times before the pellet was then fsuspended in 100ul of 3% BSA and blocked
in this for 30 minutes at room temperature. The pellet was then washelly centrifugation
and re-suspension in PBS three times. Following the blocking step the primary antibody
Al O r (¢! 8 xAO dedidahdincdbredgoAlChBur at moom temperature. The
cells were then rinsed as before the secondary was added atlDO0O0 in incubation buffer.
The cells were then rinsed as before and finally rsuspended in 1ml of PBS ready for
analysis. Once resuspended in PBS 1pl of propidium iodide was added to the sample as a
DNA stain to allow for analysis of the cell cycle. Sateg were analysed ora BD
FACSCanto Il flow cytometer immediately after reuspension in PB®ata from a total of

10,000 cells wasrecorded and subsequently analysed.

Graphs drawn from the analysis of the flow cytometry data werd-orward scatter vs side

scatter followed propidium iodide width vs propidium iodide stained area(doublet
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discrimination) . These two graphs were gated in order to avoid including cell fragments
or clumps of cells in the analysis which could affect thaterpretation of the data. Posts
gating the following graphs were also drawn from the analysed sample; FITC stain vs

count, propidium iodide stain vs count and FITC stain vs Propidium lodide stain.

2.8 Analysis of mitochondrial membrane potential

JC1 was used to detect changeasinitochondrial membrane potential in UVA and UVB
irradiated HaCaT anddermal fibroblast cells. This was analysed by both flow cytometry
and confocal microscopy, the general methods for each are described below. JC1
accumulation in the mitochondria is indcated by a fluorescence emission shift from green
to red. Loss of mitochondrial potential, results in a lack of JC1 accumulation in the
mitochondria and a consequent decrease in the ratio of red: green staining that can be

seen.

2.8.1 Flow cytometry

HaQT cells were seeded in phenol red free media in 60mm dishes and incubated

overnight at 37°Cand 5% CQ. Cells were irradited with 100kJ/m2 UVA or 100J/m2 UVB

or sham irradiated. Cells were then either inchated for 3 or 24 hours before the media

was removed and kept, the cells were harvested by incubation with PBS EDTA for 12

minutes followed by trypsinisation and the harvested cells along with the media removed

were pelleted by centrifugation at 500g for 5 minutes. The cells were then resususpended
andwashed once with PBS before once again being centrifuged and resuspended in fresh

0"38 *#p xAO AAAAA O OEA OOOPAT GEIT AAITT O AO

20 minutes at 37 °C before analysis by flow cytometry.

For dermal fibroblasts the the irradiation condtions were identical but the harvesting of
OEA AAI1l AEA 110 OANEOOA OEA %$4! ET AOAAOQEII
hour at 37 °C before analysis by flow cytometry.
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Flowing software 2.5.1 (Cell Imaging CoreTurku Centre for Biotechnology was used to

construct histograms and overlay histograms to demonstrate the shift in FITC staining

between the UVA irradiated and the control samples.

2.8.2 Immunofluorescence

HaCaT or dermal fibroblast cells were seeded in phenol red free DMEM on coverslips in
35mm culture dishesand incubated overnight at 37° and 5%C£rhe cells were irradiated
and JC1 was added at either 3 or 24 hours post irradiation the directly irradiated
experiments or & either 24 or 48 hours post ceincubation for bystander experiments.

The concentrations remained the same as for the flow cyctometry analg. The coverslips
were imaged using confocal microscopy and the imagesalysed using ZEN 2012
software. The intensity of both red and green staining was measured for each cell and the
ratio of red:green staining was calculated. The average ratio for each condition was then
calculated normalised to the control and a box plotanstructed to demonstrate the

median and the spread of the data.

2.9 Substrate Zymoagraphy

2.9.1 Sample preparation

3 x 10 HaCaT cells were seeded in 2 rof phenol red free DMEM media+20%KOSR
+1mM glutamine in 35mm cell culture dish. The cells were subated overnight at 37 °C,

5% CQ in a humidified incubator and irradiated or sham irradiated as previously

described in section 2.3. Samples of the culture media were collected at 0, 1, 3, 24 and 48
hours post UVA irradiation or sham irradiation and stoed at-80 °C. The protein content

of the samples was calculated using the Bradford assay as described previously (section
2.5.2) andthe volume of sample needed to load desired amaiinto the gel was

calculated.
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2.9.2 Casein Zymoaraphy

A 10% resolving gé containing 2mg/ml casein was made up and a 4% stacking gel was
made up as shown in table 2.1. Gels were poured using 1.0mm empty gel cassettes

(Invitrogen).

The gel was prerun in 1X TGS for 15 minutes at 125V. The samples and a sample of the
phenol redfree media +20% KOSR were diluted 1:1 with noereducing 2 x loading buffer,
incubated at room temperature for 30 minutes and then loaded into the gel along with
molecular marker. The gel was ran at 125V for 90 minutes or until the tracking dye had
reached the bottom of the gel. The gel was then removed from the cassette and placed into
a clean container. The gel was washed twice for fifteen minutes with 2.5% Tritor200

with constant agitation.

Table 2.9 Recipe for Casein SDSPAGE gel

10 % Resolving gel 4 % Stacking Gel
Reagent Volume Reagent Volume
Acrylamide 2.5ml Acrylamide 0.27ml
1.5M TrisHCI pH 1.88ml 0.5M Tris pH 6.8 0.5ml
8.8
10% SDS 75pl 10% SDS 20pl
dd H20 2.99ml dd H,O 1.19ml
APS 45l APS 10pl
TEMED 15ul TEMED 5ul
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Developing bufferwas added to the gel and incubated with gentle agitation for 30 minutes
at room temperature. The buffer was then removed, replaced with fresh developing buffer
and incubated overnight at 37 °C .The gel was then washed three times with distilled
water before being stained with 0.25% Coomassie blue for 1 hour and -@&¢ained with
40%methanol 10%acetic acid until clear bands were seen. The gel was then washed with

distilled water to remove any background staining in unstained regions.

2.9.3 Collagen zymography

Collagen zymography, like casein zymography was carried out using 10% SDS PAGE gels
containing 2ml of a 1mg/ml collagen solution. Collagen solution consisted of rat tail type 1
collagen (sigma) and a 0.1M acetic acid solution. Samples were prepared amg gel was

run as described in 2.7.2. The gel was then washed twice for 30 minutes in 2.5% Triton.
The gel was incubated in developing buffer for 30 minutes at room temperature the
developing buffer was then replaced with fresh developing buffer and the gincubated
overnight after initial experiments with a 4 hour incubation time resulted in gels with no

digested areas. The gel was then rinsed and stained and-skained as described in 2.7.2.

2.9.4 Casein digesting activity in confluent irradiated cells.

HaCaT cells were grown to confluence in 35mm culture dishes in phenol red free DMEM +
20% KOSR. Prior to irradiation 20pul of media was removed as an witradiated control.

The cells were then irradiated with 100kJ/n? UVA. Further samples of the condibned
media were taken at 0, 24 hours post irradiation. Protein content was analysed using
Bradford assay and MMP activity analysed by casein zymography as previously described

in2.7.2.

2.9.8 Analysis of Zymograms with Image J

Once the zymograms have [ imaged Image J was used to assess the relative density of

each of the bands that are seen on the gel. The lanes were selected and the profiles of each
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lane plotted. Straight lines were drawn across the plot to enclose each of the peak and

from the sizeof the peak the percentage of the total area was calculated. This was done
separately for each of the 3 bands that were seen on the gel. Once the area and percentage
had been calculated the percentage value was used to calculate the relative density for
each of the bands compared to the bands that were generated by the controhBurs

sample which was normalised to 1. This analysis was carried out for each of the 3

biological repeats and an average and standard error values were calculated. A bar chart

was then plotted showing the conditions and the average.

2.10 Analysis of RT-PCR data

RTz PCR data previously generated in the laboratory was reanalysed. The original

method of analysis is described below.

1 The Mean Ct and Standard deviation was calculated feach irradiated sample
and time matched control (this was repeated for 3 biological replicates)

91 Delta Ct was calculated by subtracting the Ct of the gene of interest from the
control. The standard deviation was calculated by adding the square

9 Delta delta Ct was calculated by subtracting the delta Ct of the treated sample
from the time matched untreated sample. The relative gene expression was then

calculated as follows:

Relative gene expression =93 # 0

1 The range of expression was calculated using the delta delta Ct plus or minus the
SD of delta delta Ct.
1 The relative expression was expressed relative to the expression of the time

matched control which was normalised to 1.

The datawas reanalyseal as follows:
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The Mean Ct and Standard deviation was calculated for each irradiated sample
and time matched control (this was repeated for 3 biological replicates)

Delta Ct was calculated by subtracting the Ct of the gene of interest from the
control. Thestandard deviation was calculated by adding the squared of the SD of
the gene of interest to the square of the SD for the control. The square root of this
value was then calculated.

Delta delta Ct was calculated by subtracting the delta Ct of the treatedmple

from the untreated sample at time 0 hours. The relative gene expression was then

calculated as follows:

Relative gene expression =23 # 0O

The range of expression was calculated using the delta delta Ct plus or minus the
SD of delta delta Ct.
Therelative expression was expressed relative to the expression of the control o

time point which was normalised to 1.
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Chapter 3- The
timeframes and kinetics
of H2AX phosphorylation

following UVA and UVB
Irradiation




3.1 Introduction

UVA causes a wideariety of cellular damage and DNA lesions, the majority of which
come through its reactions with photosensitisers. UVA at wavelengths of between 315nm
and 400nm falls outside of the wavelengths that are readily absorbed by DNA; instead
UVA initiates DNA @émage through its reactions with photosensitisers and consequent
ROS productionThe ability of UVA toinduce CPDs, oxidised bases and single strand
breaks is well acceptedthese DNA lesions by looking for the presence of CPDs 080G

directly.

The ability of UVA to cause replicatiordependent double strand breakss well

established However, the ability of UVA to initiate formation of double strand breaks
remains controversial, some groups finding no evidence to suggest UVA is able to initiate
DSB formation even at very high doses, which are arguably no longer biologically relevant
(Rizzo, Dunn et al. 2011). Another group saw the induction of DSBs following UVA
irradiation at a biological dose;furthermore, they suggested a role for antioxidants and
photosensitiser reactions in the observed DSB formation (Greinert, Volkmer et al. 2012).
The measurement of more complex breaks, such as DSNs that occur both independently
of replication and those dependent on replication are often assessed by measuring the

activation of the DDR pathways.

The DDRIs crucial to maintaining genome stability following changes to chromatin
structure. TheDDRIis a complex network of pathways which prevent DNA lesions causing
genomic stability. The DDR comprises of DNA repair mechiams, made up of specific
pathways tailored to resect each type of DNA lesion as well as cell cycle checkpoints, to
slow replication and allow the cell time to repair damage and to prevent damage DNA
from being replicated and tolerance processes which ales the bypass of lesions and
replication to continue (Hoeijmakers, 2001) There is extensive crosstalk between these

pathways which allow for proper repair of lesions, in particular between the DNA repair
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pathways and the activation of cell cycle checkpoints which allow for additional time to
repair the damage(Bartek and Lukas, 2007) The cell cycle position at which the cell is

arrested is dependent on the type of damage that has occurrédhou and Elledge, 2000)

3.2 Aims

Although there is some evidence to suggest that UVA is alb induce double strand

breaks independently of replication(Greinert et al., 2012b)this still remains

controversial. Additionally, when H2AX phosphorylation has been looked athe

mechanism has not been further studies, nor have the comparative abilities of UVA and

56" O ETEOEAOA A s$.! AAI ACA OAOPI 1 OA8 4EEO A
OAODPI T OA Oi AEOEAO 56! 10O 56" EOOQ®KAEAOETIT N )O
formed both in response to DSBs (Rogakou, Pilch et al. 1998) and stalled replication forks
AOEOGETI ch AOO OEA PAOExAUO AU xEEAE r(c¢c!8 EO A
OAOU8 (¢! 8 & AE A& Oi ACETT EOTMIAréspoosk@AA OEA O
double strand breaks(Burma et al., 2001)and by activation of ATR in response to stalled

replication forks (Ward and Chen, 2001) A number of other signalling molecules such as

cell cycle checkpoint kinases Chk1 and Chk2 vary depending on the type of damage that

caused the responséBartek and Lukas, 20@3).
4EA OAOOI OO OET x OEA AEZEEAOCAT O OEI A MEOAI AO EI
to equi-toxic doses of UVA and UVB irradiation. The data also suggests possible

mechanisms of double strand break formation through the use of ATM and ATR inhidnis

as well as possible mechanism by which the damage is repaired.
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3.3 Results

3.3.1 Clonogenic survival of HaCaT cells following UVA and UVB

The clonogenicsurvival assays were carried out in order to determine the effects of UVA
or UVB irradiation onthe survival of HaCaT cells grown in a monolayer and irradiated in
phenol red free medium. HaCaT cells are commonly used in the literature to study the
effects of a variety of stressors oskin cellsand are well established as a fair
representational model for human keratinocytes. The choice of model for studying the
reaction of skin to exposure of UV radiation remains a challenge but for the initial
experiments this cell line and model typevas thought to be suitable. The doses of UVA to
which the cellswere exposed are all biologically relevant doses with the largest dose of
200 kJ/m2 being equivalent to approximately60 minutes of midday sun, so not a dose that
is unrealistic to be achieved by individuals who spend time outdoors. The doses used

were all biologically relevant (Sola and Lorente, 2015)

3.3.1.1 UVAclonogenic survival experiments

Either 250 or 500 HaCaT cells were seeded in phenol red free DMEM media incubated for
6 hours so that the cells had attached to the culture plate but not replicated atigen the

cells were irradiated with doses of UVA varying from 25 kJ/@to 200 kJ/m?2. Colonies that

had formed 9A A Lp&BUVA irradiation were fixed in 70% ethanol allowed to dry and
stained in 5% Giemsa. The colonies were then counted ensuring that oilyionies with

over 50 cells were included in the count to prevent the inclusion of smaller colonies

where the cells had become senescent as a result of UVA exposure. Senescent cells are no
longer able to proliferate and therefore should not be included ira count for percentage
survival. The plating efficiencies were then calculateds discussed in section 2.53rom

the plating efficiencies the percentage survival of the irradiation groups was calculated in

comparison to the unt irradiated groups. The plaing efficiency of theun-irradiated cells
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was about 15% at each of the seeding densities that were used therefore confirming that
the lower seeding density of 250 cells did not cause a decrease in cell survival due to
sparseness of plating. The average sdieg density at each dose of UVA was calculated as
was the standard error and these values were plotted on the graghown in figure 3.1

The doses of UVA and UVB that were used for these clonogenic studies have been
previously used in other studies by oher groups and areaccepted as being roughly equal
cytotoxicity and of equal physiological relevance. Thelonogenic survival experiments
aimed to show that inthe model utilized for this work , which does vary from other

models that have been used previoug, the doses still had the same effect.

Figure 3.1 shows the percentage survival of HaCaT cells after exposure to increasing, but
still biologically relevant doses of UVA. The percentage survival was greatly decreased in
response to any of the doses of WA that were used showing that exposure to UVA does
have an effect on the ability of HaCaT cells to survive and proliferate. A strong dose
response relationship was seeywith even a dose of 25 kJ/racausing a 20% decrease in
cell survival and the highestdose of 200 kJ/m# UVA resulting in a survival rate of just 7%.
The error bars on the graph show that there was little difference in the percentage
survival of the HaCaT cells between the repeats of the experiment. The repeats were
carried out at different seeding densities, but the lack of difference in survival shows that
increasing the seeding density of the cells has no effect on their survival after UVA
irradiation. This shows that there is reproducibility in the results even when the amount

of cells that are seeded is varied.

The ERo was then calculated, and it was determined that a dose of 47.6 kFdVA
irradiation would result in a 50% cell survival rate. It is this figure that could be used to
compare the survival rate between different models oto compare efficacy of UVA filters

in the current cell culture model.
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Figure 3.1 Clonogenic cell survival assays of HaCaT cells following UVA exposure.

250 HaCaT cells were seeded in a 60mm culture dish and allowed to adhere for 6 hours. The cells were
then irradiated with doses of UVA between 25 k3/and 200kJ m2and then allowed to proliferate

for 9 days at 37C and 5%C® After 9A A Wdahies were fixed in 70% ethanaitained with 5%

Giemsa and colonies of 50 cells or larger were counted. Thego¢age survival for each dose of UVA
relative to the unirradiated group was calculatedand ascatter graphillustrating this was

constructed.The error bars represent the standard deviation.
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3.3.1.2 UVB Clonogenic survival experiments

UVBclonogeric survival experimentswere also carried out to demonstrate the effect of
UVB irradiations onsurvival of HaCaT cells in our model. The doses of UVB used were
between 25 J /m? and 200 J/n?. These doses are commonly accepted to be equally
cytotoxic to the doses of UVA that had been previously used in tldonogenic survival
experiments however, our experimental set up was different to those that have been

utilised before soto ensure, that in our model these doses showed equal cytotoxicity.

10 -

Percentage survival (%)

1 T T T

0 50 100 150 200
Dose of UVB J/rh

Figure 3.2 Clonogenic cell survival assays of HaCaT cells following exposure to UVB.

250 HaCaT cells were seeded in a 60mm culture dish and allowed to adhere for 6 hoursellBhe
were irradiated with doses of UVB between 25 3/and 200Jrdand then allowed to proferate for 9
days. After 9 days colonies were fixed in 70% ethanol, stained with 5% Giemsa and colonies which
contained over 50 cells were counted. Percentage survival for each dose of UVB was calculated
relative to the unirradiated control and agraph illustrating this was constructedThe error bars
represent the standard deviation.
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Figure 3.2 demonstrates that there is a dose response relationship between survival of
HaCaT cells and the dose of UVB with which they are irradiate The lowest dose rsults
in one third of HaCaT cells unable to survive and the highest dose of 200 3imsults in a
survival rate of 16%. The Bsowas calculated and it was found that a dose of
approximately 50 J/m2 was sufficient to result in a 50% decrease in survival dhe HaCaT

cells.

The EDso values calculated from theselonogenic survivalexperiments confirmed that the
ranges of doses of UVA and UVB that hbdenutilized are of approximately equal
cytotoxicity despite the changes in experimentainethodology that have madefrom

previous work. Therefore,doses in this rangewere utilized for further work on the DDR

3.3.2 Time course of H2AX phosphorylation following UVA or UVB irradiation

4EA ETEOEAI AgbPAOEI AT O AEIi AA OI Aii pAOA OEA O
formed in asynchronous HaCaT and NHEK cells following exposure to equitoxic and

biologically relevant doses of UVA or UVB. For this time course experiment a dose of

100kJ/m2UVA and 100J/m UVBwere used. These are both biologically relevant doses

that individuals could be readily exposed to with normal environmental exposuré¢Sola

and Lorente, 2015)4 EA &1 Oi AGETT 1T & r (¢! 8 &I AE xAO T AOA(
that varied from immediately after irradiation up to 48 hours after the exposure. These

OEi A PTET OO0 xAOA AEi OAT ET A1l AOOAI PO O AOOA
either UVA or W/Bwere early or late occurring events following irradiationand the

r H2AXfoci persisted once formedThe fluorescence of each nucleusas measured and

the intensity relative to the control O time point was calculated for all other timepoints.

Box plotsof the data were constructed to demonstrate the median and spread of the data,

the middle line demonstrates median and the outline of the box demonstrates the

interquartile range.
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Figure 3.3 The phosphorylation of H2AX is an early event following exposu __re to
UVA irradiation _in HaCaT cells The cells were irradiated with 100kJ/m2 UVA, or sham
irr adiated.

A) 7TAO0A0T A1 1T O AT AT UOEO 1T £ POI OAET Ap@dHRAOO EAOO
conjugated Sheep polyclonal antibody to mouse.
B) Cell seeded on coverslips wdieed at 0, 1, 3, 24 of8-hour post irradiation. The coverslips
were processed usinga AT OEAT AU O r (¢! 8 j OAOuxo0oq AT A 11 Ac¢g
mouse secondary. The nucleere counterstained using DAPArepresentative confocal
image (n=3)taken using Zeiss LSM 510 confocal microsegshown.
C) Fluorescence of at least 100 nuclegpcondition was measured using Image J software and
normalized to the control0-time point. A box plot was constructed to demonstrate the
median and the spread of the dat@&he box represents the median and interquartile ranges
and the whiskershowthe 95 percentiles
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To demonstrate that this early upregulationofr ( ¢! 8 EO OAAT ET 11 O Al A
as in the immortalized keratinocyte cell lineusedin the first experiments thetime course

was repeated in NHEK cells, the same dose of UVA and time points were used.
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Figure 3.4 H2AX phosphorylation is an ear ly event in NHEK cells exposed to a

biologically relevant dose of UVA

NHEK cells were seeded on coverslips, exposed E(kJJﬁ(UVA and fixed at 0, 1, 3, 24 or-4®ur N 3
Dl 00 EOOAAEAOQEI T8 4EA Al OAOOI EPO xAOAdAexdFRdk OOAA OC
488 conjugated anti mouse secondary. The nuclei were counterstained using DAPI.

A) Representative confocal image (n=8ken using Zeiss LSM 510 confocal microscope.

