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Abstract
Accumulating evidence indicates that exposure to long-wavelength
ultraviolet A (UVA) radiation (315-400 nm), which accounts for >95% of
solar UV radiation reaching the earth’s surface, is a significant risk factor
for the development of skin cancer, particularly melanoma. While it is well
established that UVA radiation induces DNA damage, including
cyclobutane pyrimidine dimers (CPDs) and 8-oxoguanosine (8-oxo-G)
lesions, the response of cells to UVA-induced DNA damage is not well
characterised on a molecular level. This research characterised UVA
radiation-induced DNA damage response (DDR) pathways in human skin
cells, including primary human melanocytes.
DNA polymerase eta (polη) is a specialised translesion synthesis
polymerase which carries out error-free replication past UVC-induced
dithymidine CPDs in vitro and in vivo. The data presented here provides
evidence that polη plays a role in the replication of UVA-damaged DNA in
human fibroblasts. Polη was localised to discrete nuclear foci following
UVA exposure, exclusively in cells undergoing DNA replication. UVA
exposure induced a rapid and transient decrease in DNA replication. Polηdeficient cells showed delayed recovery from UVA-induced replication
arrest, and enhanced phosphorylation of checkpoint kinase 1 (Chk1).
Moreover, polη-deficient cells were hypersensitive to UVA radiation in the
presence of caffeine, an inhibitor of phosphoinositol 3-kinase-like kinase
(PIKK)-dependent Chk1 phosphorylation. This indicates that in the absence
of polη, the Chk1 pathway plays an important role in the response of cells to
UVA radiation. Overall, the data provides evidence that tolerance of UVAinduced DNA damage is mediated, in part, by polη. This highlights the
importance for UVA protection, especially in individuals with the
xeroderma pigmentosum variant disease, lacking polη.
Exposure to UVA radiation is a specific risk factor in the development of
melanoma, which arises from malignant transformation of melanocytes.
However, the molecular mechanisms linking UVA exposure and melanoma
development remain unclear. Here the responses of primary normal human
xiii

epidermal melanocytes (NHEM) to UVA-irradiation were characterised.
UVA radiation induced PIKK-mediated DNA damage responses in NHEM,
including activation of both the ATR-Chk1 and ATM-Chk2 pathways.
Moreover, a key role was identified for Chk1 in the regulation of DNA
replication in UVA-irradiated primary human melanocytes. Using a
phospho-proteomic screen, UVA-induced alterations in the phosphorylation
status of proteins involved in a number of signalling pathways, including
CDK-mediated cell cycle regulation, the mitogen activated Raf-MEK-ERK
pathway and the cytoskeleton-associated PKC-α-adducin pathway, were
identified. This research provides insights into the cellular pathways that
normally modulate the response of primary human melanocytes to UVA
radiation.
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1.1

Cancer

Cancer is the leading cause of death worldwide, accounting for 13% of all
deaths worldwide in 2008 (IARC, 2010). In 2010, Ireland had the fifth
highest rate of cancer incidence in Europe, with a 56% increase in cancer
rates observed between 1994 and 2010 (NCRI, 2013a). Cancer is a disease
of uncontrolled cell proliferation, and arises from cells which evade the
tightly regulated mechanisms controlling normal cell proliferation.
Uncontrolled cell growth and division gives rise to tumours, which can be
classed as benign or malignant. Malignant tumours represent a class of
tumours with the capability of invading neighbouring tissues or
metastasising to remote tissues, via the blood and lymph systems, and thus
represent a significant health risk. Benign tumours are generally lower risk,
due to lack of metastasis. Underlying cancer formation are genetic
abnormalities which can be inherited or arise sporadically, resulting in
inactivation of tumour suppressor genes or activation of oncogenes (Cahill
et al., 1999).
Exposures to agents which damage DNA increase the risk of cancer
development, by increasing the probability of mutation formation at the sites
of DNA damage. Exposure to solar UV radiation is the major risk factor in
the development of skin cancer, and represents one of the most well defined
causative links between exposure to an environmental agent and cancer
development. Skin cancer is the most common cancer diagnosed worldwide,
accounting for 29% and 31% of all cancers in women and men respectively
(NCRI, 2013a).
1.1.1