B) Fluorescence of at least 100 nuclei per condition was measured using Imagfendse and
normalized to the control Gtime point. A box plot was constructed to demonstrate the median
and the spread of the data. The box represents the median and interquartile ranges and the
whiskers show th@5 percentiles
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Following UVAirradiatiol r ( ¢! 8 DET OPET OUI AOEHodrpostAO OAAT Oi
irradiation where a significant (P<0.001, Oneway ANOVA 3.8-fold increase in average

fluorescence per nuclei was seen in the UVA irradiated group compared to the control. At

three hours the fluorescece remains significantly increased (P<0.0Dneway ANOVA

although a greater spread of intensity of fluorescence is seen indicating that at this time

some repair of DNA damage has occurred. This is also shown in the immunofluorescence

images where some dés show higher levels off H2AX staining. In addition, at these early

OEIi A PTET OO All OEA Afdcl Thédata gnowk infigu@sB3@EdA &I O
3.4indicates that the phosphorylation of H2AX following UVAs due tothe formation of

double strand breaks caused by aidect mechanism rather than a replication dependent

one.This finding was seen in both immortalized and normakeratinocytes, indicating that

it is unlikely to be a cell line dependent observation.
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Figure 3.5 The phosphorylation of H2AX is a late event following exposure to UVB

irradiation

HaCaT cells were seeded onto glass coverslips and allowed to adhere overnight at 37°C and

5%CQ.The cells were then irradiated with 100/m2UVB, or sham irradiated and fixed at 0, 1, 3, 24 or

48-hour post irradiation. The coverslips were proceOA A OOET ¢ AT dhd AekadFiudeU OT  r (
488 conjugated anti mouse secondary. The nuclei were counterstained using DAPI

A) Representative confocal image (n=8ken using Zeiss LSM 510 confocal microscope

B) Fluorescence oftdeast 100 nuclei per condition was measured using Image J software and
normalized to the control0-time point. A box plot was constructed to demonstrate the
median and the spread of the dat&he box plot represents the median and the interquartile
ranges and the whiskers show tH¥s percentiles

C) A categorical scatter plot to further demonstrate the spread of the data. The median and
interquartile range is demonstrated.
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Figure 3.6 The phosphorylation of H2AX is a late occurring event in NHEK cells

exposed to UVB

NHEK cells were seedgd on coverslipsi exposed to 2aBand fixed at 0, 1, 3, 24 9r~¢h®ur post )
EOOAAEAOQOEI T8 4EA Al OAOOI EPO xAOA DPOI AAOOAA OOET C A
conjugated anti mouse secondary. The neiolvere counterstained using DAPI.

A) Representative confocal image (n=8ken using Zeiss LSM 510 confocal microscope.

B) Fluorescence of at least 100 nuclei per condition was measured using Image J software
and normalized to the control @ime point. A boxplot was constructed to demonstrate
the median and the spread of the data. The box plot represents the median and the
interquartile ranges and the whiskers show tH85 percentiles
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Post UVB irradiation the peak in average fluorescence per nuclei issseat 24 hours post
irradiation where the average fluorescence was increased 2.2 fold compared to the
control O-time point, this was a significant (P<0.01Oneway ANOVA increase; however
AOGAT AO OEEO OEI A PITETO 110 A1l OEA AAI 1 O AOA
seen in the median staining intensity at 48 hours, but this remained a significant increase
(P<0.05 Oneway ANOVA compared to the control. Aboth of these time points two sub
populations were clear, indicating a sufpopulation of the cells is more susceptible to
H2AX phosphorylation than others. This was demonstrated further in the analysis of the
fluorescence; the spread of the data showsaneases of up to four fold of the control. This
is a larger spread than hadbeendetected in response to UVA irradiation.This was seen in
both HaCaT Figure 3.5) and NHEK Figure 3.6) cells which indicates that the mechanism
involved in H2AX phosphoryldion following UVB is likely to be conserved between
keratinocyte cell lines and not aunique mechanism in the immortalized HaCaT cell line.
The categorical box plot shown in figure 3.5 shows the relative fluorescence of each
nuclus and clearly demonstrags the existence of two populations at both 24 and 48 hours

post UVB.

In contrast to what was observed following UVA irradiation, no increase in fluorescence is
seen at the earlier timepoints when compared to the unirradiated controls. These initial
experiments are indicative of a different mechanism involved in the phosphorylation of

r ( ¢ foBowing UVA irradiation compared to UVB.

333%$1 OA OAODPI T OA OAI AOGEI 1 OEEDP AAOxAAT 56! h 56"

Theinitial time course experimentdemonstrated that both UVA and UVB, at a biologically

relevant dose are able to induce H2AX phosphorylation but the time frames within which

r(c¢c! 8 EO GCmddledydiffdohtindicating a different mechanism

O1 AROPETTET ¢ OEA £l Ol iAgle&ch WavebadNext, thel eBistedee AE  /El 1 1

of any doseresponse relationship between H2AX phosphorylation and dose of UVA/UVB
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the cells were exposed tavas investigated The doses used were the same as those used
in the earlier describedclonogenic survival exyeriments, therefore allowing for direct

AT T DAOEOI T AAOxAAT rlonqderBecsuhvival Tha ok Poknis dd E 1
were studied were 1 and 24 hours post UVA/UVB irradiation, which were the time points

whereDAAE 1 AOAT O 1 Axpos(retd edchwialvebdnd hadbleed detected in

the time course experiments.

Figure 3.7 shows a partial dose response relationship between phosphorylation of H2AX

and dose of UVA; a significant (P<0.0®neway ANOVA] ET AOAAOA ET (¢! 8 x,
following the 25 kJ/m2, a further increase was seen between 25 and %J/mz2, but

ET AOAAGET ¢ OEA AT OA 1T &£ 56! E£OOOEAO OEIT xAA 11
showed a marked ability to cause H2AX phosphorylation in the cells; however, they

induced just a 20% decreae in clonogenic survival. The higher doses of UVA showed

highly significant (P<0.01, Oneway ANOVA increases in H2AX phosphorylationThis

shows further potential dangers of UVA, in particular at lower doses because it initiates

high levels of DNA damagat doses that do not result in a substantial decrease in cell

survival. Figure 3.9 shows that similar to what was seen in the HaCaT cells the NHEK cells

also show a partial dose response relationship between dose of UVA and H2AX

phosphorylation. Again nofurther increase of H2AX phosphorylation was seen at dose

above50 kJ/mz2.

Looking at the 24hour time point following UVA, there is no increase from the un
irradiated sampleto the 50 k¥ m2 suggesting that DNA repair is able to fullyepair the
damage that has occurred at these doses. For the two higher doses some cells remain
positive for r H2AXfoci at the 24-hour time point indicating that at the higher doses DNA
repair pathways are unableto fully repair the damage within a 24hour period. Here the
level of H2AX phosphorylation remainedsignificantly (P<0.05 Oneway ANOVA higher

than that seen in the control.
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Figure 3.7 Phosphorylation of H2AX following UVA irradiation shows a partial dose
response

HaCaT cells were seeded onto glass coverslipsadiogved to adhere overnight at 37°C and
5%CQ.The cells were then irradiated with a dose of UVA ranging from 0 to RD®@n?, the cells were
then fixed either 1 or 24 hours post irradiation. The coverslips were processed asirantibody to
r(@! 8 | &dMaxgFuar 488 conjugated anti mouse secondary. Theleiwere counter
stained with DAPI.

A) Representative confocal image (n=8ken using Zeiss LSM 510 confocal microscope.

B) Fluorescence of at least 100 nuclei per conditivas masured using Image J softwasend
normalized to the untreated control at each time point. A separatexipbot is shown for the

ET OAT OE OU B)I1 Aburs fogt irr&diathoand C34-hour post irradiation. The box plot
indicates the median and the intguartile ranges of the data. The whiskers demonstrate ths98
percentile.
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Figure 3.8 Phosphorylation of H2AX following UVB irradiation shows a threshold
response

HaCaT cells were seeded onto glass coverslips and allowed to adhere overnight at 37°C and
5%CQ.The cells were then irradiated with a dosé UVBranging from 0 to 200J/mz?, the cells were
then fixedat either 1 or 24 hours post irradiation. The coverslips were processed uaimgntibody to
r(@! 8 | &ndAexgFluar 488 conjugated anti mouse secondary. The nuclei were counter
stained with DAPI

A) Representative confocal image (n=8ken using Zeis LSM 510 confocal microscope.

Fluorescence of at least 100 nuclei per comalit was measured using Image %oftware and

normalized to the untreated control at each time point. A separate box plot is shown for the

ET OAT OEOU 1 £ r (9! 8 AO " q -hour pobt raGtiod T Gox A OAAE A OE |
indicates the mediarand the interquartile ranges of the datalhe whiskers demonstrate the 96

percentile.
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Figure 3.9 NHEK cells show similar dose response relationship of H2AX

phosphorylation following UVA/UVB than the immortalised HaCaT

NHEK cells were seeded on covigsland exposed to varying doses of UVA or UVB irradiation, the

cells were then fixed at either 1 hour (UVA) or 24 hquivB). The coverslips were processed using an

AT OEAT AU O rr(@!8 jOAOux0Qq jAAei xwtq Al Athd 1| AGA &1 C
nuclei were counterstained using DARepresentative confocal image (n=8ken using Z&s LSM

510 confocal microscope for A) 1 hour post UVA and B) 24 hours post UVB.

Fluorescence of at least 100 nuclei per condition was measured using Imagenhsefand

normalized to the untreated control at each time point. A separate box plot is shown for the intensity
T £ (9! 8 AO # Qiradiatn abdn) 24ddéupBst BVErtadiation. The box plot
indicates the median and the interquartile rangexf the data. The whiskers demonstrate the 95%

percentile.
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Figure 3.8shows that there is adoseOAODT 1T OA OAlI AOET 1 OEED AAOx AAIT

upregulation when looking at the 24hour time point. The lowest dose that was able to
ET AOAA AT E MAcopaArélAo tHe tontrol(wgs 100J/mand a further increase
in H2AX phosphorylation was also detected with the 200J/Adose. When looking at

r (¢! 8 Al AE 1Adubposh OB irrhdiatfo®very few foci are detected following
any dose of UVB excephe largest dose used-igure 3.9 demonstrates that in the NHEKs
the lowest dose of UVB that resulted in a detectable increase of H2AX phosphorylation

was 100J/r?, showing a similar dose response relationship in the two cell lines.

When looking at figures3.7 and 3.8 alongside theclonogenic survival experimentsdata
shown in figure 3.1 and 3.4t is possibleto concludethat a lower relative cytotoxicity of
UVA conpared to UVB is able to induce detectablermation of r H2AXfoci in the utilized
model. This was indicated by significant increases inH2AX staining relative to the un
irradiated control occurring at a lower relative dose following UVA compared to UVB
irradiation . These dose response experiments and the tinfeame experimentsfurther
indicate a different mechanism in H2AX phosphorylation following each irradiation type.

3.3.4 Investigating the effect of cell cycle progression on the ability of UVB to form
r(c!'8 AIAE & Oi AGEIT 1 8

To further confirm that the r H2AXfoci formed by UVA and UVB irradiation are caused by
the activation of different mechanismsflow cytometry techniques were utilisedto show
the position in the cell cycledistribution of r H2AXpositive cells. This could indicate
whether there was anydependence on replicatonfoOE A &£ Oi ACET 1 1 &
following either irradiation type. For these experiments the saméime points that had
previously shown the highest levels of H2AX phosphorylation following both UVA and
UVBwere used A time matchel control was used for each irradiation sampleThe data
was analysed using Flowing Software to construct dot plots of FITC staining against Pl
staining, a quadrant was then constructed onto each box plot to highlight FITC positive
and negative populationsand to distinguish between G1 and-ghase cells. The
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percentageof positive or negative cells for each condition was calculated fdinree

independentreplicates.
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HaCaT cells were exposed to 100k3foVA; the cells were harvested by trypsinisation, pelleted by
centrifugation and washed once in PBS before fixation. The cells were fixed at ditbe24 hous
postirradiaton.4 EA AAl 1 OOOPAT OET T xAO POI AAOOGAA OOGEIT ¢ Al
Fluor 488 conjugated anti mouse secondary. Propidium iodide was added to the samples immediately
before analysis to determine the DNA content of each ddle samples were analysed using BD
FACSCanto Il flowytometer;the data wasaccording to the Pl signal area and widtto exclude the
presence of doublets.

A) Flowing Software was used to create a dot plot of FITC staining vs Pl staining, and a quadesnt
drawn identify FITC positive cells and cell cycle stage

B) The average percentage of cells in each of the 4 quadrants for threedidlly independent

replicates was calculated, a bar graph wasofted to show the percentage aH2AX positive cellat

each stage of the cell cycle for each time polatror bars represent the standard deviation.

97



Figure 310 A) showsthattherearer ( ¢! 8 &£ AE ET A1l AAI 1O ET AAPA
following UVA irradiation when the cellswere fixed for analysis atl-hour post irradiation.

AT 1 hour post UVA irradiation 74% (++4.7%) of the cell population was detected to be

positive for H2AX phosphorylation.A decrease in fluorescence was detected 24 hours

post UVA compared to 1 hour pst UVA, when 43%(+/ 13%) of the cell population was

positive for H2AX phosphorylation. This is consistent with the data gained from the
immunofluorescencein Figure 3.3 the data shown here in figure 3.18uggeststhat the

Al O AGETT T &£ r(c¢!'8 A AE A 11T xEITC 56! EOOAAEA
consistent with what was foundby Greinert et al (2012) who saw the presence of H2AX

phosphorylation in G1 synchronised cells following UVA irradiation.

Quantitation of the flow cytometry analysis shown in Figure 3.10 Bdemonstrates a
striking increase is seen im H2AX positive cells 1 hour after UVA irradiation in both
stages of the cell cycle. The increase in positive cells in G1 phasg-abur post UVA is
significant (P<0.05 Oneway ANOVA increased compared to the time matched control. A
significant (P<0.05 Oneway ANOVA decrease is seen in theH2AX positive cells at 24
hours post UVA compared to shour post UVA indicating that between these time points
DNA repair has successfullgealt with the damage occurred and tthat the cells are able to

successfully deal with damage at that level.

In contrast figure 3.11 shows that following UVB irradiation, positive cells were only seen

in cells in S phase and later ahnot in the G1 phaseConsistent with earlier data(Figure

3.5) positive cells were not seen dhour post UVB irradiation showing that H2AX

phosphorylation is a delayed event following UVB irradiationThis indicates that the

Al Ol ACETT T &£ r(c¢!'8 A AE A 11T xETC 56" EOOAAEA
indication that these foci are as a result of stalled replication forks and not thragh double

strand breaks arising directly.
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Figure 3.11 H2AX phosphorylation following exposure to UVB irradiation is
dependent on cell cycle progression

HaCaT cells were exposed to 1003/0VB; the cells were harvested by trypsinisation, pelleted by
centrifugation and washed once in PBS. The cells were fixegther 1 or 24 hours post irradiation.

The cell suspension was processed using AT OEAT AU OlklndAléxa Flwwr4880A Ou x 0 q

conjugated anti mouse secondary. Propidium iodide was added to the samples immediately before
analysis. The samples weamalysed using BD FACSCanto Il flow cytometer. The data was gated
according to the Psignal area and widthto avoid any doublets being included in the analysis.

A) Flowing Software was used te@reate a dot plot of FITC staining vs PI staining, and a quadrant was
drawn identify FITC positive cells and cell cycle stage

B) Theaveragepercentage of cells in each of the 4 quadrants for three biologically independent
replicates, a bar graph was blotted to show the percentage ldRAX positive cellat each stage of the
cell cycleError bars represent the standard deviation.
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Unlike what was seen following UVA irradiation there was no significant increase in
rH2AX at thour post UVB in either G1 or $hase cells (P=0.248/P=0149, Oneway
ANOVA. Additionally, there was no increase in positive cells in G1 phase at 24 hours post
UVB (P=0.203 Oneway ANOVA, a significant (P<0.050neway ANOVA increase in
positive cells was seen in - $hase cells at 24 hours post UVB. For eachthe un-irradiated
time points a slight increase inr H2AX positive cells in $hase cells compared to G1 was
detected. This was not an unexpected observation as DNA damage occurs routinely in
cells so it is inevitable to see low levels agfH2AX and other DNA repair proteins, in

particular in S phase as a mult of the occurrence of stalled replication forks.

3.3.5 Activation of ATM following UVA and UVB irradiation

)y O EO xAl1l AOOAAT EOEAA OEAO (¢! 8 & AE AAT AA
breaks (Burma et al., 2001)and the presence of stalled replication fork¢wWard and Chen,

2001). The earlier data generated in the time course prriments showed different time

AOAT AOG T £ r(c¢!'8 &£ AE £ OI ACETT A 111TxETC 56!

that the formation of foci following UVB was replication dependent.

Therefore, in order to further establish the mechanism by which H24& is phosphorylated
following each type of irradiation, activation of ATMwas probed forwithin the time

frames where H2AX phosphorylation had previously been detected. A time matched
control was also carried out. Activation of ATM would suggest that thfeci are formed as a

consequence of double strand breaks rathahan stalledreplication forks.
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Figure 3.12 UVA but not UVB is able to induce phosphorylation of ATM

A)

B)

HaCaT cells were grown on a coverslip and irradiated with either L00k33WA or 100J/rA
UVB. The cells were fixed at 1hour (UVA) or 24 hours post irradiation (UVB). The cells were
then permeabilised, blocked in 5% BSA and incubated withi &M and antimouse
antibodies. The nuclei were counter stained with DAPI and the slides were vémghlising a
Zeiss LSM 510 confocal microscope.

A representative confocal image=3) of HaCaT cells showindaining for p-ATM (red) and
DAPI nuclear staining (blue)

The intensity of staining per nuclei was measured using ImageJ sofwthe staining okach
nucleuswas normalized to that of the average staining of the control group and a box plot
was constructed to represent the median and the spread of the dakee box represents the
median and interquartile range andhe whiskers show the 95 percerds.
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Figure 3.12 showed that ATM was phosphorylated following UVA but not UVB exposure.

ATM was seen to be significantly (P<0.01Dneway ANOVA activated at 1-hour post UVA

irradiation compared to the time matched control. Conversely there was no signitint

increase (P=0.8160neway ANOVA in ATM phosphorylation following UVB irradiation

at the 24-hour time point where | had previously shown H2AX phosphorylation to be

significantly increased.

The experiments carried out thus far indicated strikingly diferent mechanisms and

kinetics of H2AX phosphorylation following exposure to either UVA or UVB irradiation.

Therefore, going forward the two irradiation types would be looked at separately in order

to allow further investigation into the mechanisms of focformation following each.

3.3.6 Validation of PIK inhibitors

Following the observation of phosphaz ATM in response to UVA but not UVB or sham

irradiation; 1 x AT OAA Ol

EAAT OEAU EAZ OEA r(¢g! 8

£l AE Al (

ATR for each of irradiaton types.Pharmacological inhibitors to ATM and ATRvere used

to identify any H2AX phosphorylation dependence following UVA or UVBheselectivity

and specificity of the inhibitors usedis described in table 3.1.

Name of inhibitor

Primary target

1Cso

Cross reactivity

1Cso

VE821

ATR

13 nm

ATM = 16nM
DNA-PK = 2.2nM

PI3K = 3.9nM

KU-55933

ATM

12.9nm

PI3K =16.6nM

DNA-PK = 2.5nM
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Table 3.1 Pharmacological inhibitors _of PIKKs

Prior to the use of the inhibitors in any experimental workthey were first validated to

AT OOOA OEAO OEAU dAgnddiblidwing dhériicql kedthents where the
mechanism of H2AX phosphorylation is well defined. Zeocin treatment was used to induce
double strand breaks in the cells, which would cause ATM dependent phorylation of
H2AX. Aphidicolin was used to induce stalled replication forks, which would result in ATR
dependent H2AX phosphorylation. In eachase the inhibitors were usedat adose of 1uM
and the cells were treated with the inhibitors for 1 hour pria to treatment with zeocin or

aphidicolin as appropriate.

These doses were below the Kg of any cross reactivity, therefore unlikely to knock down
any pathways other than their primary substrate, but considerably higher than the Kz of
their substrate. These doses were chosen to ensure that both ATR and ATM were fully
inhibited by their specific inhibitor. The inhibitors were added to the cells for 1 hour prior
to treatment with the respective DNA damaginggents;this time frame was decided
because theactivation of ATM and ATR are well characterized to be very early events in

response to double strand break and stalled fork formation respectively.
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Figure 3.13 an inhibitor to ATM abrogates H2AX phosphorylation following
treatment with zeocin.

HaCaT ells were seeded onto glass coverslips, allowed to adhere befor&rgaement with or

xEOET OO0 Al ETEEAEOI O O1T '4- AO AnhoukposthBbitadd OAOET T 1T &
OOAAOGI AT O AO A AT 1T AAT OOAOQGEIT 1T | £ arefixet @@ prdcedsedd ET OO B
usingAT AT OEAT AU Oland Aléxa Fldr 4B8@dnjdgatedadti mouse secondangibody.

DAPI was used to countstain the nuclei and the cells were visualized using a Zeiss 510 LSM confocal

microscope.
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+ ATRI

Figure 3.14 An inhibitor to ATR abrogates H2AX phosphorylation following

aphidicolin treatment.

(A#A4a AAT T O xAOA OOAAOAA xEOE Al EIl EBHAEDTI O O | 42
treatment with aphidicolin at a concentration of 1ug/mfor 16 hours, after whib the cells were fixed

AT A POl AROOGAA OOET ¢ AT AT OEAT AU O rr(e!8 jO0AOuUxUL(Q
secondaryantibody. DAPI was used to counterstain the nuclei and the cells were visualized using a

Zeiss 510 LSM confocal microscope.
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Figure 3.13 shows that pre-incubation of the cells with an ATM inhibitor prior to

treatment with zeocin resulted in a marked decrease in H2AX phosphorylation compared
to cells which were treaed with zeocin only,therefore confirming that the ATM inhibitor
KU-55933 is able to prevent the ATM dependent phosphorylation of H2AX following
double strand break formation. Importantly no changes in morphology in the control cells

treated with KU-55933 was seenand there was no change in H2AX phosphorylation.

Figure 3.14 shows that that the use of an inhibitor to ATR caused a decrease in H2AX
phosphorylation in aphidicolin treated cells compared to the cells treated with aphidicolin
alone. This confirms that the inhibibr VE-821 was able to block ATRlependent
phosphorylation of H2AX following stalled fork formation. Again, no changes in

morphology of the cellswas detectedas a result of treatment with the inhibitor.

3.3.7 Mechanism of H2AX phosphorylation following UVA irradiation.

Initially the effect of each othe previously described inhibitors on the ability of UVA to
ET AOAA r (as ingstigatedThe inhibitors to ATM or ATR were added to the cells
to a final concentration of 1uM for 1 hour prior to irradiation. The irradiation conditions
and the time point at which the cells were fixed remain the same as were used for

previous experiments.
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were incubated with either an inhibitor to ATM or ATR at a final concentratiohluM for 1 hour
prior to irradiation. Cells were then irradiated with UVA (100kJ/#hor sham irradiated.

A) Western blot analysis of protein extracts harvested ahbur post UVArradiation. The
i Ai AOAT A xAO DOI AA And ARPEPNjugétenShee polv2IAralamnibody
to mouse
B) The cells were fixed dt-hour post irradiation processed usind i AT OEAT AU OT r (¢! 8
(serl39)and Alexa Fluor 488 conjugated anti mouse secondary and imaged using a Zeiss
LSM 510 confocal microscop&.representative confa image is shown (n=3).
C) Average fluorescence per nuclewas quantified using Image J, the fluorescence was
normalised to the untreated control and a box plot constructedhere the box represented
median and interquartile ranges of the data and thehiskers showed the 9percentiles
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The datain figure 3.15shows that the addition of the ATM inhibitor to the media for 1
hour prior to irradiation at a concentration of 1 uM significantly decreases (P<0.0010ne
way ANOVA the foci formation following UVA irradiation compared to the untreated
UVA irradiated cells. In this group the intensity of H2AX staining is similar to that of the
control (P=0.730, Oneway ANOVA. The addition of the ATR inhibitor has no significant
effect on foci formation (P=0842, Oneway ANOVA. Importantly the addition of either
inhibitor to the un-irradiated group had no effect on the intensity of H2AX staining

(P=0.99 One-way ANOVA.

However, in addition to ATM, DNAPK is also activated in response to double strand
breaks and there is evidence to suggest that there is some overlap between ATM and
DNA-PK, cell lines deficient in either ATM or DNAKwere found to phosphorylate H2AX

in equal quantities to proficient cell lines following ionising radiation Although there was

a delay in H2AX phosphorylation detected in the ATM deficient cells suggesting that ATM

plays the more prominent role than DNAPK when both are presen{Stiff et al., 2004)

It is unlikely that the decrease inr H2AX stainingthat was observed following pre-
treatment with ATM inhibitor is as a result of changes in the level of DNRK, the dose of
inhibitor used was 2.5 times lower than the 16 for DNA-PK. To further show that the
previous results were as a result of ATM inhibition aneghot DNA-PK,Mirin, an inhibitor to
the MRN complexwvas utilized. The MRN complex is well established to playvital role in
the recruitment of ATM but not DNA PK to double strand breakgUziel et al., 2003) The
recruitment of ATM and DNAPKto double strandbreaks is depicted in figures 3.@ and

3.17 respectively.

Furthermore, ATM can be phosphorylated in response to both double strand breaks
(Burma et al., 2001)and changes in chromatin structure therefore the data generated up

until this point does not tell us for certain that theincrease inr H2AXfoci formation that
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have been detectedn response to UVA irradiationare as a result of the occurrence of

double strand breaks.

Figure 3.16 The recruitment of ATM to double strand breaks is dependent on the
MRN complex.

Schematic representationfaecruitment of ATM to the sites of double strand breaks by the MRN
complex; inactive ATM exists as an inactive dimer, which becomes phosphorylated on serine 1981
following double strand break formation and is recruited to the site of breaks in its activenomer
form within seconds of the break formation.
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Figure 3.1 7 DNAzPK is recruited to DNA ends of double strand breaks by Ku70/80

Schematic representation of DNA PK recruitment to double strand breaks, PKAs rapidly
phosphorylated and recruitedo the sites of double strand breaks by Ku70/80.

Figure 3.18demonstrated that the addition of Mirin at a concentration of 10quM for 1

El OO POET O O 56! EOOAAEAOQEIT AAOOGAG A AAAOAA
as that of the unirradiated control. The decrease in H2AX phosphorylation in the group

pre-treated with Mirin was significant (P<0.01, Oneway ANOVA compared to the

untreated UVAirradiated group. Therefore, indicating that the phosphorylation of H2AX

following UVA is an MRN dependent event. The addition of Mirin had no detectable effect

IT POAOGATAA T £ r(c¢c!8 &I AE EI1 dddikpotahty, EOOAAEAOA

Mirin had no effect on the morphology of the cells.
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MRN inhibitor

HaCaT cells were incubated with MRN inhibitor Mirin at a final concentration of 1M for 1 hour

prior to UVA or sham irradiation

A) Western blot analysis forH2AX, extracts were collected atHour post irradiation and

DOl AAA £ O
B)

rafdgiRRconjugatkdBheep fdlyclonal antibody to mouse.
The cells were fixed-hour post UVA iradiation processed using |

AT OEAT AU Ol

(ser139)and Alexa Fluor 488 conjugated anti mouse secondary, the nuclei were counter
stained using DAPI and the slides imaged using a Zeiss LSM 510 confocal micro&cope

representative image is shown (n=3).

D) Average fluorescence per nuclewas quantified using Image J, the fluorescence was
normalised to the untreated control and a box plot constructed to representitiedian and
spread of intensitywhere the box represented median and interquartile rangefstoe data

and the whiskers showed the 95 percentiles
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3.3.8 Detection of 53BP1 in UVA -irradiated cells
To further indicate the presence of DSBs in the UVA irradiated cellse upregulation of

other markers of the DDR were looked for in adtlon to those shown thus far in this
chapter; in particular, the redistribution of 53BP1to form distinct foci, which is well
established to be a mediator of great importance in the response to double strand breaks.
There is evidence to suggest that therpsence of 53BP1 foci are a strong indication of
DSBs; 53BP1 foci have been detected following treatment with agents known to induce
DSBs such as ionizing radiation but not in response to agents that induce replication
stress or aher DNA lesions(Schultz et al., 2000)53BP1 contains interaction surfaces for
numerous DSB responsive proteins and is involved in multiple functions following the
occurrence of a DSBsuch asgheckpoint signaling(FernandezCapetillo et al., 2002)
recruitment of DSB responsiveroteins, synapsis of distal DNA ends during NHEBluen
et al., 2010; Silverman et al., 2004s well as influening DNA repair pahway choice

(Bunting et al., 2010)

53BP1 is rapidly redistributed to sitesof DSBS, however the interaction between 53BP1 is
complex and bimodal, the immediate accumulation of 53BP1 at the site of a DSB requires
direct interaction between the Tudor domain of 53BP1 and dimethylated lysine on

histone 3. This chronatin modification is present in DNA lacking double strand breaks
and it was postulated that the presence of a DSB unmasks the modification, therefore
allowing the interaction with 53BP1. After the initial contact has occurred, the retention

of 53BP1 at thesite of damage is dependent on the ATM mediated phosphorylation of

H2AX.
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Figure 3.19 UVA induces anincrease in 53BP1 within the same time frames as H2AX

phosphorylation

A) HaCaT cells were seeded onto glass coverslips and allowed to adhere overnight at
37°C and 5%C£Orhe cells were then irradiated with 100kJMUJVA, or sham irradiated The
cells were fixed dhour post UVA irradiation processed using an antibody to 53BP1 (GENE
TEX) and Alexa Fluor 555 conjugated anti rabbit secondary, the nuclei were trigtained
using DAPI and the slides imaged using a Zeiss LSM 510 confocal microgcope
representative image is shown (n=3).

B) Averagefoci countper nucleusvas quantified using Image J, andoar chart was
constructed to show the average number of focicatheerror bars represent the standard
deviation.
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Figure 3.19demonstrates that an increase in average number of 53BP1 foci per nucleus
was detected in the UVA irradiated cells at-hour post irradiation. This was the time
point in which H2AX phaphorylation had been seen to peak following exposure to UVA.
This is consistent with published work that has described 53BP1 to elocalise with

rH2AX and ATM in response to DSBs.

3.3.9 Mechanism of H2AX phosphorylation following UVB

As previously desribed following on from the UVA irradiation experiments
pharmacological inhibitors to either ATM or ATR were added to the cells prior to UVB
irradiation and the intensity of r ( ¢ Ist&ining was analysed to investigate the effect of
either on inhibitor on the cells ability to respond to DNA damage following UVB

irradiation.
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Figure 3.20 Neither an inhibitor to ATM or ATR result in a decrease in H2AX

phosphorylation following UVB irradiation.

HaCaT cells were incubated with either an inhibitor to ATMATR at a final concentration of 1uM

for 1 hour prior to irradiation. Cells were then irradiated with UVB (100JAnor shamirradiated.

A) Western blot analysis of protein extracts collected at 24 hours post irradiation. The blot was
probeA El O r ( ¢ an8 HRRCpA|W@ated Slgep polyclonal antibody to mouse.
B) 4EA AAI 1 0 xAOA EEQAA AO oy EI OO0 PiI OO EOOAAEAOD
(serl39) and Alexa Fluor 488 conjugated anti mouse secondary, the nuclei were
counterstainedusing DAPI and imaged using a &siLSM 510 confocal microscope.
representative Image is shown (n=3).
C) Average fluorescence per nuclewsss quantified using Image J, the fluorescence was
normalised to the untreated control and a box plot constructedrapresent the median and
spread of intensityThe box represents the median and interquartile range of the data and

the whiskers represent theSo percentile.
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Figure 3.20demonstrates that the addition of neither an inhibitor to ATM (KU55933) or
ATR VE291) caused adetectabledecrease in the H2AX phosphorylation following UVB
irradiation compared to the un-treated group. The intensity of H2AX phosphorylation
staining wassignificantly increased in all threeUVB treated groups regardless of pre
treatment with an inhibitor (P<0.05, Oneway ANOVA. No significant difference was seen
in the H2AX staining of the UVB irradiated cells treated with an inhibitor to ATM
(P=0.666 Oneway ANOVA or ATR (0.399 Oneway ANOVA compared to the untreated
UVB group. This demonstrates that neither ATM nor ATR are solely responsible for the
phosphorylation of H2AX following UVB irradiation It was postulated that it was possible
that there issome redundancy between ATM and ATR in respege to stalled replication
forks following UVB irradiation and that inhibiting the activity of only one of them was
not sufficient to block a response. Thereforaghe two inhibitors were combined, each at a

concentration of 1 uM and levels of H2AX phosphorylation investigated.

Figure 3.21 demonstrates a significant decrease (P<0.00Dneway ANOVA in staining

forr ( ¢ foBowing UVB irradiation when the cells were pretreated with a combination

of the ATM and ATR inhibitors. The level of ( ¢ n8he treated cells was the same as

that of the control (P= 0.4350neway ANOVA), demonstrating full abrogation of a
response to stalled forks and further suggesting some redundancy between ATM and ATR
in response to the formation of stalled replication forks following exposure to UVB

irradiation.
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Figure 3.21 Combination of inhibitors to ATM and ATR result in abrogatio n of

(¢ i formation following UVB irradiation.

HaCaT cells were incubated with either both an inhibitor to ATM or ATR at a final concentration of

1uM for 1 hour prior to irradiation. Cells were then irradiated with UVB (100J)or sham irradiated

A) Westernblot analysis of protein extracts collected at 24 hours post irradiation. The blot was
DOl AAA A&I O rapfdpiREonjugadBheep m@lyclonal antibody to mouse.

B) The cells were fixed at 24 hours post irradiation processed udng AT OEAT AU Ol
(ser139)and Alexa Fluor 488 conjugated anti mouse secongantibody, the nuclei were
counterstained using DAPI and imaged using a Zeiss LSM 510 confocal microgcope.
representative Image is shown (n=3).

C) Average fluorescence per nuclewss quantified &ing Image J, the fluorescence was
normalised to the untreated control and a box plot constructed to represent the median and

spread of intensityThe whiskers show th@5 percentiles
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Figure 3.22 Upregulation of ATM phosphorylation is seen following UVB when cells
are pre -treated with an inhibitor to ATR
HaCaT cells were grown on a coverslibentreated with 1 uM ATR (VEB21) for 1 hour prior to
irradiation with 100J/m2 UVB. The cells were fixed at 24 hours post irradiation.
A) Representative confocaimage (n=3) showingstaining for pATM (Ser1981) (green) and
DAPI (blue).
B) 10A1 OEQAOQEITT 1T & (9! 8 & O OAGAAT AA ET OAT GEOU 1

without prior incubation with an inhibitor to ATR. Staining intensity ofATM was measured
using Image J software, at least 100 nuclei per condition were analysed and the experiment
was repeated with 3 biologically independent replicates. The relative fluorescence compared
to the control group was calculated and a box plot of the data was pldtt&he box shows

the median and the interquartile range of the data and the whiskers represent3be

percentiles
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Figure 3.22demonstrates that the use of an ATR inhibitor results in a significant (P<0.01
Oneway ANOVA increase in upregulation of p-ATM following UVB irradiation. This
upregulation was seen within the same times that H2AX phosphorylation had previously
been detected following UVB irradiation. In addition, again similar to whaivas detected
xEQE r(c¢c!8 110 AI latiorOnerd podithé for O-ATIMI Thidik rAflediet i O
the quantitation, when a greater spread of intensity of staining is seen for the UVB +ATRIi
group compared to the three experimental groupsThis data along with fgures 3.20 and
3.21 suggest that ATM andATR may function redundantly to phosphorylate H2AX
following exposure to UVB and only when both ATM and ATR are inhibited is a decrease

in DNA damage, as measured by H2AX phosphorylation detected.
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3.3.10 Induction of apoptosis in UVA/UVB irradiated cel _|Is as indicated by a loss of
mitochondrial membrane potential.

In addition to looking into the DNA damage response in cells exposed to UVA or UVB
irradiation changes to the mitochondrial membrane potential, an indicator of apoptosis in
our cell populations were also looked at There is significant evidence to suggest that
there is a decrease in mitochondrial membran@otential associated with apoptosis
induction and it is well established that mitochondriaplay a prominent role in apoptosis
through the release of cytochrome c which, in turn leads to activation of the caspase

cascade.

Changes in mitochondrial membrane potential can be measured by the commercially
available dye J&1 usingthe ratio of red: green staining that is seen in the mitochondria.
Accumulation of JC1 in the mitochondria is indicated by a fluorescence emission shift
from green to red. Loss of mitochondrial potential results in a lack of JC1 accumulation in
the mitochondria and a consequent decrease in the ratio of red: green stainirtfgat can be

seen(Perelman et al., 2012)

Initially, confocal microscopywas utilised to detect changes in the mitochondrial
membrane potential of cells exposed to either UVA or UVB at either 3 or 24 hours post
irradiation. These time points were chosen sao establish if immediate or delayed
apoptosis was being induced in the cells exposed to either UVA or Ui@dar et al.,
1994). Immediate apoptosis will be induced within 3 hours, so a change in mitochornial
membrane potential should be detectable at this time point. Delayed apoptosis occurs
within 24 hours and so a change in mitochondrial potential would be detectable at 24

hours if this had been induced.
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24
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Figure 3.23 A decrease in mitochondrial memb rane potential is an event that can be

detected earlier following UVA irradiation compared to UVB irradiation.

HaCaT cells were seeded onto glass coverslips and incubated a@5%CQovernight. The

cells were then irradiated with 100kJ/fMUVA or 100dh2 UVB.JC1 was added to theellsat a

AT TAAT OOAQGETT T &£ vticCcril AO AEOEAO x 10 oy EI O
minutes at 37 °C before analysis by confocal microscopy. A representative image of HaCaT

cells following UVA/ UVEBreatement and JC1 incubation is shoym=3).
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Figure 3.23 demonstrates that loss of mitochondrial membrane potential occurs earlier in
the HaCaT cell line following UVA compared to UV8milar to the activation of the DDR
shown earlier in this chapter. A loss in mitochondrial membrane potentialas indicated by

a loss of red: green staining is seen at 3 hours following UVA but not UVB, indicating that
immediate apoptosis is triggered following UVA but not UVB irradiation. At 24 hours post
irradiation a decrease in mitochondrial membrane potentialis seen in the UVB irradiated
cells. Inaddition, in the UVB irradiated cells, at th&4-hour time point there are two clear
populations of cells,marked with arrows. Some cells showing a decrease in mitochondrial
membrane potential compared to the control as indicated by the green arrowand the
others showing less of a difference in mitochondrial membrane potential compared to the

time matched control, an example of this indicated by the red arrow

Somewhat surprisingly, at the 24 hour time point there des not appear to be a decrease
in mitochondrial potential in the cells exposed to UVA compared to the time matched
control, but it is possible that this is because, at the 24 hour time point some of the UVA
irradiated cells could now be in late stages oépoptosis and have detached from the
coverslip and therefore changes in the mitochondrial membrane potential of these cells is
not detected by the confocal microscopy techniques thdtad beenutilized here. So, flow
cytometry techniques were utilised, which allowed collecion the medium containing
detached cells before harvesting the adherent cells by trypsinisation and then incubation
with JG1 and analysis by flow cytometry. The saméme points were studied that had

beenused for the confocal microscopypproach.
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Figure 3.24 Mitochondrial membrane potential is decreased at 3 hours following
UVA irradiation

HaCaT cells were grown in a 68m culture dish and irradiated with 10kJ/m2 UVA. At either 3 or 24
hours post irradiation the media was collectethe cells were then trypsinised and the trypsinised
cells were added to the previously collected medi@l was added to the suspension of cells at a
AT 1T AAT OOCAQGETT T &£ vitcxil AT A ET AOAAORAFAECantoglit | ET OC
flow cytometer.
A) Representative imges(n=3) demonstrating JC1 staininghe gated population represents cells
with decreased presence of JC1 aggregates.

B) A bar graphto showthe average percentage of cells in the gat@boptotic) population. Error

bars shav the standard deviation.
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Figure 324 A) demonstrates that there is a decrease in mitochondrial membrane
potential as measured by loss of JC1 aggregates present in HaCaT cells at 3 hours post
UVA irradiation. At 3 hours post irradiation an average of 48% of the population of the
cells showed a decrease in mitochondrial potential, this was compared to 6.95% in the
time matched control, this was a significant increase (P<0.00neway ANOVA. There
was no further increase in percentage of cells with a degased mitochondrial membrane
potential seen at 24 hours (P=0.9860neway ANOVA, when the average percentage of
cells with a decrease in mitochondrial membrane potential was 43%. This was consistent
with what had beenusing confocal microscopy techniqueand taken together this data
indicates that immediate apoptosis rather than delayed apoptosis occurred on our cell
line following UVA irradiation. Importantly, there was no difference seen in the
mitochondrial membrane potential of thetwo control groups (P=0.990, Oneway ANOVA
indicating that the loss of mitochondrial membrane potential demonstrated was as a

result of UVA irradiation and not due to culture conditions.
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Figure 3. 25 Exposure to UVB initiates a decrease in mitochondrial membrane

potenti al 24 hours post exposure

HaCaT cells were grown in a 68m culture dish and irradiated with 100J/rhfUVB. At either 3 or 24
hours post irradiation the media was collected, the cells were then trypsinised and the trypsinised

cells were added to the previolyscollected medialC1 was added to the suspension of cells at a

AT 1T AAT OOAQGETT T &£ vitcxil AT A ET AOAAOABDFASOantpt | ET OC
Il flow cytometer.

A) Representative image§1=3) demonstrating JC1 staining, the gated population represents
cels with decreased presence of JC1 aggregates.
B) A box plot to showthe average percentage of cells in the gat@poptotic) population. Error

bars show the standard deviation.
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Figure 325 shows that consistent with whatwas demonstratedusing confocal
microscopy techniques there was no decrease in mitochondrial membrane potential in
the HaCaT cells&3 hours post UVB irradiation utilising flow cytometry techniquesThere
was an average of 7.69% of cells with a shift in mitochondrial membrane potential at
hours post UVB irradiation compared to 7.64%A decrease was seen in mitochondrial
membrane potential of the UVB irradiated cells at 24 hours post exposure, there was an
average of 46.1% of cell in the cell population showing ashift in mitochondrial memane
potential, this was a significant increase (P<0.0®ne-way ANOVA demonstrating that at

24 hours post UVB there is a significant increase in apototic cells.