General characteristics of cancer

The complexity of cancer stems from the diverse forms it takes and the
anatomical locations in which it can arise. However, even the most
heterogeneous cancers have certain common characteristics. Six common
characteristics of cancers were first defined in 2000 in a seminal review by
Hanahan and Weinberg, in which they proposed six physiological
capabilities of cancer cells, coined the six ‘hallmarks of cancer’, which
allow cancer cells to evade the processes controlling normal cell growth
2
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(Hanahan and Weinberg, 2000). The six hallmarks of cancer were defined
as (i) self-sufficiency in growth signals, (ii) evasion of growth-inhibitory
signals, (iii) resistance to cell death, (iv) limitless replicative potential, (v)
sustained angiogenesis and (vi) invasion and metastasis (Hanahan and
Weinberg, 2000). Following on from this ground breaking paper, in 2011
Hanahan and Weinberg updated the view of common cancer characteristics,
based on the plethora of cancer research that had occurred in the intervening
decade. They defined two more emerging hallmarks of cancer: (i) evasion of
immune destruction and (ii) deregulation of cellular energetics (Hanahan
and Weinberg, 2011). Furthermore, emphasis was placed on two enabling
characteristics of cancer cells, which allow the hallmarks to come to
fruition, namely: (i) the underlying genetic instability of cancer cells and (ii)
tumour-associated inflammation (Hanahan and Weinberg, 2011). The work
has provided an important framework to understand the links between
molecular events and cancer pathology.
1.1.2

Genomic instability

Genomic instability is considered central and essential for cancer
development (Cahill et al., 1999). Genomic instability has many distinct
forms, including chromosomal instability (CIN), which encompasses
alterations in chromosome number or structure, and microsatellite instability
(MIN), which refers to changes in the nucleotide sequence. CIN is a
common feature of solid tumours (Lengauer et al., 1998), resulting from
chromosomal mis-segregation and recombination (Cahill et al., 1999; Shivji
and Venkitaraman, 2004), recently DNA replication stress has been
implicated as a driving force for CIN (Burrell et al., 2013). Defective
mismatch repair and homologous recombination give rise to MIN (Cahill et
al., 1999; Vo et al., 2005), a common feature of colorectal cancers (Vilar
and Gruber, 2010).
As early as 1974 Loeb et al. proposed that errors in DNA replication could
be responsible for the genomic instability associated with a malignant
phenotype, and that an accumulation of replication errors in DNA resulted
in malignant progression (Loeb et al., 1974). Since the spontaneous error
3
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rate of replicative polymerases is not sufficient to account for the error rate
observed in cancer cells, in 1991 Loeb proposed the idea of a ‘mutator
phenotype’ in which spontaneous errors occur in genes controlling genome
stability, resulting in deregulation of genome stability networks, and the
subsequent accumulation of mutations as observed in cancer cells (Loeb,
1991). Heritable cancer-prone diseases, with mutations in genes involved in
maintaining genome stability (for examples see Table 1.1), support the
mutator phenotype hypothesis. Thus, at the root of cancer prevention lays a
network of cellular processes aiming to ensure the integrity of the genome.
Table 1.1 Examples of inherited cancer-prone genetic syndromes
(adapted from Ciccia and Elledge, (2010)).
Syndrome

Mutated
gene(s)
XPA-XPG

Xeroderma
pigmentosum
(XP)
POLH
Xeroderma
pigmentosum
variant (XPV)
ATM
Ataxia
telangiectasia
(AT)
NBS1
Nijmegen
breakage
syndrome (NBS)
Familial breast BRCA1/BRCA2
cancer

1.1.3

Defective genome
stability process
Nucleotide
excision repair

Common
cancer(s)
Skin cancer

Translesion
synthesis

Skin cancer

DSB repair, DDR
signalling

Lymphomas,
leukaemia

DSB repair

B cell
lymphoma

DSB repair, HR

Breast and
ovarian cancer

DNA damage response acts as a barrier to carcinogenesis

The genome is constantly under threat from agents which cause DNA
damage, both from endogenous and exogenous sources (Hoeijmakers,
2001). Endogenous sources of DNA damage include replication errors and
reactive oxygen species (ROS) produced as a result of cellular respiration.
Exogenous sources of DNA damage include ultraviolet (UV) radiation,
ionising