Comparatively,this datademonstrated that loss of mitochondrial membrane potential is
an eatlier event following UVA compared to UVB, an increase in cells witm altered
mitochindrial membrane at 3 hours post UVA, whereas there was no decrease in
mitochondrial membrane potential detected at this time point for UVB irradiated cells. At
24 hours hoth populations of cell showed an increase in the percentage of cells with
altered mitochondrial potential, the perecentage of cells with altered mitochondrial
potential were 5.85 and 6.07 times that of the time matched control for UVA and UVB
respectively at 24 hours post each irradiation type, therefore indicating that although UVA
initiates a change in mitochondrial membrane potential earlier than UVB at alter time
points the percentage of cells with a decreased mitocndrial membrane potential is similar
for each irradiation type. This is in agreement with theclonogenic survival experiments
data shown in figure 3.1 and 3.2 where clonogenic survivals of 34% aB2% were seen
following treatments of UVA and UVB respectively. The doses of UVA and UVB weee th

same in these two experimental approaches.
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3.3.11 Mechanism of apo ptosis induction following UVA or UVB irradiation

After establishing the strikingly different time frames at which apoptosis is seen following
UVA and UVB irradiationattempts were male to establish the mechanism behind the
induction of apoptosis following each waveband. Apoptosis can be induced through two
main pathways, either as a result of high levels of DNA damage that the cell is unable to
repair efficently or as a result of inceased ROS which initiate apoptosis through

mitochondrial release of cytochrome ¢ and initiataion of the caspase cascade.

The realationship between DNA damage signalling angpoptosis initiation in each case
was examined In this chapter it has previously shown that H2AX phosphorylation is ATM
dependent following UVA irradiation and that there is cross talk between ATM and ATR
involved in H2AX phosphorylation following UVB. It is wi established that both ATM an
ATR play a vital role in initiating apotoss in response to DSBs and stalled replication forks

respectively when the quantity of DNA lesions is too high fafficient repair to occur.

These experiments aimed to examinthe effect on mitochondrial membrane potential
loss of an ATM inhibitor prior to UVA irradiation and of both inhibitors (ATM and ATR) to
UVB irradiation The inhibitors were added to the cells 1 hour prior to irradiation at a
concentration of 1uM. These were the same condition®r which previously a significant
effect on the DNA darage responséhad been detectecand so would be a good indicatiion
of DNA damage dependent apoptosis. There have been suggestions that following UVA
apotosis is initiated independently of DNA damage, and that UVB initiates apoptosis
following DNA damage, tis work was carried out in blood lymphocyes sdhis work

aimed to comfirm this in our cell line to establish if thier finding was a cell line dependent

finding or if this is a conserved mechanims for UVA apoptosis.
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Figure 3.26 Apoptosis induction follo _wing UVA is independent of ATM activation

HaCaT cells were grown in a 60mm culture dish, pretreated for 1 hour with the ATM inhibitor
KU55933 at a concentration of tM andirradiated with 100kJ/m2UVA. At 3 hours post irradiation
the media was collectedhe cells were then trypsinised and the trypsinised cells were added to the
previously collected medig. # v xAO AAAAA O OEA OOODPAT OET 1
incubated for 20 minutes at 37 °C before analysis onBxFACSCanto Il flow cytometer.
A) Representative image§1=3) demonstrating JC1 staining, the gated population represents
cels with decreased presence of JC1 aggregates.

B) A bar graph to demonstrate the average percentagecefls in the gated populatiorError

bars show the standard deviation.
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Figure 3.27 Apoptosis induction following UVB is dependent on activation of the
DDR

HaCaT cells were grown in a 60mm culture dish, pretreated for 1 hour with the ATM inhibitor
KU55933 and the ATR inhibitor VB21 each at a concentration of @M and irradiated with 100J/n#
UVB. At 24 hours post irradiation the media was collected, teltiscwere then trypsinised and the
trypsinised cells were added to the previously collected medizl was added to the suspension of
AAT1 O AO A AT 1T AAT OOAOQEIT T£&£ vicril AT A BEBDAOAAOGAA
FACSCanto Il flow cyioeter.

A) Representative image=3) demonstrating JC1 staining, the gated population represents

cells with decreased presence of JC1 aggregates.

B) A bar graph to demonstrate the average percentage of cells in the gated populaimor

bars show the standrd deviation.
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Figure 326 shows that the pretreatment of an ATM inhibitor prior to UVA irradiation
does not result in a significant change (P=0.6%tudents Ftest) in the percentage of cells
with a decreased mitochondrial membrane potential. The meapercentage of cells wit a
decrease in altered mitochodrial membrane potential was 34% in the untreated UVA
irradiated cells compared to 38% for the ATNitreated UV Airradiated cells. This
indicated that apoptosis at 3 hours following UVA is not deperaht on activation of the
DNA damage esponse pathways. Importantly there wasio significant effect (P=0.92
Students TFtest) of the inhibitor to the percentage of cells with altered mitochondrial
membrane potential in the control groups. It is likely thathe induction of apoptosis
following UVA irradiation is as a result of the mitochondrial initiated pathway, due to

increased ROS.

Figure 3.27 shows that addition of both the ATM and ATR inhibitors prior to UVB
irradiation results in a significant decrease (P<0.050neway ANOVA of cells with a
decrease mitocondrial membrane potential from 52% in the untreated U\MBradiated
cells to 24% in the cells pre treated with the inhibitors, which allow though still an
increased pecentage to compared to the cordt is no longer a signiftant (P=0.655One
way ANOVA. Importantly, the inhibitors had no significant (p=0.976 Oneway ANOVA)
effect on the percentage of cells ith an altered mitochondrial membrane potential in the
control groups. Taken together, theseesults indicate that in addition to different time
frames of apoptosis induction folowing UVA and UVB wavebands there are atlitferent
mechanims underpinning the apoptosis induction in each case, Our data indicates that
following UVA irradiation the apoptosis induction is DNAdamageindependent, this is in
contrast to work carried out on mouse embryonic fibroblasts, where they demonstrated
that apoptosis induction following UVA was AM dependent (Zhang et al 2002). Rere is
considerable dispute as to wither ATM is inolved in induction of apoptosis and it could
be dependent on cell lines. \Wereasthe data shown heresuggests thatapoptosis

induction following UVB is depenént on DNA damage.
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P53 Accumulation following UVA/UVB irradiation.

The accumulation of p53 in response to both UVA and UVB irradiatiowas studied next
The p53 accumulation at 3, 24and 48 hours post UVA/UVB irradation as well as in a time
matched control was examined These timeframes were chosen to fit with the JC1 data

presentedearlier. P53 accumulation is seen in apoptosis

Control UVA UVvB

3hrs 24hrs 48hrs 3hrs 24hr 48hrs 3hrs 24hrs 48hrs

P53 e L A

Beta-actin - Y - - —

Figure 3.28 UVB but not UVA induces robust p53 accumulation

Western blot analysis of cell extracts from HaCaT cells exposed-teqid doses of UVA or UVB,
extracts were collected at 3, 24 or 48 hours pdsadiation. The blot was probed using antibodies to

p53 and an antimouse. Beta actin was used as a loading control.

Figure 328 shows that UVB irradiation results in increased accumulation of p53 at all the
time points that were looked at, demonstrathg that this is a long lasting effect. Conversely
an increase in p53 accumulatiorwas detected only at3 hours following UVA irradiation,

at the later time points the p53 levels were the same as that seen in the-uradiated

control suggesting just a traisient accumulation of p53 occurs in response to UVA
irradiation. The demonstrated accumulation of p53 is within the same time framihat

have previously showna decrease in mitochondrial membrane potential suggesting a

possible role for p53 in UVA induced
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Figure 3.29 induction of r (_ ¢ 'inBUV (solar simulated)

irradiated cells.

HaCaT cells were exposed to 1003/0VB; the cells were harvested by trypsinisation, pelleted by

centrifugation and washed once in PBS. The cells were fixed at either 1 or 24 hours post irradiation

andproce©OAA OOET ¢ 4EA AAIlI

OOOPAT OET 1

xAO DPOT AAOGOAA

(ab26350) and Alexa Fluor 488 conjugated anti mouse secondary. Propidium iodide was added to the

samples immediately before analysis. The suspension was strained oslhgtrainer (Greiner).The

samples were analysed using BD FACSCanto Il flow cytometer. The data was gated in the PI channel

to avoid any doublets being included in the analysis.
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Figure 329 shows that there is an increase im ( ¢ !pdkitive cells in all stages othe cell
cycle at 1 hour following UV irradiation, however at 24 hours post UV irradiation an
increase in positive cells is only seen in-phase. This indicates a possible iphasic
increase inr ( ¢ 'foBowing UV irradiation as a result of UVA and UVB pisphorylating
H2AX at very different time frames. Once again a small increase in positive cells is seen in
Sphase in control cells however this level was still significantly below the levels of ( ¢ ! 8

seen in the UV irradiated cells.
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3.4 Discussion

3.4.1 Clonogenic survival of HaCaT cells following biological relevant doses of UVA
or UVB

The clonogenic survival experimentsdata (figures 3.1 and 3.2)showed that the doses of
UVA and UVB that wes used had similar effects on the cells ability to survivand
proliferate; the EDsofor UVA was 48kJ/m2 and for UVB 50J/m2 showing that the doses
used were of equatytotoxic effect. These doses had previously been used as doses of
equal mutagenicity in studies looking at the effects of UVA and UVB on D{R&inger et al,
2012) but the model used in this body of workvaried slightly from the one used in that
experiment therefore clonogenic survival experimentswere used to validate that the
doses used were of equal toxicity. There was no significant difference betweeretBos
of the UVA and UVB doses used therefore it was concluded that these doses were suitable
doses for future experiments relating to the ability of both UVA and UVB to cauB®&A
damageand would allow for comparison between the ability of UVA and UV& doses of

equal relative cytotoxicity to induce H2AX phosphorylation

3424 EA AAEI EOU 1 &£ 56! AT A 56" O EI AOAA $.1

T EOEAI A@PAOEI ATOO 1TTEAA £ O OEA DPOAOGAT AA
biologically relevant doses of UVA or UVB. Both short and long term time points were

looked at. Figues 3.3-3.6 show that both UVA and UVB are able to initiate the formation

I /£ r (nqdrBal and immortalized keratinocyte cell linesbut the timeframes within

which this occurs are markedly different.In addition the pattern of staining forr ( ¢ ! 8

that were seenfollowing irradiation with each wavelength was strikingly different .
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to be positive following UVB
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had returned to that of the urrirradiated control. The ability of UVA to cause double
strand breaks independently of replication remains controersial with recent studies
contradicting one another(Rizzo et al., 2011; Greinert et al., 2012bBy usingr H2AX as a
marker of double strand breakswork shown in this chapter indicates that abiologically
relevant doses of both UVA and UVB irradiatiois able to induce an increase inthe

Al O AGETT T A& r(c¢!'8 A& AE ET Al Okelllinedd A1 A

>

culture using much lower dose of UVA than a previous study which had found no

formation of H2AXfoci following UVA irradiation (Rizzo et al., 2011)

Both the data generated from looking at the timeframes af ( ¢ ¥o8i formation (figures
3.3 and 3.4)in response to UVA and fronflow cytometry (figure 3.10) suggest that UVA is
able to initiater ( ¢ 'fo8i formulation in cells atall stages of the cell cycle.fis further

supports the finding made by Greinert el (2012) who found that UVA was able to

mh

—
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mine both indicate that H2AX phosphorylation following UVA vas not dependent on
replication. However,in work presented herea higher level of foci than they did in heir
study. This could be due to a number of differences in experimental desigithe previous
study irradiated cells in PBS whereakere the cells were irradiatedin phenol red free
DMEM media. Removing the cells from edia for the duration of the UVA irradiation

could have an effect on their signalling pathways and this could explain the difference in
foci formation betweenthis study and theirs. In addition, they also used G1 synchronised
cells whereas forthis body ofwork the cells were asynchronous. It is well accepted that
G1 cells are more protected from DNA damage because the DNA is tightly coiled at this

point in the cell cycle(Rancourt et al., 2002)

&I 11T xETC 56" Agbi OOOA OEAOA EO 11 ETAOAAOA

however an increase is seen in foci formation at both 24 and 48 hours post UVB
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irradiation. In addition, H2AX phosphorylation following UVB irradiation is seen in in only
a subset ofcells (figures 3.5 and 3.6) This, along with the different time frames of foci
formation following the two irradiation types suggested that different pathways could

plAU A OIT A ET r(c¢c!8 A AE &£ OI ACGETT AZAIT111xETC
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Figures 3.73.9 demonstrated that a lower relative dose of UVA (2&¥ m2) compared to
UVB (100J/m2) was able to when compeng ther ( ¢ 'fo8i at the time points which
induced highest levels of H2AX phosphorylation. Even the lowest dose of UVA thais

used 25kJ/m2) caused an increase in foci relative to the control, this dose is equivalent to
less than 10 minutes of exposuréo midday summer sunlight therefore indicating that

relatively small amounts of UVA can cause DNA damage to cells.

In addition, when the two highest doses of UVA were used there was incomplete repair of
the damage at 24 hours post irradiation, suggestintipat when a large number of double
strand breaks are formed the cells repair machinery is unable to repair this damage

within a 24-hour time point. Despite the damage remaining wrepaired from the flow
cytometry data (figure 3.10 there did not appear o be any decrease in cell cycle
progression compared to the time matched control suggesting that the cells containing
DNA damage are still being replicated. This is consistent with data looking at the cell cycle
progression following UVA and UVB, which sathat there is a less efficient cell cycle

arrest following exposure to UVA and UVERUnger et al., 2012)
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3.4.4 Mechanism of H2AX phosphorylation following UVA and UVB.

Figure3.100ET xO OEAO 56! ETAOAAA r(¢!'8 EO ET AADPAT A
cytometry data showed that cells were positivefor ( ¢! 8 ET A A@lWRcdycleddgd 1 A&

and therefore the formation of foci is a replication independent event. Again, this is

supportive of the work by Greinert et al (2012) who saw focformation in G1 stalled cells.

In contrast,] OO AAOA OOCCAOOO OEAO OEA Al Oi AGETT 1T &
dependent on replication. The flow cytometry data showed that only cells i phase or

later of the cell cycle were positive for foci, suggesting that the foci seen in this case are as

result of stalled replication forks rather than as a result of double strand breaks arising.

) O EO Al OAAAU AOOAAI EOEAA OE AévenOtafocc@b ioi AOET 1
response to DNA damage including doublstrand breaks(Burma et al., 2001)and stalled

replication forks (Ward and Chen, 2001)( AOET ¢ OAAT (¢! 8 &I AE A&l OI |
UVA and UVB irradiation but in contrasting time frames it was likely that the stimuli

formed following UVA was formed immediately after exposure, thevent was likely to

occur later following exposure to UVB.

Figure 3.12showedthat UVA but not UVB induced the phosphorylation of ATM.
Additionally, pre-incubation with a selective inhibitor to ATM but not an inhibitor to ATR
abrogated the foci formationin UVA(figure 3.16). Furthermore, Figure 3.19demonstrated
that an MRNcomplexinhibitor resulted in a significant decrease in H2AX phosphorylation
in UVA irradiated cells.This data is strongly suggestive that UVA is causing double strand
breaks and notstalled replication forks. Therefore, this indicates that UVA is able to
induce what our data suggests to be DSBs at a biologically relevant doB&thermore,
there is evidence to show that not all of the damage is repaired at 24 or even 48 hours
indicating that the DDR is insufficient to repair all damage that has occurredhis further

highlights the importance of anincreased understanding of mechanism of UVA damage.
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Neither an ATM nor an ATR inhibitoralone had a sigrficant effect on the formation d foci

following UVB (figure 3.20), however when the two inhibitors were combined there was a

significant decrease in foci formation(figure 3.21). This suggestshat there is

Al i PAT OAOT OU AEEAAO E1T xEEAE AEOEAOAXfet- 1T O ! 4
following UVB irradiation. Cross talk between ATM and ATR in response to $tad fork

replication has previously been describd; ATM and ATR have been shown to function

together to prevent the collapsing of stalled forkqTrenz et al., 2006) Furthermore, it was
demonstrated the upregulation of phosphorylated ATM following UVB irradiatiorof cells

treated with an ATR inhibitor prior to irradiation (figure 3.22) perhaps suggesting that

ATR is preferentially phosphorylated following UVB irradiaton but in cells lacking ATR

function ATM can initiate a DDR.

3.4.5 Mitochondrial membrane potential following UVA and UVB irradiation.

In this chapter, in addition to assessing the DDRIlowing both UVA and UVRE:hanges in
mitochondrial membrane potential, an early indicator of apoptosisvere assessedMuch
like what had beenobserved with the DDRthe data indicatedthat loss of mitochondrial
membrane potential was an earlier event following UVA than UVB,significant increase

in the percentage of cdk with a decrease in mitochondrial membrane potentialvas seen
at 3 hours following UVA irradiation(figures 3.23 and 3.24, but not UVB irradiation. A
significant increase in cells with a decreased mitochondrial membrane potential was seen
at 24 hours post UVB irradiation (figures 3.23 and 3.2h Therefore, theseresults
suggested that UVA initiates apoptosis much earlier than UVB following exposure, this is
consistent with earlier work carried out on T cels (Breuckmann et al., 2003)and
lymphoma cells(Godar et al., 1994)and it has been suggested that UVA is able to initiate
immediate apoptosis as a result of membrane damagvhereas UVB initiates delayed

apoptosis following DNA damagé€Godar and Lucas, 1995)
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Further to this, themechanism underpinning the apopbsis induction of each waveband
was examined.The singleinhibitors and combinations of inhibitors that had previously
had asignificant effect on the DDR as measured by12AXintensity were utilized once
again. The effectof these inhibitors on mitochondrial membrane potential to indicate DNA
damage dependence of apoptosisas assessedrigure 3.26demonstrated that the use of
an ATM inhibitor had no effect on the percentage of cells withdecreasedmitochondrial
membrane potential at 3 hours post irradiation. This suggests that apoptosis induction
following UVA irradiation is not dependent on activation of the DDR. Conversely pre
treatment with inhibitors to ATM and ATR resulted in a significant decrease of celgith a
decreased mitochondrial membrane potentialfigure 3.27); this suggests that following
UVB irradiation apoptosis induction is depexent on activation of the DDRAdditionally
p53 accumulation inUVA and UVB irradiated cellsvas assessed, it was fouhthat UVB
initiated a more robust accumulation of p53, spanning from 38 hours post irradiation.
In contrast UVA resulted in a transient increase of p53 accumulatiohdetected an
increase in p53 at 3 hours, but not at the later time points. This is csistent with what

work demonstrated in figures 3.25and 3.26

3.4.6 Conclusions

In conclusionwork shown in this chapter has indicatedhat both UVA and UVB are able to
ET EOEAOA OEA &I Oi AGEIT 1T &£ r(c¢!8 A AERtioAOO
in response to each irradiation type are markedly differentTwo different models for

H2AX phosphorylation depending on which irradiation type the cells were exposed to

were proposed The data shown in this chapter indicated that thgghosphorylation of

H2AX following UVA exposure is independent of replication but dependent on ATM

phosphorylation at serine 1981 and dependent on prior recruitment of they RN complex.
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The response to UVA irradiation is suggesting double strand break formation or at least

damage that is being recognised by the MRN complex as a double strand break.

140



UVA

W AR SATAT
W \10‘\6 | N “‘f W

o O D\ AR AR
G0 TN,

AN
v =

e e e e
GO TATOT
e

VAN W“ff Wt

H2AX phosphorylation following UVA irradiation is both MRN and ATM dependent.

In contrast neither an inhibitor to ATM nor ATRresulted in a significant decrease itH2AX

phosphorylation following UVB irradiation however a significant decrease was seen when

the two inhibitors were combined. Additionally, althoughan increase inATM

phosphorylation following UVB irradiation alonewas not detected an increasdn ATM

activation when the cells were pretreated with an ATR inhibitor. Taken together this

suggested the followingmodel, thatthere is a level of cross talk between ATM and ATR

following UVB irradiation, which means that they can function redundantly to

phosphorylate H2AX in response to UVB irradiation.
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H2AX phosphorylation following UVB irradiation involves cross talk between ATM
and ATR.

Additionally it was detected that there aredifferent time frames of apoptosis induction
following UVA and UVB wavebands, UM&as seen to induce immediate apoptosis and this
was seen to be independent of activation of the DDR. In contrafdta indicatedthat UVB
induced delayed apoptosis at 24 hours post irradiation and that apoptosis induction was
dependent on activation of theDDR. UVBvas also seen to induca longer lasting

accumulation of p53 than UVA.
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3.4.7 Further work

There is now some evidence to suggest that UVA is able to induce clustered DNA damage,
previously thought to be unique to ionising radiation. Clustered NA damage is also

referred to as multiple damage sites and is defined as the induction of two or more DNA
lesions located within a few helices. The clustered damage can be tandem, where the
lesions are on the same DNA strand or{sitranded where the lesiors occur on opposite
strands. The complexity of clustered damage that is induced has been seen to increase

with increased densities of ionising radiation.