radiation

(IR),

and

environmental

4
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benxo[a]pyrene in cigarette smoke and chemotherapeutic agents, including
cisplatin.
There are a number of biochemical pathways in cells, collectively called the
DNA damage response (DDR; Section 1.7), that counteract the deleterious
effects of these DNA damaging agents and are essential to ensure the
integrity of the genome. DNA damage is sensed by components of the DDR
and this in turn signals the activation DNA repair, inhibition cell cycle
progression in the presence of damage or initiation cell death if the damage
is too severe (Niida and Nakanishi, 2006; Zhou and Elledge, 2000). In this
way the DDR acts as a barrier to the initiation of carcinogenesis by limiting
the potential for mutagenesis, the driving force of carcinogenesis (Hanahan
and Weinberg, 2011). The importance of the DDR in preventing
carcinogenesis is highlighted by the numerous cancer-prone genetic
disorders which result from defects in DDR proteins (Table 1.1 and Ciccia
and Elledge, (2010)).
As well as acting as a barrier to the initiation of carcinogenesis, the DDR is
also activated during the early stages of tumourigenesis, in response to
oncogene activation or loss of tumour suppressor genes (Bartek et al., 2007;
Bartkova et al., 2005; Gorgoulis et al., 2005). Oncogene-induced replication
stress, such as that caused by N-Ras overexpression, is considered the
underlying trigger of DDR activation during the early stages of
tumourigenesis (Bartkova et al., 2006; Di Micco et al., 2006). Oncogeneinduced activation of the DDR can result in oncogene-induced senescence, a
permanent state of growth arrest, an alternative barrier to carcinogenesis
(Bartkova et al., 2006; Di Micco et al., 2006). It is proposed that DDR
activation in early tumourigenesis also creates a selection pressure for
cancer cells, favouring the survival of cells which have defects in the
genomic maintenance machinery (Bartek et al., 2007). Thus cells with
acquired mutations in genes involved in DDR signalling, for example
tumour protein p53 gene (TP53), escape the constraints of cell cycle
checkpoint activation and cell death, resulting in tumour progression
(Bartek et al., 2007).

5
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The double-edged sword of the DDR in the prevention of carcinogenesis is
that

the

most

common

cancer

therapies,

including

IR

and

chemotherapeutics, act by inducing of DNA damage. Thus, while the DDR
acts an effective barrier to carcinogenesis and tumour progression, it also
plays a role in the resistance of cells to standard anti-cancer treatments,
including radiation and chemotherapy (Bao et al., 2006; Galluzzi et al.,
2012). For example, enhanced repair of the DNA damage induced by
radiotherapy or chemotherapeutic agents can contribute to the survival and
continued proliferation of cancer cells (Zeng-Rong et al., 1995).
1.2

Solar UV radiation and skin cancer

One of the best examples of the relationship between DNA damage and
cancer development is that of exposure to solar ultraviolet (UV) radiation
and the development of skin cancer. Solar UV radiation is divided in to
UVC (200-280 nm), UVB (280-315 nm) and UVA (315-400 nm; see Figure
1.1). Short-wavelength UVC-radiation and UVB wavelengths less than 295
nm are blocked by the atmosphere (Freeman et al., 1989). Thus UVradiation reaching the earth’s surface is composed of approximately 95%
long-wavelength UVA radiation and 5% UVB radiation (Nunez et al., 1994)
(Figure 1.1). The exact proportions of UV-radiation are dependent on a
number of factors, including ozone composition, latitude, time of day and
cloud cover, but generally there is proportionally more UVA at higher
latitudes and in winter (Lubin and Jensen, 1995).

Figure 1.1 UV-radiation spectrum and transmission through the earths’
atmosphere.
6
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Exposure to solar UV radiation is the major risk factor for the development
of skin cancer, the most common cancer in Ireland, with on average 6,899
cases of skin cancer diagnosed annually (NCRI, 2013a). Skin cancer is
divided into two main subtypes: (i) non-melanoma, which includes
squamous cell carcinoma (SCC) and basal cell carcinoma (BCC), and (ii)
melanoma. SCC and BCC are keratinocyte derived cancers, while
melanoma is derived from the malignant transformation of melanocytes
(Section 1.6).
The molecular mechanisms linking exposure to short-wavelength UVBradiation and the induction of non-melanoma skin cancers are quite well
defined (Tornaletti and Pfeifer, 1996). UVB radiation is directly absorbed
by the DNA bases, inducing the formation of DNA lesions (Piette et al.,
1986). The primary UVB (and UVC)-induced lesions are cyclobutane
pyrimidine dimers (CPDs), formed by the covalent attachment of two
adjacent pyrimidines through saturation the 5,6 double bonds, and
pyrimidine (6-4) pyrimidone photoproducts (6,4-PPs), formed by a covalent
linkage between the 5,6 double bond of one pyrimidine and carbon 4 of the
adjacent pyrimidine (Figure 1.2). Both CPDs and 6,4-PPs are mutagenic,
with CPDs considered the primary mutagenic lesion, due to the efficient
repair of 6,4-PPs (You et al., 2001). Error-prone replication past UVinduced CPDs results in the generation of C-T and CC-TT transition
mutations, considered ‘UV signature mutations’ (Wikonkal and Brash,
1999). UV signature mutations are found in the p53 gene in the majority of
non-melanoma skin cancers (Brash et al., 1991; Ziegler et al., 1993).
Moreover, mutations in the p53 gene in UV-induced carcinomas in mice
were found to be UV signature mutations (Rebel et al., 2005). The important
contribution of UV photoproducts to skin carcinogenesis is highlighted by
the high prevalence of UV signature mutations in the TP53 and PTCH genes
of BCCs from XP individuals (D'Errico et al., 2000), who have defects in
the repair of UV-induced photoproducts (see Section 1.10.1).
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1.2.1

Units of UV radiation dose

The biological effects of UV radiation are dependent on both the quantity
(dose) and quality (wavelength) of exposure. The biological effects of the
different UV wavelengths will be discussed in Section 1.4. Here, the various
units used to express quantities of UV radiation will be outlined.
Irradiance is the unit used to describe the amount of UV radiation emitted
by a UV source, and is a measure of the power of UV radiation per unit of
area incident on a surface, expressed in watt per meter squared (W/m 2).
Calculated from irradiance, given that 1 W/m2 is equal to 1 J/m2/sec, is the
radiant exposure, more commonly referred to as the dose rate, expressed in
joules per meter squared (J/m2), which takes into account the time required
to achieve a quantity of irradiance from a given source (Diffey, 2002).
Biologically relevant UV radiation doses are often expressed as minimal
erythemal dose (MED) or standard erythemal dose (SED), which are
weighted UV doses capable of inducing an erythemal (skin reddening)
response (IARC, 2005; Lucas et al., 2006). MED refers to the UV dose
required to produce qualifying erythema in individuals of a specified skin
type. Definition of the exact UV dose equal to 1 MED are complicated by
inconsistencies in (i) the definition of erythema, as being either justperceptible reddening or uniform redness, and (ii) the definition of skin type
(see Section 1.5.1 for explanation of human skin types). One MED is
approximately equal to 200 J/m2 of biologically effective UV radiation, for
an individual with skin type I (Lucas et al., 2006). To overcome the
inconsistencies in MED measurements, one SED was defined as being
equivalent to 100 J/m2 of biologically effective UV radiation, and is
independent of skin type (CIE Standard, 1998).
In this study the dose rate of the broadband UVA source used is expressed
in kJ/m2. An important consideration when choosing the UVA dose at
which to measure cellular responses is to choose a biologically relevant
dose. 75-300 kJ/m2 UVA-radiation utilised in this study is approximately
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equivalent to 25-100 minutes of mid-day sun exposure in Paris (Kuluncsics
et al., 1999).
1.3