Clustered damage is of particular interest because repair of clustered lesions is less
efficient than in single lesions and therefore has a higher rate of mutations. The rate of
repair compromise is dependent on a number of factors; the lesions within the cluster,

and the orientation of the lesions to each other.

In addition to their work identifying the presence of double strand breaks in UVA
irradiated cells Greinert et also showed that UVA is able to induce clustered DNA damage.
This is the first study that demonstrated the ability of non ionising radiation to induce this
type of damage. Their work difered from ours in a few experimental details; the cells

were arrested in G1, the irradiations took place in PBS and the doses they used to induce
H2AX were higher than those that wee utilized. They detected H2AX phosphorylation at
lower levels than demorstrated here, this could be due to the irradiation occurring in PBS.
They stated that the irradiation took around 40 minutes, removing media and serum from
the cells for this time period could cause the difference in efficacy of H2AX
phosphorylation that have seen between their results and ours. Additionally, the cells
they used were in G1 phase whereda this work synchronous populationwas used Cells

in G1 have been shown to be more protected from DNA damaging agents.

It would be interesting to examinethe ability of UVA to induce clustered DNA damage in

our model, the dose that the previous study usedras 600kJ/me, which is 6 times higher
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than the dose routinely used to induce H&X phosphorylation in our work and perhaps at

a level which is arguably ndonger biologically relevant.

The ability of UVA to induce clustered DNA damage is of great interest because of the
possible consequences it could have on human health, it is well established that the repair
of clustered lesions is less efficient than dlamage occurs as single lesions in particular it
has been demonstrated that the presence of8xoG in a clustered lesion is one of the main
types of clustered lesion that are difficult to repair. Therefore, there is an increased

possibility that this type of lesion would remain unrepaired until the DNA is replicated.

In terms of the work on apoptosis induction following UVA and UVB, it would be useful to
attempt to further understand the mechanism by which cells undergo apoptosis following
UVA irradiation in our model. It is likely that ROS play a critical role in this so a good
approach would be to test the effect of antioxidants and ROS scavengers on the
mitochondrial membrane potential loss seen in our model. Additionally, other markers of
apoptosis coutl be assessed such as the annexin V assay to further confirm the induction
of apoptosis that is indicated through the work shown on mitochondrial membrane in this

chapter.
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Chapter 4 The ability of
UVA to induce a DNA
damage response In
bystander cel Is
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4.1 Introduction

4.1.1 Transmission of bystander signals

The radiation induced bystander effect is broadly defined as the induction of cellular and
DNA damage in cells which have not been directly irradiated; instead the damage is seen
as a consequece of signals released from directly targeted cells. Experimental evidence
was first seen by Nagasawa and Little (1992) in CH@hinese Hamseter Ovarygells

when they used alpha patrticles to transverse 1% of nuclei of a confluent monolayer cell
population but found that 30% of cells showed an increase in sist@hromatid exchanges.
This experimental design allowed for direct cell to cell contact, therefore it was
hypothesised that signals from irradiated cells were passed to the bystander cells through

gap junction intercellular communication (GJIC).

It was later found that cell to cell contact was not required for induction of the bystander
effect; medium taken from irradiated cells was able to induce the bystander effect in un
irradiated cells as seen by an increase in cell death in the bystandawpulations

(Mothersill and Seymour, 1998) Additionally it has been shown thacytoplasmic extracts
from irradiated cells can initiate an increase in DNA fragmentation in uirradiated cells
(Kurihara et al., 1998) Direct targeting of the cytoplasm has also been seen to induce
bystander effects such as cell killing and increase mutations in bystander celgVu et al.,
1999). These data suggest that is not only the irradiation of the nuclei that can cause the
release of bystander signals. The current model for the transfer of signals from target to

bystander cells is shown in figure 4.1.
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\ /aohted cell Bystander cells

Signal transmitter

Signal receptor
Intercellular

gap junction

Figure 4.1 Methods of signal transmissions in the bystan der effect

Schematic depiction of the ability of irradiated cells to release signals which can be
transferred to bystander cells either through gap junctions or please into the media and
binding of signals onto the cell membrane of bystander cells.

The response of cells to bystander signals has found to be distinct from the responses
observed in directly irradiated cells; an increase in mutations has been observed in
bystander cells, but the mutations observed did not resemble the mutations that were
seenin the directly irradiated cells. The bystander cells showed a majority of point
mutations whereas the directly irradiated cells displayed mainly large or partial gene
deletions (Nagasawa and Little, 1999) The mutation spectrum seen in the bystander cells

showed high similarities to that seen in unstable progeny of irradiated celld.ittle et al.,
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1997) andthe high proportion of point mutations is consistent with ROSnediated

damage(Little et al., 2002).

Increased interest in thisarea has led to a number of other endpoints being studied in
bystander cells such as: increased occurrence of micronuclei formatigRrise et al.,

1998), increased apoptosigBelyakov et al., 2001)and decreased clonogenic survival of
bystander cells(Sawant et al., 2002) In addition, a wide number of cell lines have been
studied, including normal human lung foroblasts (Zhou et al, 2005b), normal human
keratinocytes, (Mothersill and Seymour, 1998) MRC5 cells and immortalised cell lines
such asHaCaTgqWhiteside and McMillan, 2009) It has been demonstrated that not all cell
lines release the signals which produce the bystander effect and not all cells are equally
susceptible to the bystander signal¢Mothersill et al., 2001). There aredata to suggest
that rapidly dividing cells are more vulnerable to bystander signal§¢Shao et al., 200Band
that cells in S phase are the most susceptible to ligader signals(Burdak-Rothkamm et

al., 2007)

Interestingly, it has been shown that there is no dose responselationship in the
bystander effect. Experiments have both increased the number of patgctraversals per
cell (Zhou et al., 2001)and the total dose of irradiation(Hu et al., 2006)without an
increase in the bystander effect being recorded; again highlightindjfferences between

the mechanism of damage in directly irradiated cells and bystander cells.

4.1.2 The mechanism of the bystander effect

Despite increased interest in this phenomenon the exact mechanism for the bystander
effect remains unknown. The usef a number of pharmacological inhibitors and ROS
scavengers has resulted in a decrease in the demonstrated bystander effed¢dawever,

the inhibition of one single pathway or ROS component have not fully abrogated
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bystander effects making it likely thatthe bystander effect is a consequence of the
activation of multiple pathways and increased ROS initiated by sigheelease from
irradiated cells (Hei et al., 2008) Three independent mechanisms behind the induction of
the bystander effect have been described: direct cell to cell communications through gap
junctions; the release of factors by the irradiated cells which affect kyander cells; and

the immune response, such as cytokine releasem the irradiated cells. Hei et al (2008)
reviewed the mechanism involved and suggested a model unifying a number of signalling
pathways involved in radiation induced bystander effects. Thee have beersummarized

schematically in figure4.2.

4.1.2.1 Intercellular gap junction ¢ _ommunication

Despite it being well established that gap junctions are not the only way to transmit
signals from donor to bystander cells there is evidence to suggestole for gap junction
intracellular communication (GJIQ in mediating bystander effects. When monolayer cell
cultures are studied for bystander effects, increased cell density results in an increase in
bystander effects(Agarwal and Sohal, 1994)implying the importance of cell: cell contact

and therefore gap junctions.

Cells deficient in GJIC did not show a bystander response. In addition, the use of GJIC
inhibitor s such as lindane has also been seen to cause a decrease in the bystander
response(Azzam et al., 2001; Zhou et al., 2001However, inhibitors such as lindane are
nonspecific and initiate wide ranging effects onhe cell, not just acting on gap junctions

aloneso it is difficult to draw conclusions fromthis.

The effectof dominant negative mutations in connexins on the ability of cells to form
bystander responses has been studied as a more specific and direct wayinderstand the
importance of gap junctions in the induction of bystander effects. Connexins are the
principal protein component of gap junctions and there is evidence to suggest that

connexins alone are responsible for the generation of gap junctioriBruzzone and Meda,
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1988) (Kumar and Gilula, 1992) The principal connexin in gap junctions is connexia 43.
Dominant negative connexin 43 cells have bedbund to lack the ability to respond to
bystander signals in monolayer populationgZhou et al., 2001) indicating a role for

connexin 43 and herefore gap junctions in the transmission of the bystander effect.

IL-1 TNFa
IL-8 TRAIL

NF-kB / IkB

+— H0
OH- K
INK, ERK,
p38

[oz]\

Inflammatory
response: ROS,
cytokines

Figure 4.2 Mechanism of the bystander effect

Cytokines are sereted from targeted cells and bintdb receptors on the membrane of

neighbouring non targeted cells.his leads to stimulabn of MAPK pathways, activation of

AP1 and consequently up regulation of COX2, which stimulates NO production. Additionally

NF{" EO OAI AAGAAh AT OAOO OEA 1 OA1 AGO AT A AAOO!
inducible nitric oxide synthase, both resutg in increase in NO. This activation of G@X

provides a continual supply of ROS for the propagation of further bystander signals.

Mitochondrial damage results in release of ROS. Adapted from Hei et al (2008)
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4.1.2.2 A role for ROS in the bystander e ffect

A role for ROS in the initiation of the bystander effect was hypothesised by Nagasawa and
Little (1992), in their pioneering study, showing the first evidence for a radiation induced
bystander effect. This was then demonstrated by Lehnert and Goodw{1997) who
observed the inhibition of sister chromatid formation in bystander cells when pre
incubated with superoxide dismutase (SOD). This effect was seen both in cells directly
neighboring irradiated cells and those incubated with conditioned mediumrbm

irradiated cells, indicating a universal role for ROS in the induction of the bystander

response.

Increased levels of both hydrogen peroxide and superoxide anions have been seen in both
directly irradiated and bystander cells. These increased levels BOS were seen in both
bystander cells cultured with irradiated cells and those incubated in media from

irradiated cells (Narayanan et al., 1997) Further attention to this area showed that the
addition of superoxide dismutase(SOD or catalasecaused a decrease in bystander

effects but neither of them fully inhibit the bystander effect, suggesting that both

hydrogen peroxide and superoxide anionsoth play a role in the initiation of the

bystander effectbut neither are solely responsible(Azzam et al., 2002) There is some
evidence to suggest that superoxide may play a more dominant role. Catalase was seen to

haveless of an effect on the bystander response than S@UXtle et al., 2002).

Reactive oxygen species have short hdifes, therefore in order for them to induce the
demonstrated bystander effects it is likely that they would need to be gerated
constantly in bystander populations. A role for the reactive oxygen species generator
NADPH oxidase has been suggested. The us®ighenyleneiodonium (DPI), which
inhibits NADPH oxidase activity has resulted in decreased bystander effects being
detected(Azzam et al., 2002) Additionally, the inactivation of NADPH oxidase waseen to

cause a greater decrease in bystander effects than was seen when catalase or SOD were
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added to bystander populationg(Little et al., 2002), possiblysuggesting a greater role for

NADPH oxidase than superadge or hydrogen peroxide.

An increase in levels of nitric oxide has been seen in the medium of irradiated cells and
was detected at anicromolar level in conditioned media. Thided to an increase in the
radio-sensitivity of the bystander cells, an obsemation that was abrogated through the
addition of 2-(4-carboxyphenyl)-4,4,5,5tetramethyl -imidazoline-1-oxyl-3-oxide a specific
nitric oxide scavenger(C-PTIO) (Matsumoto et al., 2001) Furthermore the addition of G
PTIO alsceliminated the observed increase in MNh bystander cells using both glioma

and primary fibroblast cell lines(Shao et al., 2003)

4.1.2.3 A role for mitochondria in bystander effect

The possible role for mitochondria in the bystander effect was first postulated when it
was demonstrated that nuclear targeting of cells is not essential for the release of
bystander signals and that targeting of cytoplasm was able to induce a bystander effe
This study also showed increased mitochondrial damag&Vu et al., 1999) It has been
demonstrated that both mtDNA depleted cell§Zhou et al., 2008)and those with
inhibitors to the mitochondrial respiratory chain are less ®nsitive to bystander effects
(Chen et al., 2008) The same group later suggested that mitochondria generated ROS
were involved in the early stages of bystander effect initiation when an increase in ROS
was observed within 10 minutes of irradiation in target normal cells but not mtDNA

depleted cells(Chen et al., 2009)

It has been observed that bystander cells are able to induce both point mutations and the
common4977-bp deletion occurring between two 13bp repeats from position 847
13,447 in the mitochondrial genome. The bystander signals were able to induce the

mutations with a similar efficacy to that of directly irradiated cells although the
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occurrence of the mutations was later in the bystander cells: 24 hours following exposure
compared to 12hours for the directly irradiated cells. Moreover, as is typical of bystander

effects no dose response was seen in the bystander cgNdurphy et al., 2005)

4.1.2.4 Contri bution of the immune system in bystander effect induction

Much work has been carried out with the aim of gaining understanding of what the signals
released by the targeted cells are that bring about the demonstrated bystander effects. In
particular increased levels of cytokines includinginterleukin 8 (IL8), Interleukin 2 (IL2),
Tumour necrosis factor alpha 4 . & and Transforming growth factor beta @ ' & have
been detected in medium collected from the targeted cel($acoetti et al., 2006)Similarly,

in vivoevidence shows thairradiation of primary tumours has long range effects on un
irradiated tissues or organs and it has been proposed that these effects are mediated by

the immune system and cytokines.

4125 N[ "

TheNF[ " 1T AOx1T OE EO OEI OCEO O bl AU A2082AU OT1 A E
pharmacological inhibitor of NF{ " AAOOAA A OECT EEZEAAT O AAAOAAO
bystander cells(Zhou et al., 2008. In addition global geneexpression of alpha particle
exposed primary fibroblasts was compared to that of their bystander equivalents and
similarities were seen between the expressions of NF* OACO1 AOAA CAT AO 006¢cC

bystander cellshave afull N " OAODBT T O Aninduedd @handhiGet ah, R0DS)

Zhou et al (2005)examined the difference in gene expression levels between bystander
and control cells. COX was fourd to be consistently upregulated by at least 3 fold in
bystander cells. In addition, the use of COGXinhibitor NS-398 was seen tasuppress
bystander mutagenesis as demonstrated by mutations in thdPRTlocus. The same group

also saw a consistent 7 fold ecrease in expression of insufi growth factor binding
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protein. This decrease would increase the binding of insulin growth factor to cell
receptors and lead to the initiation of a number of downstream signalling pathways
including the MAPK pathways. A susined up regulation of phospheERK was also
observed, the ratio of ERK: phosph&RK increased from 2 to 13 in the bystander cells.
The addition of an inhibitor specific to MEKZERK (PD98059) was seen teuppress

bystander effects further indicating a rolefor these pathways in the bystander effect.

4.1.3 Activation of the DDR in bystander cells

More recently work has focused on the DNA damage response in bystander cells and in
DAOOEAOI AO OEA OB OACOI AGETT T &£ r stgne8AaEl AUOO
serine 139 occurs as an early response to the presence of double strand breéfidah et

al., 2010)caused both directly and indirectly(Toyooka et al., 2011) and al® in response

to replication stress such as stalled replication forkgWard and Chen, 2001)

r(¢!8 EAO AAAT OAAT AO ATl -iAchbaedwithXeddeicéls ET AUOO
that were exposed to ionising radiationHowever,the formation of foci in bystander cells

was seen after 18 hours céncubation in contrast to the 30 minute time pointat which it

is seen in directlyexposed cells. It was suggested that the phosphorylation of H2AX could

be a trigger for further downstream and later events of the bystander effe¢Sokolov &

al., 2007)

It has also been shown that whilst ATM, DNRK (Stiff et al., 2004)and ATR(Ward and
Chen,2000)EAOGA Al 1l AAAT OAPT OOAA OF HI AU A OI1T A EI
ionising radiation, with ATM and DNAPK having been demonstrated to function

redundantly (Stiff et al., 2004)it is likely that! 4 2 DI AUO OEA 11 0O OECIT E &E
foci formation in bystander cells. ATRI OOAOAA AAT 1 O OEI xAA 11 r(¢q! &

in bystander cells but inhibitors to neither ATM or DNA-PK had any effect on foci
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formation in either normal or tumour bystander cell lines, despite the irradiated cells

showing fod formation. Additionally only bystander cellsin S phasewere positive for the
DOAGATAA T &£ r(c¢c!'8 &£ AE OOCCAOOEI ¢ A AAPAT AATA
response (DDR) in bystander cedl. This further implies that the H2AX phosphorylation

detectedin bystander populationsis likely to be as a result of stalled replication forks and

not the direct formation of double strand breaks. This is suggestive of different

mechanisms behind foci fomation in directly irradiated and bystander cells(Burdak-

Rothkamm et al., 2007)

However another group found the activationof DDR in bystander cells outside of S phase
(Dickey et al., 2009) The same group later hypothesised that cells with high DN
metabolism may represent the population that is most vulnerable to bystander signalling.
This would include cells that were transcriptionally active as well as replicating cells.
They used non replicating cells with varying transcriptional activities andgxposed them

to ionising radiation. They found that the cells with higher transcriptional activity were
more susceptible than those with low transcriptional activity, demonstrating for the first
time that transcriptionally active cells as well as replicanhg cells show increased
susceptibility to bystander signals. Additionally, these cells showed no dose response

relationship (Dickey et al., 2012)

4.1.4 UV and the bystander effect

The bystander effect has now been seen to be induced by a number of other stressors
which include UV irradiation (Whiteside and McMillan, 2009; Dahle et al., 2001; Dahle et
al., 2005) A number of endpoints have ben studied, which include micronuclei

formation, the formation of delayed mutations(Dahle and Kvam, 2003; Dahle et al., 2005)
a decrease in clonogenic survivadWhiteside and McMillan, 2009)and increased

apoptosis (Banerjee et al., 2005)
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Additionally, the timeframes of the UVA bystander response have been studied, using
clonogenic survival as the endpoint for bystander effect. It veashown that the signal
release from the UVA irradiated cells was a delayed event and that the irradiated cells
continue to release signals that can induce a bystander effect long after they have been

exposed to UVA irradiation (at least 72 hoursYWhiteside et al., 2011)

A more recent paper compared the abilities of UVAIVB and UVC to induce the bystander
effect in human dermal fibroblasts using a tranavell co-incubation system. UVA was seen
to be the most effective in producing a bystander resp@e, in particular in decrease of

cell survival, when the survival of the bystander cells was lower than that of directly UVA
irradiated cells and in the ability to produce ROS in the bystander cells. An increase in the
cytokine IL-6 was observed for all 3vavebands and this was seen to be higher in the

bystander cells than in the directly irradiated cellfWidel et al., 2014)

These findings were in contrast to previous work where UVB at a dose of 400Fmas
not seen to induce a bystander effeéh keratinocytes (Whiteside and McMillan, 2009)but
the dose used in the later study was significantly higher at 10kJ/mThe experimental
evidencesurrounding the ability of UVB to induce the bystander effect is inconclusive,
with contradictory results obtained in different cell lines and different studies; it could be

that the ability of UVB to induce bystander effects is cell line dependent.

There are some data to suggest that the UVA bystander effect is R@&liated. In
experiments on HaCaT cells a decrease in clonogenic survival as a result of UVA
irradiation was abrogated by DPI, an inhibitor to NADPH oxidag@Vhiteside and

McMillan, 2009). Glutathione, SOD and catalase were also seen to prevent the induction of

delayed mutations following UVA irradiation(Dahle et al., 2005)
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4.2 Aims

It is well accepted that UVA is able to induce a bystander effect, much of the earlier work
has focused on the effect of UVA on clonogenic survivdlaystander cells and little
evidence exists on the upstream effectors of this, such #ee occurrence of DNA damage
and consequent activation of thddDR. In this chapter the ability of UVA at a biologically
relevant doseactivate a DDR has been studied. Primarily tbugh detection ofup

OAcCO1 AGET T T A& r ( ¢.Th8 meEHanishBfGIPAX phbdbitrylatidnin O
bystander populationshave been studiedas well as the effects of ROS scavengers and

inhibitorstoup-O O OA AT AEEAAOT OO0 i1 OEA Ob OAGCOI AOEI I
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4.3 Results

1808p &I OIAOEI 1T 1T &£ r(c!8 EIT 56! AUOOAT AAO AAI

Previously, our laboratory has shown that UVA but not UVB is able to induce the
bystander effect in both keratinocyte (HaCaT) and fibroblast (MRC5) cell lin€gVhiteside
and McMillan, 2009) This was demonstrated using clonogenic survival as the biological
endpoint. A decrease in clonogenic survival was seen in the UVA bystander cells
compared to the control. A delay in release of signals which caused the bystanééect
was also shown; decrease in clonogenic survival of bystander cells was only detected
when coincubated with UVA irradiated feeder cells for 48 hour or more. No decrease in
clonogenic survival was seen when the emcubation time was 24 hours, suggsting a
time lapse between the irradiation of the feeder cells and their release of signals which

cause the bystander effecfWhiteside et al., 2011)

The experimental set up used the BD bioscience multtell insert system with inserts

with apore siZA 1T A& p difl bt allolw foiQirect cell to cell contact, but any signal
released from the UVA irradiated cells would be able to readily pass through the
membrane to reach the bystander populations. The feeder cells were irradiated with 100
kJ/m2 UVA n each of the experiments; this was a donazell line that had previously been
shown to be able to induce H2AX phosphorylation in directly irradiated cells see chapter
3. The dose is biologically relevant, equivalent to approximately 30 minutes of midday

summer sun exposure(Kimlin et al., 2002).