UVA radiation-induced DNA damage

While the contribution of UVB to skin carcinogenesis is relatively well
defined, and is dependent on the induction of pre-mutagenic UV DNA
lesions (de Gruijl et al., 2001), the role of exposure to long-wavelength
UVA radiation in the induction of skin cancer is still a matter of intense
debate, which stems in part from inconsistencies in the literature regarding
the types of DNA damage induced by UVA radiation (Runger and Kappes,
2008). The maximal absorption of UV radiation by the DNA occurs at 300
nm, within the UVB region of the spectrum (Freeman et al., 1989). Until
recently, UVA was not thought to significantly contribute to the
carcinogenic effects of solar UV-exposure, since radiation in the UVA range
is weakly absorbed by DNA (Girard et al., 2011). However, UVA-radiation
is readily absorbed by other cellular chromophores, generating reactive
oxidative species (ROS), including singlet oxygen and hydrogen peroxide
(Wondrak et al., 2006). ROS, in particular singlet oxygen, can interact with
DNA, primarily with guanine bases, resulting in the formation of oxidative
DNA lesions, including 8-oxo-7,8-dihydro-2’-deoxyguanosine (8-oxo-G;
Figure 1.2; Cadet et al., 2009). Thus, the genotoxic effects of UVA radiation
were generally attributed to the induction of oxidative stress and oxidative
DNA damage.
However, as early as 1973, Tyrell described the induction of CPDs in
bacterial DNA following exposure to UVA (365 nm) radiation, with
dithymidine dimers being the most common CPD formed (Tyrrell, 1973).
More recently, there has been a surge in the number of studies focused on
characterising the types of UVA-induced DNA damage. This was brought
about in part by a number of publications in the early 2000’s from the Cadet
laboratory (Grenoble, France), describing a novel HPLC tandem mass
spectrometry approach to directly quantify UV-induced photoproducts
(Douki and Cadet, 2001; Douki et al., 2000). Using this sensitive HPLC
tandem mass spectrometry approach, along with DNA immunoblotting
9
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using lesion specific antibodies, UVA-induced CPDs have been detected in
cultured mammalian cells and in human skin (Courdavault et al., 2004;
Douki et al., 2003; Mouret et al., 2006; Perdiz et al., 2000; Rochette et al.,
2003). UVA-induced CPDs predominantly form at TT sites (Douki et al.,
2003; Mouret et al., 2006; Rochette et al., 2003). UVA-induced CPDs at TC
and CT sites were also detected in cultured mammalian cells and whole
human skin, but to a much lesser extent than TT CPDs (Douki et al., 2003;
Mouret et al., 2006). Other photoproducts, including CC CPDs, 6, 4-PPs or
Dewar valence isomers, were not detected following UVA exposure in these
studies. However, studies employing anti-6,4-PP antibodies have reported
the induction of 6,4-PPs in UVA-irradiated DNA and NER-deficient
mammalian cells, albeit at a much reduced level (approximately 30 times
less per kJ/m2) compared to UVA-induced CPDs (Cortat et al., 2013;
Schuch et al., 2009). While UVA induces CPDs, UVC and UVB radiation
are 105 and 103 times more efficient on a per joule basis, respectively, at
inducing DNA photoproducts compared to long-wavelength UVA radiation
(Perdiz et al., 2000).
Due to the low absorption of UVA by DNA, there is some debate as to
whether UVA-induced CPDs occur via direct absorption of UVA or through
a photosensitisation mechanism. More recent studies suggest that UVAinduced CPDs occur through a direct photoabsorption of UVA, a conclusion
supported by the direct induction of CPDs in UVA-irradiated isolated DNA
in the absence of photosensitisers (Jiang et al., 2009; Mouret et al., 2010).
Evidence strengthening a direct absorption mechanism comes from the fact
that thymidine tracts absorb UVA radiation more readily when present in
double-stranded DNA (dsDNA) rather than in single-stranded DNA
(ssDNA; Mouret et al., 2010). Regardless of the mechanism, CPDs are the
most common type of UVA-induced DNA damage (Douki et al., 2003;
Mouret et al., 2006; Rochette et al., 2003). Moreover, CPDs and 8-oxo-G
lesions are induced by UVA at

a ratio of 10:3 in mammalian cells,

suggesting that CPDs are more prominent than 8-oxo-G lesions (Douki et
al., 2003). Other types of DNA damage detected following UVA exposure
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include oxidised purines, oxidised pyrimidines, single strand breaks (SSBs),
abasic sites and DNA-protein crosslinks (Girard et al., 2011).

Figure 1.2 Chemical structures of the major UV-induced DNA lesions.
Cyclobutane
pyrimidine
dimer
(CPD),
8-oxo-7,8-dihydro-2’deoxyguanosine (8-oxo-G) and pyrimidine (4–6) pyrimidone photoproduct
(6,4-PP). R = H on the cytosine residue, or CH3 on the thymidine residue. 5’
and 3’ represent site of attachment of the 5’ and 3’ bases respectively to the
sugar-phosphate backbone of DNA. (Adapted from Li et al., 2006).

1.4

UVA radiation: a risk factor for skin carcinogenesis

The generally accepted model of skin carcinogenesis is based on the
induction of DNA photoproducts following exposure to UV radiation.
Mutations at the sites of these lesions, in particular when occurring in
tumour suppressor genes or oncogenes, results in malignant transformation
and skin carcinogenesis (Runger, 2007). Since short-wavelength UVB
radiation is more efficient in inducing DNA damage than UVA, UVB was
considered to be the primary inducer of skin cancer, particularly nonmelanoma sub-types. However, based on this model there is also evidence
that long-wavelength UVA radiation contributes to the induction of skin
cancer. Here the evidence suggesting a general role for UVA radiation in the
induction of non-melanoma skin cancer will be highlighted. The role for
UVA radiation in melanoma development is discussed in detail in Section
1.6.1.
Supporting a role for UVA exposure in skin carcinogenesis, a study of the
wavelength-dependence of skin cancer induction in mice, showed the peak
in UV-induced skin cancer to occur following exposure to UVB radiation,
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but also found a second smaller yet significant peak in skin cancer induction
following exposure to UVA radiation (de Gruijl et al., 1993) and (Figure
1.3). UVA exposure was sufficient to induce squamous cell carcinomas and
papillomas in a number if animal studies (de Laat et al., 1997; Kelfkens et
al., 1991). Moreover, chronic UVA exposure induced the malignant
transformation of human keratinocytes (He et al., 2006).

Figure 1.3 Wavelength dependence of UV-induced DNA damage and
non-melanoma skin cancers in transgenic mice. A compilation of data
from a number of sources shows the wavelength-dependence of UV-induced
skin cancers in mice. The wavelength-dependence of UV-induced
cyclobutane pyrimidine dimers (CPDs) and 8-oxo-7,8-dihydro-2’deoxyguanosine (8-oxo-G) lesions are also shown. The vertical dashed line
marks the separation of UVB and UVA wavelengths (adapted from Runger
and Kappes, 2008).

1.4.1

UVA-induced mutagenesis

As mentioned above, until recently, the genotoxic effect of UVA was
attributed to the induction of oxidative DNA lesions, including the most
common oxidative DNA lesion 8-oxo-G (Kielbassa et al., 1997). 8-oxo-G,
generally gives rise to G-T transversion mutations, as a result of
incorporation of adenine opposite the 8-oxo-G, or A-C transversions, as a
result of misincorporation of 8-oxo-G opposite an adenine in the template
(Cheng et al., 1992). However, the mutation spectrum observed following
exposure of mammalian cells to UVA-radiation does not reflect a role for 812
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oxo-G in UVA mutagenesis (Drobetsky et al., 1995; Robert et al., 1996).
This is supported by studies in mouse embryonic fibroblasts (MEFs) from
OGG1 (8-oxo-G glycosylase gene)-deficient mice, which are defective in
base excision repair (BER), the primary pathway in the removal of 8-oxo-G
(see Section 1.10.2). OGG1-deficinet mice did not have increased mutation
frequency following exposure to UVA radiation, suggesting that 8-oxo-G
does not significantly contribute to UVA mutagenesis (Kappes and Runger,
2005). This is in contrast to the situation in ogg1-deficient yeast, where the
mutation rate was increased following UVA exposure (Kozmin et al., 2005).
However, organism specific differences in the processing of UVA-induced
DNA damage could account for this.
UV photolesions most commonly give rise to C-T and CC-TT transition
mutations, as a consequence of misincorporation of adenine opposite a
cytosine of a DNA photolesion. A role for UVA-induced CPDs as a premutagenic UVA-induced DNA lesion is supported by a study in NERdeficient Chinese hamster ovary (CHO) cells, where 65% of UVA-induced
mutations detected in the APRT locus were C-T transition mutations (Sage
et al., 1996), suggesting that in the absence of repair UVA-induced
photoproducts are potentially mutagenic. C-T transition mutations were also
detected in UVA-exposed NER-proficient CHO cells, but to a lesser extent,
accounting for 33% of the total mutations (Sage et al., 1996). Furthermore,
UVA and UVB induced a similar mutation spectrum in primary human
fibroblasts, with C-T and CC-TT transition mutations being the most
common mutation induced by both wavelengths (41% and 52% of the total
mutations induced by UVA and UVB respectively) (Kappes et al., 2006).
Also supporting a role for photolesions in UVA-induced mutagenesis, both
UVA- and UVB-induced C-T and CC-TT transition mutations were most
commonly found on the non-transcribed strand (Kappes et al., 2006), since
photolesions are more readily repaired by NER on the transcribed strand
(McGregor et al., 1991). In a study of UVA-irradiated mice, the
predominant UVA-induced mutation, accounting for 55% of UVA-induced
mutations, in mouse skin were C-T transition (Ikehata et al., 2008), further
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supporting a role for CPDs, rather than oxidative DNA damage, in UVAinduced mutagenesis.
1.5