4EA &£ OI AGETT T &£ r(¢!8 EAO AAAT OAAT O1 AA 11
following ionising radiation (Hu et al., 2006) Immunofluorescence techniquesvere

utilised to detect OE A D OAOAT AA UvAbystagder'cdls, thd nuc@ifvAre

counter stained with DAPI. The intensity of 100 nuclei was measured and the median

intensity per nuclei was calculated for each experimental condition.
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Analysis for yH2AX

Figure 4.3 The setup used in byst ander experiments

&AAAAO AAT 1 O xAOA coixi 11 1T AT AOGATAOG T &£ A 101 OE xA
cells were either urrradiated or irradiated with 100kJ/m2 UVA. Immediately after irradiation both

the control and irradiated feeder cellaere placed into a 6 well plate containing bystander cells

seeded onto glass coverslips.eTteeder and bystander cells wete-incubated for either 24 or 48

hours before analysis
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4EA ETEOEAI AQODAOEI AT O AEI AA Odndefcdli©tBaliad OE A
been incubated with UVA irradiated cells for either 24 or 48 hours prior to fixation and
processing (Figure 44). These time points were chosen because previous work in our
laboratory has shown that there is a delay in the release of/stander signals following

UVA irradiation (Whiteside et al., 2011) The bystander experiments were carried out

using both HaCaT and normal human dermal fibroblast cells as the bystander cells. The

donor cells were always HaCaT cells. The combinationtbi two different skin cell lines

was used to see whether irradiated keratinocytes could affect fibroblasts which lie deeper

in the skin, in the dermal layer.
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Figure 4.4 UVA irradiaton EO AAI A O1 ET AOCAA OEA A1 OiI AGEI 1

cells when they are incubated with cells that have been exposed to UVA irradiation

A) Western blot analysis of cell extracts from bystander célisated with conditioned medium
collected from either WA irradiated or control donor cells48 hours after irradiation for 24hours.

B) HaCaT cells were grown on a membrane or on a coverslip in a 6 well dish. The cells grown on the
membrane were either irradiated with UVA or sham irradiated. The irradiatedlsevere added to the
recipient cells immediately after irradiation. The recipient cells were then fixed at either 24 or 48
hours post cancubation and processed as has been scribed previodstepresentative Image is

shown (n=3).

O The fluorescencintensity ofthe Control and UVA bystander cells was measluging Image J
software, at least 100 cells per condition were analysed and the experiment was repeated with 3
biologically independent replicates. The relative fluorescence compared to the cbgtaup was
calculated and acategorical scatter plotwas plotted. The median ahinterquartile range is shown.
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Figure4.4f ' @ OEI xO OEAO A 11T AAOGO ET AOAAOGA ET (¢! ¢
bystander populations compared to the time matched combl by western blot, here,
looking at 48 hours post combination of bystander andnedium from irradiated/control

donor cells. Loadingcontrol was demonstrated by blotting for beta actin.

Figure 4.4j " q OEI xO OEAO r(c!8 xAO AROAAOAA ET OEA
incubated with UVA irradiated feeder cells for both 24 and 48 hours following irradiation.

4EAOA xAO 11 AXfQhk fdplehiticells that(were co incubated with un

irradiated donor cells demonstrating that it is the UVA irradiation of the donor cells and

170 OEAEO i AOA POT Ei EOU OEAO AAOOAO OEA ETAO
staining intensityisOAAT ET OEA 56! ¢t EIT OO CcOI ObP EI xAOAC
COAAOAO AO ty ET OO0 Al i PAOAA O ¢t ET OOOh ETA
formation the longer they are incubatedwith the UVA irradiated donor cells. Interestingly,

not all the bystander cells wereD| OEOEOA &£ O r (¢! 8 AO AEOEAO

(@}
mh

r(c¢!'8 AAOAAOGAA ET AUOOAT AAO AAI 1T O xAO OAAT AO

in contrast to what is observed in directly UVA irradiated cells seffigure 3.3).

Figure 44 (C) shows that in thebystander cellsat 24 hoursthere is a slight increase in

i AREAT OA1 AGEOA ET OAT OEOU 1T &£ r (¢! 8 OOAETETCh
different to the time matched control (p=0.139 Oneway ANOVA,; however, there is an

increase in the upper quartile and 9% percentile. There is a slight increase seen in the

median of the 48 hour UVA bystander cells compared to the time matched-imadiated

controls and a further increase is seen in the upper quartile and 95ercentile. Overall a

I AOCAO OPOAAA EO OAAT ET OEA OAI AGEOA EIT OAT OE
Al i DAOAA Oi OEAEO OEIi A 1 AGAEAA AT 1 00T 1 O6h O1T1 A

some cells show very strong staining.

Together the data shown in figure4.5 demonstrate that although from the IF data it

OO0CCAOOO OEAO OEAOA EO Al ET AOAAOA ET r(c!8 E
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control recipient cells this increase is masked teaome degree by the existence of two
distinct populations. Some cells g clearly more sensitive than others to the bystander
signals. For subsequent experiments the UVA bystander cells and the control recipient
cells, will be co-incubated with the appropriate donor cells for 48 hours prior to analysis.
This coincubation time was selected because it was at this time an increase in H2AX
phosphorylation was detected.

1808¢ 4EA AEAAAOS T £ AAT1T AUAT A PTOGEOCETT 11T r(
cells

bystander cells ledto the hypothesis that cell cycle status could have an effect on the

fl Ol AGETT T &£ r(¢!8 & AE ET 56! AUOOAWESAO AAI I C
repeated, labelling actively replicating cells by incorporation of the nucleotide analogue-5

ethynyl-¢ -deoxyuridine (EdU) to identify S phase. A cell cycle dependenceHRAX

phosphorylation has been demonstrated in bystander cells exposed to cells targeted by IR

see section 4.1.3Thiswork has als)OET x1 A AA1T 1 AUAIT A AADPAT AAT AA

UVBirradiation in figure 3.11.

The immunofluorescence images were theAT AT UOAA &I O ET OAT OEOU 1T &
r ( ¢ fludrescence being seperately quantitated for actively replicating and nen

replicating populations, as determined by EdU status and the relative fluorescence

calculated by dividing the fluorescence by tb average fluorescene of a control EdUY

negativecell. Acategorical scatter plotof the data was constructed to demonstrate the

median intensity per nuclei and the spread of fluorescence intensity for each

experimental group.
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Figure 4.5 UVA bystandercel 1 O OEAO AOA PTI OEQOEOA A1 O r (¢! 8

replicating cells.

HaCaT keratinocytes wergrown on a membrane insert and either irradiated with UVA (100kZm

or sham irradiated. The inserts were then immediately transferred to wells containing recipien
HaCaT cells cultured on coverslips. Recipient cells were fixed and processed 48 hours later, having
been treated with EdU for the final hour of incubation.

A) Representative confocal microscopy images3) of recipient keratinocytes showing

immunoflucAOAAT O AAOGAAQETT T &£ r(e!'8 j COAATQ AT A £ O OA
"q 4EA (9! 8 Edpbsitie Artizhdyativedopllatons in both control and UVA

recipients was measured using Zeiss LSM 510 software. At least 100 cells per conditieramaysed

and the experiment was repeated with three biologically independent replicates. The relative

fluorescence compared to the control Edig¢gative group was calculated and @ategorical scatter
plot of the data is shown. The median and interquartii@nges are indicated.
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Figure 4.6 Replicating fibroblasts are also susceptible to the UVA bystander effect

HaCaTcells were grown on a membranand recipient fibroblasts were grown oa coverslip in a 6
well dish. The cells grown on the membrane weither irradiated with UVA (100kJ/rd) or sham
irradiated. The irradiated cells were added to the recipient cells immediately after irradiation. EdU
was added to the cells 1 hour prior to fixation 48 hours postinoubation

A) Representative confocal microspy images (n=3pf recipient fibroblasts showing

Eiil O1T T & 01 OAGAAT &6 AAGAAOQGEIT 1T &£ r(@!'8 j COAATq AT A
B) 4EA (9! 8 AIEQJpGiHve andzhefalive poftulations in both control and UVA

recipients was measured using Zeiss LSM 510 sarféwAt least 100 cells per condition were

analysed and the experiment was repeated with three biologically independent replicates. The

relative fluorescence compared to the control Edidgative group was calculated and a

categorical scatter plot of the d& is shown. The median and interquartile ranges are indicated.
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Figures 4.5 and 4.6 showva slight increase in fluorescence was seen in the EdU positive
Ai 10601l AiTi PDAOAA O OEA wAs5 T ACAOEOA Ail1OOTI 8
result of spontaneous DNA damage and stalled replication forks and was not an

unexpected observation.

Figure 4.5 was carried out with HaCaT cells as both the donor and the recipient cells. The

AAOA OEiI xO OEAO 1TT1U OEA AAI1 O OEAO xAOA bi OE
foci; indicating that only the cells that were in Sphase or later at he time of fixation were

positive for foci. By analysing the EdU positive and negative cells separately the difference

between the UVA bystander cells and the control is much more apparent than in the

original analysis. The median of the EdU positive UVA/gtander cells was 6.7 time greater

than for the control EAU negative in the HaCaT cells, which is far greater than when the

EdU positive and EdU negative cells were analysed together, the median increase was 2.3

in that case.

Previous work had shown bystader effects on clonogenic survival could be induced

between different cell types, with keratinocytes and fibroblasts both able to induce the

bystander effect in each othef{Whiteside and McMillan, 2009) The experiment was

therefore repeated to investigate whether UVArradiated keratinocytes could induce a

DNA damage response in dermal fibroblasts and whether any observed induction was

AAPAT AAT O 11T OAPI EAAOEOA OOAOOO8 &ECOOA t18¢ A
seen in the fibroblast cell line in the S phase populations, howevgat only three times that

of the EdU negative ufrradiated control , the fibroblastsOET x AA A AEI ET EOEAA

bystander response compared to the HaCaT cell line.
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4.3.3 Assessment of EdUuptake in bystander populations

The data shown in fgures 4.4, 4.5 and 4.6 indicatthat it is likely that stalled replication
forks are occurring in the bystander cells as a result @xposureto bystander signalling
from the UVA irradiated populations.To further investigate this the EdU staining of the
control populations relative to the EdUstaining in the UVAbystander cellswas analysed.
The proportion of Sphase positive cellsn eachpopulation was calculatedand the
intensity of EdU staining ofall EJU positive cells across threendependent replicateswas
analysed This was carried out for both the HaCaT and dermal fibroblast bystander
populations. In the presence of stalled replication forkst would be expectdto see a
higher proportion to S-phase cells, due to slowed replication as a result of stalled forks,
the EdU incorporationwould also be diminished as a result ahhibited replication. Forks
expose single stranded DNA, which becomes coated in RPA and triggers the recruitment
of ATR, whth mediatesRad53 phosphorylation. The activation of Rad53 is require for full
replication checkpoint response, activation of the replication checkpoints are crucial for

retaining cell viability following replication stress.

Figure 4.7 shows that in thebystander HaCaTcells there is a significant (P<0.01Students
T-test) increase in proportion of cells in Sohase, as demonstrated bthe proportion of

EdU positive cells.The data additionally demonstrateda significant (P<0.05) decrease in
intensity of EdU staining in the UVA bystander population as demonstrated by a decrease
in median shown in figure 4.7bFigure 4.8 demonstrates that in dermal fibroblast cell

lines there is a significant (P<0.01Students Ttest) increase in Sphase cells in the UVA
bystander population, this was demonstrated by an increase in EdU positive cells in the
UVA bystander population Additionally, a significant (P<0.05 Students TFtest) decrease

in average EdU intensity per nucleus was seen in the dernfdroblast bystander cells.
Together the data shown in figures 4.7 and.8 arefurther indication that the increase in
H2AX phosphorylation detected in the UVA bystander populations is a consequence of the
presence of stalled replication forks,
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Figure 4.7 EdU incorporatio n is decreased in UVA bystander keratinocytes .

HaCaT cells were grown on a membrane (donor) or on a coverslip (recipient) in a 6 well dish. The
cells grown on the membrane were either irradiated with UVA (100k3jrar sham irradiated. The
donor cells wereadded to the recipient cells immediately after irradiation as before, fixed at 48 hours
post co incubation and processed.

A) Bar chart to demonstrate the perceage of Sphase in the control and the UVA hgsider
groups. Error bars represent the standard devion.

B) Categorical scatter plot to demonstrate the relative EdU staining intensity afittol and UVA
bystander cells. The median and interquartile range is indicated.
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Figure 4.8 EdU incorporation is decreased in UVA bystander fibroblasts.

HaCaT cellsvere grown on a membrane (donor) andermal fibroblasts were grown on a coverslip
(recipient) in a 6 well dish. The cells grown on the membrane were either irradiated with UVA
(100kJ/m2) or sham irradiated. The donor cells were added to the recipientcetimediately after
irradiation as before, fixed at 48 hours post co incubation and processed.

A) Bar chart to demonstrate theoercentageof Sphase in the control and the UMgystander
groups. Error bars represent the standard deviation.

B) Categorical scatteiplot to demonstrate the relative EdU staining intensity of control and UVA
bystander cells.The median and interquartile range is indicated.
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4.3.4 Phosphorylation of Chk1 in UVA bystander cells

It is well acceptedthatr ( ¢! 8 EO OAAT Qiiowidghothaubidspdnd AOAA £
breaks (Rogakou et al., 1998and stalled replication forks (Ward and Chen, 2001kee

figure 1.9. The pathway that has been activated can be determined by identifying other
signdling molecules that have been activated. In this case it has already been shown that
r(¢!8 TAAOOO 1 1,land thitther8is ab ldkeaskd ploftion adS-phase
cells and decreased EdU staining in the UVA bystander populatianslicating thatr ( ¢! 8
up regulation is likely to be as a result of stalled replication forksTo further show this,

the up regulation of p-Chk1 (Ser345) in bystander cellsvas examined.The upregulation

of p-Chk1 (Ser345) is seen primarily in cells challenged by stalled replication forK&eijoo

et al., 2001)whereas the up regulation of pChk2 (Thr68) is seen following the formation

of true double strand breakgMatsuoka et al., 1998) The same time frames and

experimental setup used previously in this chapterwere usedhere.

Figure 4.9demonstrates that there is an upregulation of phosphorylated Chk1 in the UVA

bystander cells relative to the control but similar to whatwas seenx EQE r (¢! 8 OOAET [
was only seen in a subset of UVA bystander cells. Although a low leveb-@fhk1 was seen

in the remaining population of UVA bystander cells and in the control bystander cells.

Quantification revealed a greater spread of intensity oftaining in the UVA bystander

DI pOI AGET 1T OEI EI A0 Ol x P#&t@ shods@onfirAaiich déithéd x EOE
p-Chk1positive cells were the EdU positive population further highlighting that it is likely

that the increase inH2AXphosphorylation that is detectedin the UVA bystander

populations is as a resultof the occurrence of stalled replication forks.
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Figure 4.9 Chk1 is phosphorylated in UVA bystander cells

HaCaT cells were grown on a membrane (donor) or on a coverslip (recipient) in albdigh. The

cells grown on the membrane were either irradiated with UVA (100k3jror sham irradiated. The

donor cells were added to the recipient cells immediately after irradiation as before, fixed at 48 hours
post co incubation and processed.

A)

B)

Representive confocal microscopy images (n=8j recipient keratinocytes showing
immunofluorescent detection of pChk1, detected with a pripaabbit antibody against
ChkiSer345 and an AlexaFluor563 conjugated secondary antibody

10A1T OEOGAQEIT 1T |1 AEintersity bf €ontel abdd UVA ydtahdeAcllls measured
using Zeiss LSM510 software. At least 100 nuclei per condition were analysed and the
experiment was repeated with 3 biologically independent replicates. The relative
fluorescence compared to the contrgroup was calculated and a box plot of the data is
shown.The box represents the median and interquartile range and the whiskers show the 95
percentiles.

C) Representative confocal image (n=8) demonstratepChk1 (green) and EdU (red) staining.

171



4354 EA AAAAAO T &£ 0)++ ETEEAEOQOI OO 11 r(c¢! 8 Al AE

4EA EET AET C OEAO OEA EI Oi ACET T | £ bBphasé 8 A&l AE
suggested that the formation of foci couldbe due to stalled replication brks rather than

the immediate formation of double strand breaks. Pharmacological inhibitors specific to

ATM (KU-55933) and ATR (VEB21) were used to indicate whether either of these had an
AEmEAAO ET OEA Al Oi AGEIT 1T &£ r(c¢!'8 A AE ET OEA
experiment the inhibitors were added to both the feeder cells and the recepient cells at a

AT 1T AAT OOAQEIT 1T &£ pt- A O p EI OO0 POEIT O 01 EOOA
for the duration of the experiment. Each of the inhibitors have been préasly validated

at the concentrations used as described see figures 3.14 and 3.1Bnce again the nuclei

were counterstained usinglabelling actively replicating cells by incorporation of the

nucleotide analogue Sethynyl-¢ -deoxyuridine (EdU) to identify S phase populations.
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Figure 4.10 Inhibitors to ATM and ATR increase H2AX phosphorylation following

prolonged incubation

HaCaT cells were grown on a membrane or on a coverslip in a 6 well dish. The cells grown on the
membrane were either irradiatedvith UVA (100kJ/m) or sham irradiated. An inhibitor to either

ATM (KU55933) or ATR (VEB21) was added to both the control and UVA bystander cells 1 hour
prior to co-incubation with the respective donor cells. The irradiated cells were added to the rexip
cells immediately after irradiation as before. Recipient cells were fixed and processed 48 hours later,
having been treated with EdU for the final hour of incubation.
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Figure 4.10shows that the addition of either the ATM or ATR inhibitor caused a

AAOAAOGAAT A ET AOAAOGA ET OEA TAOGAT O T &£ r(¢!'8 EI
The HaCaT cells were incubated with the inhibitors for 48 hours, this is longer than the

inhibitors had been used on the cells in experiments in epter 3. This sugests that

prolonged incubation with the inhibitors causedan increase inactivation of the DDRn

the bystander cells. In each case the increase in H2AX phosphorylation appears to be

limited to S phase cells. Interestingly the staining appeared to be difent depending on

which inhibitor the cells had been treated with, treatment with an ATM inhibitor resulted

in an increase in distinct foci, whereas the ATR inhibitor resulted in an increase in pan

nuclear staining. These two distinct patterns of stainig indicate that it is likely that two
OAPDAOAOA 1T AAEAT EI O OT AAODE tiradieed cofirbl Be@sA AOAA r ( ¢

treated with the inhibitors.

Next the inhibitors were added to the combined donor and recepient cells 24 hours after

the donor cells were first added. This incubation time was chosen because when cells

were incubated with the inhibitors for the whole duration (48 hours) as above, resulted in

a detrimental effect on control cells. In previous experiments in chapter 3 the maximum

time cells were incubated with the ATM or ATR inhibitors was 24 hours his length of

incubation had no negative effect on celldt has also been established that there is a delay

ET OEA OA1I AAOGA 1 &£ OECI Al 6 OEAO AAOOA OEA A& Oi
AAT T1T OOAOAA ET EECOOA t18vu xEEAE OEI xAA 111U

hours after coincubation with irradiated donor cells and not at 24 hours.
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Figure 4.11 Neither an inhibitor to ATM or ATR have an effect on the formation of
r(c!'8 EI _AUOOAT AAO AAI1T O

HaCaT cells were grown on a membrane or on a coverslip in a 6 well dish. The cells grown on the
membrane were either irradiated with UVA (100kJAnor sham irradiated. The irradiated cells were
added to the recipient cells immediately after irradiation as before; an inhibitor to either ATM or ATR
was added to both the control and UVA bystander cafter 24 hours of cencubation with the
respective donor cells. Recipient cells were fixed and processed 48 hours later, having been treated
with EdU for the final hour of incubatiorRepresentative confocal microscopy images (n=3) are
shown.
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Figure 4.11 shows that neither the ATM or ATR inhibitor caued an increase in H2AX

phosphorylation in the control recipient cells indicating that the use of inhibitorsdr this

incubation time had no detectablaletrimental effect on the cellsHowever, therewasno
detectabledecrease seen in H2AX phosphorylation in the UVA bystander cells treated

with the inhibitors, indicating that neither ATM nor ATR play @& exclusiveOT 1 A ET r (¢! 8

foci formation in the UVA bystander populations.

4364EA OI 1A 1 &£ 2/ 3 EI_ _rt(c'8 &I AE £ Oi AGETT EI

A role for reactive oxygen species in the induction of bystander effects is well established,
the role of ROS in bystander eftts has been repeatedly implicated in medium mediated
bystander experiments using a variety of biological endpointéYang et al., 2005b; Hu et

al., 2006; Azzam et al., 1998)

Previously in our laboratory a role fa catalase has been identified in the induction of the
bystander effect as measured by clonogenic survival of bystander cellherefore, the
effectof catalase on H2AX phosphorylation in our UVA bystander populatiomgas studied
next. Catalase was addedtcellsimmediately after irradiation and combination of the
donor and recipient populations and remained on the cells for the duration of the

experiment thereafter.

Figures 4.2 and 4.13 showthat the addition of catalase immediately after irradiation
caused a decrease in the formationaf ( ¢! 8 ET AT OE (A#A4 | &ECOOA 1
(figure 4.13) recipient cell lines. However, while there was a detectable decrease in

r(¢! 8 ET OAT OE Greatell UVADYstAndek dells Ak 1AvBIAremained higher

than that of the time-matched unirradiated control. Significant decreases of 32% and

48% (p<0.01,Oneway ANOVAET | AAEAT (¢! 8 EIT OAT OEOU xAOA

treated HaCaT and dermal fibroblast cell lines respectively.
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A)

B)

HaCaTs wergrown on a membrane insert and either irradiated with UVA (100kJ)yror

sham irradiated. The inserts were then immediately transferred to wells containing HaCaTs
cultured on coverslips. Catalase was added to both chambers toah éoncentration of 250

U/ml. Recipient cells were fixed and processed 48 hours later, having been treated with EdU

for the final hour of incubationA representative (n=3) image is shown.

r(@!' 8 &£ Ol OAGAAT AA ET OA1T OE OULSBIFLOsofiv@rd andtbed x A O
relative intensity compared to the average intensity of the control Edegative group was

calculated and a box plot constructed to demonstrate the median and spread of the staining
intensity. The box represents the median and intgrartile range and the whiskers show the

95 percentiles.
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A)

B)

HaCaTs wergrown on a membrane insert and either irradiated with UVA (100kJ)yror

sham irradiated. The inserts were thammediately transferred to wells containing normal
human dermal fibroblasts cultured on coverslips. Catalase was added to both chambers to a
final concentration of 250 U/ml. Recipient cells were fixed and processed 48 hours later,
having been treated wittEdU for the final hour of incubatiom representative (n=3) image

is shown.

r(e!'8 &£ Ol OAGAAT AR ET OAT OEOU PAO 1 OA1I ADO xAO
relative intensity compared to the average intensity of the control Edegative group was
calculated and a box plot constructed to demonstrate the median and sprdati@staining
intensity. The box represents the median and interquartile range and the whiskers show the
95 percentiles.
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4.3.6.2 The effect of DPI on H2AX phosphorylation in UVA bystander cells

Previous work from our laboratory found that pre-incubation of HaCaT keratinocytes
with the NADPH oxidase inhibitorDPI is able to attenuate the cytotoxic effects caused by
co-incubation with UVA-irradiated cells (Whiteside 2006). DPI was added to both donor
(HaCaT) and recipient (either HaCaT or dermal fibroblds) cells for 18 hours prior to
donor cell irradiation. The media was changed on both the donor and recipient cells to
medium without DPI immediately prior to irradiation followed by 48 hours co-incubation.
The samples were analysed as before to determinieDPI has any effect on the formation

I £ r(¢!'8 A AE E1T OEA AUOOAT AAO AAlI 1l O8

Figures 4.4 and 415 showthat NADPH oxidase inhibior DPla&used a significant
decrease (P9.01,0neway ANOVA] ET OEA & Oi AGEIT 1T 1T & (¢! 8 A&
suggesting a roé for ROS, in particular superoxide anions in the UVA bystander response.

Little difference was recorded between any of the EAU negative groups.

179



o -

N -

o - -
o - -
B o

1250 3

10,00
g
“w
IS
S
£ 750
e
S
s
@
X 5004

[+
o
50+
00

T T T T

-UVA +UVA -UVA +UVA

-DPI +DPI

Figure 4.14 Preincubation with NADPH oxidase inhibitor DPI causes a decrease in

the formatio I 1T & r (idn'b\®tanddr Keratinocytes

A)

B)

HaCaT keratinocytes wergrown on a membrane insert and priacubated with DPI (2 M)

for 18 hours.They were then either irradiated with UVA (100kJAnor sham irradiated. The
inserts were immediately transferred to wells ctaining HaCaT cells cultured on coverslips
and that had also been prancubated with DPI for the same time. Recipient cells were fixed
and processed after 48 hours ¢ocubation, having been treated with EdU for the final hour
of incubation.A representatve (n=3) image is shown.

r(o!'8 &£ O OAGAAT AA ET OAT OEOU PAO 1 OAI ADOO
relative intensity compared to the average intensity of the control EdEgative group was
calculated and a box plot constructed to demonstrate the median and the agaf intensity.
The box represents the median and interquartile range and the whiskers show the 95
percentiles.
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Figure 4.15 Preincubation with NADPH oxidase inhibitor DPI causes a decrease in
the formation T £ r (¢! 8 Al AE EI__AUOOAT AAO EEAOI Al AOOO:«

A) HaQT keratinocytes wergrown on a membrane insert and prcubated with DP1 (2 M)
for 18 hours.They were then either irradiated with UVA (100kJAnor sham irradiated. The
inserts were immediately transferred to wells containing normal human dermal fibfast
cells cultured on coverslips and that had also been-preubated with DPI for the same time.
Recipient cells were fixed and processed after 48 hourincabation, having been treated
with EdU for the final hour of incubatiorA representative (n=3)mage is shown.

B)r (o' 8 &£ O OAGAAT AA ET OAT OEOGU PAO 1 OAT AGO xAO |
relative intensity compared to the average intensity of the control EdElgative group was
calculated and a box plot constructed to demonstrate the median and the ag@f intensity.
The box represents the median and interquartile range and the whiskers show the 95
percentiles.
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4.3.7 Apoptosis induction in b_ystander cells

In addition to looking into the DNA damage response in bystander celise induction of
apoptosis in bystandercellswas assessedising JC1, a marker of itochondrial membrane
potential. As discussed in chapter 3C1 can be used to measure mitochondrial membrane

potential by measuring the ratio of red: green staining that is seen in the mitochondria

Conditioned media was collected from UVA irradiated cells at either 24 or 48 hours post
irradiation and incubated with bystander populations for a further 24 hours before cells
were analysed by flow cytometry. To assess the mitochondrial membramstential, the
presence of JC1 aggregates (Pl channel) and monomers (FITC channel) in the bystander
cellswas measured There was a population of cells showing a shift towards JC1
monomers present in all samples analysed, demonstrating a decrease in mitochondria
membrane potential. This population was gated and the percentage of total cells present

in this sub population was @lculated.
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Figure 4.16 A decrease in mitochondrial membrane potential is seen in UVA

bystander cells at 48 but not 24 hours of co -culture with irradiated feeder cells

HaCaT cells were grown in a 60mm culture dish and irradiated with 100k36hUVA Media was
collected from the irradiated cells either 24 or 48 hours after irradiation and the bystander cells were
cultured in the conditimed media. After 24 or culture in the conditioned media the cells were
harvested by trypsinisation andC1 was added to the suspension of bystander cells at a concentration

i £ viCrii AT A ETAOAAGAA A O ¢t [ EI OOAO AO xi K#

A) Representative imageg=3) demonstrating JC1 stainip, the gatel population represents cells
with decreasedresence of JC1 aggregates and therefore a decreased mitochondrial membrane
potential.

B) A bar chart to demonstrate the average percentage of ceih the gated populationError bars
show standard deviation.
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Figure 4.16 demonstrates that the conditioned media collected 48 hours after the feeder
cells were exposed to UVA was able to induce a loss of mitochondrial membrane potential
in the bystande cells. There was no change seen in the mitochondrial membrane
potential of the bystander cells exposed to conditioned media of sham irradiated cells or
conditioned media collected from targeted cells 24 hours post irradiation. This is
consistent with our earlier data (figure 4.4) where 24 hour bystander cells showed no
increase in H2AX phosphorylation but the 48 hour bystander cells did and with published
work on the timeframes of the UVA bystander effegWhiteside et al., 2011) In addition,
figure 4.4 shows two distinct populations of cells when exposed to 48 hour conditioned
media, illustrating that only a subpopulation of bystander cells had a decrease in
mitochondrial membrane potential, demonstrating that some cells are more susceptible

to bystander signals. The increase in the number of cells in the sub population was seen to
significantly (P<0.01, Oneway ANOVA increase in the bystander 48 hour populations.

This was a 4 fold increase of cells showing an altered mitochondrial membrane potesilti

compared to the control and the UVA 24 hour group.

Additionally, confocal microscopywas usedto further demonstrate changes in
mitochondrial membrane potential in the bystander population. For this analysis the
trans-well system that had been utilisedor the work shown earlier in this chapterwas
used For this analysisthe mitochondrial membrane potential of bystander cells co
incubated with UVA irradiated cells for 48 hours and measure the red and green
fluorescence of each cell. The ratio of reddreen staining was then calculated and a box

plot was plotted to demonstrate the red/green ratios of each population.
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Figure 4.17 A decrease in mitochondrial membrane potential can be detected in
UVA bystander cells.

HaCaT cells were grownonatransAT 1 ET OAOO | b1 OA OEUA 2p8ttiqh EO
immediately after irradiation the irradiated or sham irradiated cells were ecultured with

bystander cells grown on glass coverslips on a six well plate. After 48 hoursailtoe JC1 was

added0i OEA AUOOAT AAO AAI1 O AO A Ai 1T AAT OOCAOQEITT 1T &
before analysis by confocal microscopy.

A) Representative confocal image (n=8pmonstrating the red (JCaggregates) andgreen (JC1
monomers) staining.

B) The intensity é red and green intensity was measured using Zeiss LSM510 software, the ratio
of red green intensity was calculated for each cell and normalised to the average red/green
ration of a control bystander cell. Box plots of the data were plotted to demonstthte
median and spread of the datdhe box represents the median and interquartile range and
the whiskers show the 95 percentiles.
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Figure 4.16 (A) demonstrates a decrease in the ratio of red/green staining in the UVA
bystander cells compared to the combl. In addition, two populations of cells can be seen

in the UVA bystander cells, a substantial decrease in red staining is seen in some of the
UVA bystander cells compared to others in the same population and the control bystander
cells. This is similarto what was seen when detecting H2AX phosphorylation in UVA
bystander cells, not all cells are equally vulnerable to bystander signals, and it appears

that this finding may be a universal characteristic of bystander effect.

A box plot (figure 4.16 B) was anstructed to demonstrate the median ratio of red: green
staining and it demonstrates a significant (p<0.0,1Students Ftest) decrease in the
mitochondrial membrane potential of the UVA bystander cells compared to the control
group. This suggests possiblenduction of apoptosis in the bystander cells within the
same time frames that have previously detected increase in H2Athe UVA bystander

populations.

This work was then repeated in than normal human dermal fibroblast cell lines, which
had previously beendemonstrated to show an increase in H2AX phosphorylation
following exposure to signals from irradiated HaCaT cells. Using the trameell set up
cells were assessetbr changes in mitochondrial membrane potential in fibroblast cells

using confocal nicroscopy.
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Figure 4.18 The is no detectable difference in mitochondrial membrane potential of

UVA bystander dermal fibroblast cells compared to _the control

Normal human dermal fibroblast cells were grownonatramsAl I ET OAOO j T OA OEUA v
with 100kJ/m2, immediately after irradiation the irradiated or sham irradiated cells were aultured

with dermal fibroblast bystander cells grown on glassverslips on a six well plate. After 48 hours of

coculture* #v xAO AAAAA O OEA AUOOAT AAO AAITT1 O AO A Al T,
minutes at 37 °C before analysis by confocal microscépsepresentative (n=3) image is shown.

Figure 4.18 demonstrates that thereis no difference in the mitochadrial membrane
potential of UVA bystander dermal firboblast cells compared to the control. This is
different to what was observed with the HaCaT cell line. Figure 47 indicates that there is
no increase in apoptosis induction in the UVA bystander cells, suggesting a difference in
behaviour between the two cell lines. It is possible that in the case of fibroblasts that
senescence is being induced rather than apoptosis, which is not associated wittanpes

in the mitochondrial membrane potential.
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4.4 Discussion

The bystander effect has been shown to induce a number of detrimental effects in cells

challenged only by proximity to irradiated cells. Most recent work has focused on the DNA

damage resporse in bystander cells, in particular the presence of dodd strand breaks by

OEA AAOAAOQEIT 1T &£ r(c¢c!'8 ET AUOOAT AAO bi bdOI AOEI
EAO OEI x1 OEA DOAOAT AA (Sokalov et at.,'2@05; Edng ehdl,lOOAT AAO
2005b; Sedelnikova ¢al., 2007a) The presence of double strand breaks in winradiated

cells poses an increased risk to human health; Double strand breaks (DSBs) are

considered to be one of the most dangerous forms of DNA damage; repair of DSBs is

critical to avoid cell death, chromosomal aberrations, and mutations. In some cases

presence of DSBs can directly initiate pathological events such as canddfsh et al.,

2010).

In this work the ability of UVAtoindudd r (¢! 8 /& O AOET WasEl AUOOAT A/
investigated and attempts to identifyOEA AAl 1 DI DOl AOET Wwé&e OEAO AT 1
made. Further analysis attemptedto identify the type of DNA damage that had caused the

H2AX phosphorylation in the bystander cd$ and the effect of catalase and DPI on the

Al O AGETT 1T &£ (¢'wasaBdstudiddOOAT AAO AAIT T O

The data shown in this chapter indicated thalUVA is able to induce the formation of

r(¢!8 ET AUOOAT AAO AAI 1 068 'l EthMakAShBursEl r ( ¢!
Al i PAOAA O OEAEO OEIi A 1T AOGAEAA AT 100118 4EA I
bystander cells comm@red to the 24 hour ( Figure 4.9, supporting earlier work that

suggested that the release of signals for the UVA bystamddfectis a delayed event;

previous work in our laboratory demonstrated that a decrease in clonogenic survival

occurred only when bystander cells were incubated with UVA irradiated feeder cells for

48 hours and not 24 hourgWhiteside et al., 2011)This is ako in agreement with work

carriedou0 xEOE EI T EOET ¢ OAAEAOQOEI T h xEAOA r (¢! 8 x4
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to 5 days post irradiation(Sedelnikova et al., 2007a)The delay in up regulation of foci

formation in bystander cells conpared to directly irradiated cells is similar to results that

EAOA AAAT OAAT DOAOGEIT 6001 U xEOE EITEOET C OAAEA
OAAT O1T EAOA ET AOAAOAA AO pyEI 60O PI 0O Ai AOQI
isseentobe uyACOI AOAA on 1 ET OOAO AAOAO EOOAAEAOET T
bystander cells remain elevated at 48 hourgSokolov et al., 2005)

Figure 4.4showedOEAO 11 O All 56! AUOOAT AAO AAI1 O AiTO
indicating that only a portion of the cells were susceptible to the bystander effect,

supporting earlier work which also found only a subset of bystander cells to be positive

Al O r ( ¢(BuRlakARbtk&mm et al., 2007; Yamet al., 2005a) The same finding has

also been recorded in 3D tissue modelSedelnikova et al., 2007h)It has previously been
demonstrated that not all cell types are equally susceptible to the bystanderfett; rapidly

dividing cell lines (Shao et al., 2008ahave been found to be more susceptible to

bystander signals, suggesting a role for replication on a cells susceptibility to the

bystander effect.

Counterstaining the nuclei with EAU demonstrated that only cells positive for EdU

staining were posOE OA &I O r (¢! 8 /l)Anatisj oAEGIODA DeinBuv Al A
DEAOA T O 1 AOGAO AOA DPiI OEOEOA A1 O r(¢! 88 4EEO x
Dermal Fibroblast cell lines. This data suggested that the demonstrated upregulation of

r ( ¢ lis&s a result of stalled replication forks rather than direct double strand break

formation. This finding supports earlier work carried out using X rays, which showed

AUOOAT AAO AAT 1 O ARZEAEAT O ET 142 AEA 110 A& Oi
inhibitor to ATM and DNAPK did. The same group also showed that only S phase cells

were positive for foci (Burdak-Rothkamm et al., 2007)

EdU analysis of the data revealed that theneere an increased proportion ofS-Phase cells

in the UVA bystander populations for both the HaCaT (figure 4.7) and the dermal
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fibroblast (figure 4.8) cell lines. A decrease in intensity of EdU staining was seen in the
UVA bystander cells compared to the control, once again this was seeifboth the cell
lines studied (Figures 4.7 and 4.8). Additionallyit was demonstrated that Chk 1 was
phosphorylated in UVA bystander cells (Figure 4.9 to our knowledge this is the first
experimental report of p-Chk1 (ser345) up regulation in bystandempopulations. This
further suggests that the pathway activated in the bystander cells is that in response to

stalled replication forks and not double strand break formationFeijoo et al., 2001)

Incubationswith both catalase (figures 4.12 and 4.13) and DPI (figures 4.14 and 4)15

AAOOAA A AAAOAAOA ET r(¢!8 ET 56! AUOOAT AARAO A
Normal Dermal Fibroblastsconfirming work that has beenpreviously shown by our

group suggesting that both hydrogen peroxide and superoxide play a role in the UVA

bystander effect (Whiteside 2006).In work shown here DPI had a more pronounced effect

IT r(¢!'8 & AE & Oi AGEIT OOCCAOOEI ¢ OEAO 00OBPAO
hydrogen peroxide; however, our data does not tell us how much of the hydrogen

peroxide is eliminated by the dose of catalase that was utilised. Therefore more direct

work into the levels of hydrogen peroxide with and without catalase would need to be

carried out before this suggested conclusion can be confirmed.

Although, this was in agreemat with work carried out on ionising radiation that found

the addition of DPI or SOD caused a more marked decrease in micronuclei formation than
catalase(Little et al., 2002) indicating that superoxide could play a more pronounced role

in bystander response than hydrogen peroxide. However neither Catalaser DPI caused

A AAAOAAOGA ET OEA 1 AOGAT O T £ r(¢!8 EI OEA 56!
suggesting that neither hydrogen peroxide nor superoxide are solely responsible for the

initiation of the bystander effect. This is in agreement with muchfathe work carried out

in the area which suggests that it is likely that a number of signalling molecules and

reactive oxygen species are involved in the initiation of the bystander effect.
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Altogether our data show that UVA is able to induce DNA damagebiystander cells as

i AAOOOAA AU OEA EIT 2 ikAGtAner popufatdds] Phdse dele r (

seem more susceptible to the bystander signals, and although both catalase and DPI have
AAOOAA A AAAOAAOA ET OEA r ( ¢ bgatedkAugoksigA A T AEOE

that a number of ROS are involved in the bystander signalling pathways.

TEA OOA T &£/ A1l 142 ETEEAEOI O AO A Al T AAT OOAOQEI I
AAOAAOAAT A T AGAT O T £ r(c¢!8 ET Al &iens@igue AT T OOI
4.10). The staining seen in the control cells treated with ATRi showed an increase in pan

nuclear staining in S phase cells, this is consistent with work that knocked down the ATR

p-chkl pathway and found an increase in apoptosis in S phasells, as well as an increase

in activation of an ATM/INK dependent apoptotic pathways which stimulates high levels

I £ PAT 1 OAdekéekaddy et(alg 2080; Domon and Rauth, 1969)

When the cells were exposd to ATMi for a prolonged (48our) period an increase in

distinct H2AX foci was seen, the staining pattern seen following ATMi treatment was

strikingly different to that seen with prolonged treatment ofthe ATR inhibitor (Figure

4.10), the increase in fai in untreated cells is seen primarily in cells that also stained

positive for EdU; this increase in only seen in S phase cells, suggesting the increase in

r(g¢!8 EO OAAT 1T1T1U ET AAOEOAI U OAPI EAAOET C A
cell cycle arrest following DNA damage; this illustrated increase in foci could be as a result

of unrepaired endogenous damage as a result of insufficient cell cycle arrest due to the

inhibition of ATM, this cell cycle arrest could lead to the activation of A, and consequent

H2AX phosphorylation.

To overcome the issue with increase H2AX phosphorylation in the control cells following
prolonged incubation with the ATM/ATR inhibitors, the incubation timewas decreasedo
24 hours; this incubation time did not A OOA AT ET AOA A OArolEdcipient ¢! 8 EI

cells (figure 4118 (1T xAOGAO 117 AAAOAAOA ET rr(c¢!'8 ET OEA
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incubation with either inhibitor was seen Tis was in contrast with work carried out in
ionising radiation which suggested a role for ATR in the phosphorylation of H2AX in
bystander cells(Burdak-Rothkamm et al., 2007) in cells with mutated ATR rather than
the use of an inhibitor. This work was also carried out on different cell lines to the ones

usedin this chapter.

Additionally, the bystander cells were studiedor changes in mitochondrial membrane
potential, which indicates the early stages of apoptosi3he same timeframes that had
been studies for the DDR were utilised to assess changes in mitochondrial membrane
potential in our bystander populations. Un-irra diated HaCaT cellsvere exposedto
conditioned media collected from UVArradiated HaCaTs at 48 hours post for 24 hours
before assessment by flow cytometry. Additionally, once again used the trangll system
as previously described to assess the mitochomidl membrane potential by confocal
microscopy. Both of these experimental approaches showed a detectable decrease in
mitochondrial membrane potential in the bystander population at 48 hours but not 24
hours, this was consistent both with work on the DNA @mage responsén this chapter
and earlier work on the timeframes of the UVA bystander effect measured by clonogenic

survival (Whiteside et al., 2011)

Both the confocal images and the flow cytometr§Figures 4.16 and 4.17ata show that
there are twodistinct populations for the bystander 48 hour group but not the other
group(s) indicating that, in this group a subpopulation of cells have altered mitochondrial
membrane potential, an early indicator of apoptosis. This was similar to whatas
observedin the directly irradiated cells in chapter 3. The flow cytometry data
demonstrated that in the bystander cellshere is anaverage of 37% of cells in the
population that demonstrated a decreased mitochondrial membrane potential, this &

fold increase conpared to the control. This was a lower increase than what was seen in
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the directly irradiated cells where a 6 fold increase was seen in cells with a decreased

mitochondrial membrane potential.

Interestingly, unlike what was demonstratedin the work on the DDR a difference in
response between our two cell linesvas seen in these experimentdA significant decrease
in mitochondrial membrane potential in the HaCaT cellsvas detectedbut no detectable
change in mitochondrial membrane potential was seen in thdermal fibroblast cell line
(Figure 4.18). This indicated apoptosis in the HaCaT cells but not the dermal fibroblast
cell lines. There is some evidence to suggest that fibroblasts are more likely to become

senescent than apoptotic in response to UiLewis et al., 2008).

The ability of UVA to induce a bystander effect could mean that the consequences of UVA
exposure to both the deeper layers of the dermis and other tissues are due to bystander
signals as well as direct irradiation and could extend the camogenic effect of UVA in
particular in the induction of melanoma, for which UVA has been suggested to play a role
(Pleasance et al., 2010; Noonan et al., 2012; Zhang, 2Q06)s possible therefore that the
UVA bystander effect could play a role in the initiation of melanoma. Melanocytes have
been seen to have increased vulnerability to oxidative damag@mbow et al., 2001)and

to be more susceptible to the UVA bystander signals than other dermal cell lines
(Redmond et al., 2014) The UVA bystander effect has also been seen to induce

melanogenesis in both melanoma and normal melanocyte cell linédishiura et al., 2012)

Further work should focus i a deeper understanding of the mechanism involved in the
bystander effect, potentially allowing for better chemotherapy approaches for cancer
treatment. The ability of UVA to indirectly induce genotoxic damage, in addition to its
well-established direct dfects, could have implications for the carcinogacity of UVA. Our
data suggesthat current methodologies could possibly be underestimating the genotoxic
burden of UVA; many studies that have looked for the presence of genetic damage in skin

or skin equivalents following UVA irradiation havefocusedon comparatively early time-
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points post-irradiation. Our data suggests that UVA is able to initiate damage for extended
time periods post irradiation. Moreover, the delay in induction of this effect and its
dependence on ROS suggest a potential role for antioxidants in ameliorating the effects of

UVA exposure.
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Chapter 5 The effect of
UVA on MMP release In
keratinocyte and
fibroblast cell lines




5.1 Introduction

Exposure to UV is considered the mostriportant factor in extrinsic skin ageing, and

thought to account for 80% of the damage seen in extrinsically aged skino T I EAHAE AT A
Dahmane, 2012)Extrinsic skin ageing is also commonly referred to as photoaw.

Drastic changes in the dermal layer of the skin are a characteristic of photoagiagd

matrix metalloproteinases MMPS9 have been implicated as playing a key role by

increasing collagen breakdown. In this chapter the ability of UVA to increase the

activation of MMPs in keratinocyte and fibroblast cell lineswill be studied.

5.1.1 The structure of the dermis

Human skin is made up of two distinct layers, the epidermis and the dermis. The general
structure of the skin has been discussed previously ichapter 1. In the following section |
will be focusing on describing the structure of the dermal layers of the skin to provide
context when the clinical features of photoaging, which are primarily seen in the dermal

layer are discussed later in this chapte

The dermal layer of the skin is much thicker than the epidermis and is responsible for the
strength and maintenance of the skin. The main component of the dermal layers is the
extracellular matrix (ECM) There are two main classes of molecule which forthe ECM,
these are, fibrous structural proteins, such as collagen and proteoglycamolysaccharides
and water. The cells in the dermal layers are surrounded by the ECM. The main
constituent of the ECM is collagen, which makes up 75% of the dry weightsiin and is

seen to be strikingly disrupted in extrinsically aged skin.
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5.1.2 ECM turnover

Collagen is responsible for maintenance of the structure and elasticity of the skin and is
highly regulated under normal conditions. Collagens are released frofibroblasts as
precursor proteins (Pieraggi et al., 1985)nd their maturation and degradation are
closely controlled, undergoing almost constant remodelling and maintenance by
transforming growth factor (TGF) (Ignhotz and Massagué, 1986and activator protein
(AP)-1 (Fisher and Voorhees, 1998)The cytkine TGFf AAOOAO OEA 1 AOOOAOQE]
collagen fibres from their pre proteinthrough cleavage of the the protein portion of the
fibre . TGFy also plays a role in the inhibition of MMP activity and increasing the
activation of p38MAPK which in turn increasedibroblast proliferation (Zhong et al.,
2011). Breakdown of collagen is mediated by activator protein one (AP1) which drives
the synthesis of MMPs, a faity of proteases which together are able to degrade all
constituents of the extracellular matrix(Quan et al., 2009) Additionally the presence of
damaged collagen has been seen to cause a decrease in synthesis etpllagen further

exacerbating the effects of UWarani et al., 2002)

Second harmonic generation (SHG) microscopy has been g#d toquantify collagen
breakdown. SHG is a notlinear optical process in which photons interacting with a non
linear material effectively combine to create a new photon with twice the energy and half
the wavelength of the original photon(Campagnola and Loew, 2003)This technique has
been used to compare ratis of elastin and collagen in photoaged and non photoaged skin
(Koehler et al., 2006) To show the possible use of SHG inatjnostics Zhou et al used SHG
microscopy to quantify collagen change in normal and photoaged skiithis work
demonstrated the potential SHGo quantify collagen in the dermis and therefore its use in
the diagnosing of photoagindLiao et al., 2010). The use of this technique ta@haracterise
loss of collagen in the dermal layers of the skin assgomarker in humans raises ethical
issues; however use of animal models and 3D skin models could be used to assess the
suitability of collagen breakdown as a lmmarker for UVA exposure.

197



Increased proliferation

Fibroblast

activation

MMP

Mature collagen protej activation
TG F‘B N MMP AP-1
inhibition

S —

re-collagen

Figure 5.1 Collagen turnover in the extracellular matrix

Schematic representation of collagen turnover in the extracellular matrix, procollagen is
released from fibroblasts and subsequently cleaved to form the mature protein b4 ' & 8
Collagen is broken down by MMPs, activated by transcription factor AP1. All of which is
tightly regulated in normal conditions to maintain skin homeostasis.

5.1.3 Matrix Metalloproteinases

Matrix metalloproteinases (MMPs) are a family of zinc ahcalcium dependent

degradation enzymes which are implicated in a large number of diseases including
carcinogenesis (Stetler-Stevenson et al., 1993and photoaging(Berneburg & al., 2000)

.In addition, the MMP family also play a role in normal extracellular matrix (ECM)
turnover and other developmental events such as embryogenegislalemud, 2006). The
role of MMPs in carcinogenesis and photoaging makes them of great interest in respect to
defining biomarkers for UVA damage. Dysregulated in both major disorders associated
with UVA there is some scope for a biomarker within the MMP family. The MNMEémily is

split into sub groups depending on both their substrates and structure. Major families
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include collagenases and gelatinasd¥isse and Nagase, 2003)To date 28 different

MMPs have been identifiedLohi et al., 2001)and their subtypes and substrates are

described in table5.1.

Table 5.1 MMPs and their substrates

MMP subtype MMP name

ECM substrates

Collagenases MMP1

Collagens I, II, 11I, VII, VIl and X.
Gelatin, proteoglycans, tenascin,
entactin.

MMP8

Collagens I, II, 1ll, V, VIl and X.
Gelatin, aggrecan

MMP13

Collagens I, II, 111, IV, IX and X.
Gelatin, aggrecan, tenascin,
fibronectin, osteonectin

Gelatinases MMP2

Collagens I, IV, V, VII, X, XI and XI
Gelatin, elastin, fibronectin,
laminin, aggrecan, versican,
osteonectin and proteoglycans.

MMP9

Collagens IVV, VII X and XIV,
Gelatin, elastin, aggrecan, versicar
osteonectin and proteoglycans.

Stromelysins MMP3

Collagens IlI, IV, V and IX. Gelatin,
aggrecan, versican, proteoglycans,
tenascin, fibronectin, laminin and
osteonectin.

MMP10

Collagens Ill, IVand V. Gelatin,
casein, aggrecan, elastin and
proteoglycans.

MMP11

Casein, laminin, fibronectin,
gelatin, collagen 1V, transferrin

Membrane type MMP14

Collagens I, Il, 1ll, casein, elastin,
tenascin, vitronectin,
proteoglycans, laminin, entactin
and fibronectin.

MMP15

Tenascin, fibronectin, laminin

MMP16

Collagen lll, gelatin, casein and
fibronectin.

MMP17, MMP24 and MMP25.

Not defined

Others MMP7

Collagens IV and X, gelatin,
aggrecan, proteoglycans,
fibronectin, laminin, entactin,
tenascin, integrin b, osteonectin,
elastin, casein and transferrin.

MMP12

Collagen IV, elastin, casein, gelatin
proteoglycans, fibronectin,
laminin, vitronectin and enactin

MMP20

amelogenin

MMP26

Collagen 1V, fibronectin, fibrinogen
and casein

MMP28

Casein

MMP 23 and MMP27

Not defined
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MMP levels are tightly regulated at each stage of their production; transcriptionally,
processing and blocking the enzyme activity. The expression of MMP genes are activated
by a variety of molecules, from pathways activatkby wide ranging stimuli(Yan and

Boyd, 2007). The transcription factor ARP1 is considered a key mediator and is able to
induce the expression of a number of MMPs includingMP1, 3 and 9 (Fisher et al., 1997)
AP-1 is composed of two subunits,-€os and cjun. Gfos is expressed constitutively

whereas ¢jun can be induced by exposure to UiFisher and Voorhees, 1998)ultimately

resulting in increased MMP expression.

he resultant product is a latent preenzyme which then needs processing befe it is in an
active form (Harper et al., 1971) The preprotein is released with an addtional domain,
containing a cysteine residue which ensures that the MMP remains latefWoessner,
1998). The cysteine residue binds to Z#t on the catalytic domain of the enzyme causing it
to be inactive. This is often referred to as the cysteine switch. Once this bond is broken
the Zr#+is free toco-ordinate to substrates. In addition the additional domain is cleaved
after the breaking of the cysteine Z# bond. Activation of the enzyme can be blocked by

tissue inhibitors of matrix proteases (TIMP)(Nelson et al., 2000)

Four TIMPS have been identified in mammalian cells artmbtween them they have the
ability to inhibit most MMPs (Gomez et al., 1997and therefore play a crucial role in
maintaining MMP activity. Dysregulation of these enzymes is seen in a number of diseases

including cancers(Lambert et al., 2004)

MMPs play a key yet complex role in carcinogenesis and are involved in a number of
stages of cancer progression see review lfizgeblad and Werb, 2002) The mechanisms
involved in each stage were recently reviewed by Gialeli @l (2011). As they highlight in
recent decades it has emerged that the relationship between tumour cells and their

microenvironment plays a pivotal role in cancer progression and the evidence suggesting
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a role for matrix modelling proteases such as MMPa this relationship is increasing

(Gialeli et al., 201).

fibroblast

Figure 5.2 MMP activation and Inactivation

A schematic representation of MMP activation and inactivation. MMPs are secreted by
fibroblasts as inactive preproteins. Activation occurs if the cysteine switch is broken,
cleavage of the pre proteiportion can also occur at this point. The MMPs remain active
until they are bound by a TIMP. This binding disables the ability of the MMP to degrade its
substrate.
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Increased expression of a number of MMPs is seen in both NMSC and MM. In SCC MMPs
expression is increased in both the tumour and the stromal cells whereas in BCC it is seen
only in tumour cells (Hussein, 2005) Although the role that MMPs play in thesprocesses
can vary depending on the stage of cancer, for example some MMPs can have both pro and
anti-apoptotic effects(Lopez-Otin and Matrisian,2007) and so the broader spectrum
inhibitors could therefore aid the cancer progression. This lead to attempts at identifying
individual MMPs as either anti tumour or anti-targets (Gialeli et al., 2011) This pivotal

role of MMPs in carcinogenesis made them go@@ndidates for a therapeutic target. Tie
production of pharmacological inhibitors of MMPs has been an area of interest for over 20
years, but as of yet the results of clinical trials have generallgeenpoor. Although they

have shown promise in cancers in which the tumour stroma interactions aredy to the
development of the tumour. The poor clinical trial outcomesre thought to be due to the
complex effect that MMPs have; the expression of MMPs varies greatly throughout the
progression of cancer and expression profile vary depending on the candgpe, therefore

making MMPs a more challenging target for cancer treatmefGialeli et al., 2011)

5.1.4 Extrinsic skin ageing

Skin ageing can be affected by both intrinsic and extrinsic facto(Bergfeld, 1997). Whilst
little can be done to overcome the intrinsic factors associated with skin agejithe

extrinsic factors can be controlled. Extrinsic factors which can cause accelerated ageing of
the skin include smoking, exposure to environmental pollutants, general health and
lifestyle choices and exposure to UV. It is the chronic exposure to UV tiabelieved to

have the strongest effect on extrinsic skin ageingvhich is commonly referred to as

photoaging (Gilchrest, 1989).

However photoaging is not merely accelerated ageing of the skin, the features associated
with photoaging differ from those of ntrinsic ageing at both the histological and clinical

level. Intrinsic ageing of the skin occurs inevitably as a natural consequence of
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physiological changes over time at variable yet inalterable genetically determined rates
examplesof factors which can &ect the rate of intrinsic ageing includenclude ethnicity

or hormonal changegFarage et al., 2008)

At first glance, photoaged skin is distinct from intrinsically aged skin photoagedskin is
associated with coarse wrinkles, changes in pigmentation drtelangiectasia but the most
characteristic sign of photoaging is a loss of collagen fibr¢Buizina-) OE¢ A OThsl 8 h
characteristic change is caused by two distinct mechanisngsnhibition of pro - collagen

synthesis and the increase in collagen breakdown.

In addition an increase of elastin is seen in the dermal layers of photoaged skin. The
accumulation of elastin appears to fill the areas of extra cellular matrix where the collagen
would have been previouslyy %1 Z $ 1 I UA O E Eldstih cdhters ¢f the skimtends to
decrease with chronological age but elastin content of skin is seen to increase in

proportion to the sun exposure received by the skifLewis et al., 2004)

5.1.5 UV and photoaging mechanisms

UV is well established to be the most important environmental factor in photoaging
(Gilchrest, 1989). Exposure to UV has been seen to cause dysregulation of collagen, acting
on both pathways involved in collagen turnove decreased collagen production and
increased breakdown(Berneburg et al., 200). However, much of this data examining the
effects of UV irradiation does not define roles for the individual wavebands in photoaging.

In order to further understand the role of UVA and UVB irradiation in photoaging

attempts have been made to study theffects of e@h waveband individually.

Following UV irradiation one of the earliest events detected is activation of a number of
cytokines and growth factor cell surface receptors; these include EGKRisher and

Voorhees, 1998; Sachsenmaier et al., 1994hd II-1 (Rosette and Karin, 1996) These
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events occur within minutes of exposure to UV, EGFR is activated within 10 minutes
(Miller et al., 1994)and TNFy A T-1Awithini15 minutes (Fisher et al., 2002) The
activation of EGFR by UV appears to be tyrosine kinase matdid, UV is unable to activate
EGFR in mutants lacking tyrosine kinase activitfCoffer et al., 1995) The activation of
cytokine and growth factor receptors results in the recruitment of adaptor proteins which
function to mediate downstream signalling, which results in the activation of Ras, Rac and
Cdc42members of the GTHhinding protein family. These proteins are well established to
be key regulators of the MAP kinase familiPawson and Scott, 1997acting through
select pathways to activate each of the MAP kinase pathways. Raactivates MAP kinase
pathways through interactions with NADPH oxidase resulting in increased R@Sisher
and Voorhees, 1998) Rael along with Cdc42 is able to bind to regulatory sequences of
MEKKZ, an upstream effector of the JNK pathwdlinden et al., 1994)wheras Ras

activates Rafl kinase, an upstream regulator of ERK/ojtek et al., 1993)

AP-1 was one of the earliest transcription factors discovered, it has a dimeric structure
made up of proteins from the 6s and jun families, cfos is constantly expressed throughout
the epidermal and dermal layers of the skin, however-fun is expressed minimally in
normal dermis, but both the expression and protein levels of-jun are rapidly increased
following exposure toUV;mRNAexpression is seen to be maximal within two hours of UV
exposure, after which point it slowly declines before reaching the basal level 24 hours
after exposure. CJun protein is maximally expressed 8 hours after exposure and remains
at this maximd levels for at least 24 hourqFisher and Voorhees, 1998)indicating a
prolonged increase in protein level from a single exposure. Due to the differences in
expression levels and response to stress stimuli it is clear that the activation of AFs

strongly reliant on the levels of CJUN.

AP-1 plays a central role in photoagingit both upregulates the expression of MMPs
(Fisher et al., 1997)and inhibits the synthesis of collagen. AR regulates the expression

of numerous genes involved in the regulation of growth athdifferentiation; however it is
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the ability of AR-1 to regulate the expression of the MMP family that is of particular
interest in respect to photoaging. Most notably AR is able to upregulate MMP1, MMP3
and MMP9(Fisher et al., 1997; Fisher et al., 1996 ogether, these three MMPs have the

ability to completely breakdown collagen in skin(Fisher et al., 1997)

Exposure to a single dose of UV has been seen to decrease the levadsoabllagens | and
Il at both the mMRNA and protein levethroughout the dermal layers of skin.The mRNA
levels areseen to bedecreased by 8 hours post exposure and remain decreased for 24
hours; the same pattern of reduction has been seen in the protein levéEisher et al.,
2000). The duration of this decrease in procollagen expression was similar to the increase
in CG:JUNthat has previously been deteted following UV exposurgFisher and Voorhees,
1998). Furthermore, over expression of wild type JUN in UV exposed cells caused a
further decrease in procollagen synthesis. Upregulation of the-JUNleads to an increase
in AP-1, and previous work had detected a binding site in the promotor region of
procollagen | which requires AR binding, (Jimenez et al., 1994yvhich no longer forms
AP-1 in UV treated skin therefore demonstrating that APL plays a regative regulatory

role in the synthesis of procollagen

A role for cytokines has been implicated in photoaging.For example comparison of
chronologically aged and photoaged mice has shown an imbalance in pro and anti
inflammatory cytokines in photoaged &in compared to chronologically aged skin (Sakura

et al., 2014). In normal skin cytokines andthe ECMwork together to regulate

fundamental process such as differentiation and apoptosign addition, cytokines can

influence the turnover and expression oECMcomponents andsome membrane derived

peptides can mediate the cytokine release. It is well established that cytokines play a role

in elastosis and in collagen regulation, through regulation of MMKMauviel, 1993). As

previously mentionedincreased elastin has been repeatedly detected in photoaged skin
compared to chronologically aged skirfKligman, 1969)9h OE OT OCE ET AOAAOAA

and IL-1 (Hsu-Wong et al., 1994) Additionally cytokines play a role in beakdown of the
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ECM through the regulation of MMPs. The production of MMP from fibroblasts is induced

byllkpoh ), ¢h 0$' &h 4. &h 4' &r AT A % &8

5.1.6 The role of Mitochondria

One of the characteristic molecular hallmarks of photoaging is an increase in theamber
of large scale mtDNA deletions in photoaged skifBerneburg et al., 1997; BirchMachin et
al., 1998)and in particular an increase in the common mitochondrial deletion which has
been seen to be up to 10 timemore common in photoaged skin compared to sun
protected skin of the same individualBerneburg et al., 1997) Interestingly, no
correlation has been seen between accumulations of this common deletion with
chronological ageing(Koch et al., 2001) Additionally, in vitro work has shavn an increase
in the common deletion isassociated with an increase in expression of MMRf. human
fibroblasts, notably correspondingincrease in TIMP1 is seenBerneburg et al., 2000) A
forty -fold increase in the common mutations has been seen in dermal but not epidermal
layers of human skin exposed to a biologically relevantode of UVA, this increasi the
common deletion has been demonstratetb persist long after exposure. Further increases

have also been seen even the absence of furthetUVexposure(Berneburg et al., 2004)

The studies mentioned above lead to the hypothesis that the increase in common
deletions in the dermal layers results in the structural and functional changes that are
considered the hallmarks & photoaging. This area is challenging, it is difficult to
distinguish whether changes seen in photoaging are as a result of the increase in mtDNA
deletions or as a result of UVactivated signalling pathways, independent to the mtDNA
damage. Mouse modeldevelop increases in point mutationan mtDNA rather than the
large scale deletions that are associated with UV exposurehumans (Trifunovic et al.,
2004). One group used ethidium bromide to induce large scale mtDNA deletions in

fibroblasts and detected changes of expression in ECM associated genes that are

206



reminiscent of the pattern that is seen in photoagingpr examplean increase inMMP1
expression was detected with no concurrent increase imIMP1.In addition they also

detected a decrease it | 1 1 indicatiriy a resultant decrease in synthesis of procollagen

1.

Figure 5.3 Mechanism of photoaging

Schematic representation of the mechanisms of photoaging following UV exposure, collagen
turnover is dysregulated following UV as a result of avmal signalling pathways and
increased cytokine activation.
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