Melanocytes

There is increasing evidence that exposure to UVA radiation is of particular
relevance to the development of melanoma (Mitchell, 2012; Moan et al.,
1999; Wang et al., 2001). Melanoma arises from the malignant
transformation of melanocytes, specialised pigment-producing cells.
Cutaneous melanocytes refer to melanocytes located in the basal layers of
the epidermis (epidermal melanocytes) and in the hair follicle, while noncutaneous melanocytes refer to the melanocytes found in the eye, inner ear,
brain and heart. The present study focuses on epidermal melanocytes and
their responses to long-wavelength UVA-radiation. Melanocytes are derived
from the neural crest, and retain some neuron-like properties, including
distinct dendritic morphology, which allows a single melanocyte to contact
many keratinocytes, and it is through these contacts that melanosomes,
containing melanin, are transferred to surrounding keratinocytes (Figure
1.4). In the epidermis, melanocytes and keratinocytes, the major dermal skin
cell, are found in a ratio of 1:36, known as the ‘epidermal melanin unit’
(Fitzpatrick and Breathnach, 1963). Melanosome transfer to keratinocytes
plays an important role in photoprotection, as the melanosomes form
supranuclear caps in keratinocytes, protecting the DNA from the damaging
effects of UV exposure as melanin acts as a UV-absorbing chromophore
(Kobayashi et al., 1998b).
Epidermal keratinocytes undergo a well-defined differentiation programme,
culminating in terminal differentiation and cell death (Eckert et al., 1997).
The epidermis is constantly repopulated with keratinocytes by the division
of keratinocyte stem cells, located in the basal epidermis (Eckert et al.,
1997). In contrast to the high turnover of keratinocytes in the basal
epidermis, the melanocyte population of the basal epidermis is relatively
static (Abdel-Malek and Swope, 2011). The long lifespan of epidermal
melanocytes is attributed in part to their resistance to apoptosis, as a result

14

Chapter 1
of overexpression of the anti-apoptotic B-cell lymphoma 2 (Bcl-2) protein
(Lin and Fisher, 2007; Plettenberg, 1995).

Figure 1.4 Location of melanocytes in the epidermis. Melanocytes are
located in the basal epidermis, surrounded by keratinocytes. Adapted from
Costin and Hearing (2007).

1.5.1

Melanogenesis and tanning response

Melanin,

including

both

brown/black

eumelanin

and

red/yellow

pheomelanin, is the pigment responsible for skin colour and tanning. Skin
colour is one of the most variable characteristic of humans. The Fitzpatrick
scale is widely used to classify skin types I-VI, and is based not solely on
the degree of pigmentation, but on the skin’s erythema response and ability
to tan (Fitzpatrick, 1988). For example, skin type I is white, has high
susceptibility to sunburn and skin cancer and low tanning ability, whereas
skin type VI is black with very low susceptibility to sunburn and skin cancer
and very good tanning ability. Melanin is synthesised in melanocytes within
specialised

organelles

called

melanosomes,

in

a

process

called

melanogenesis. However, the number of melanocytes present does not differ
between the skin of low versus highly pigmented individuals (Szabó, 1954),
but rather skin pigmentation is determined by the rate of melanin synthesis,
the relative amounts of eumelanin and pheomelanin and the rate of transfer
of melanosomes to surrounding keratinocytes (Abdel-Malek and Swope,
2011).
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Melanins are complex heterogeneous biopolymers, the exact structure of
which remains unknown (Watt et al., 2009). Tyrosine, the precursor in
melanogenesis, is converted to L-dopa by tyrosinase, the rate limiting
enzyme in melanogenesis. Other enzymes essential for melanin biogenesis
are dopachrome tautomerase (also called tyrosinase-related protein 2;
TRP2) and tyrosinase-related protein 1 (TRP1) (Figure 1.5) (Costin and
Hearing, 2007).
Melanogenesis is a tightly regulated process. As noted above, constitutive
pigmentation is controlled by the rate of synthesis of melanin. To this end
tyrosinase, the rate limiting enzyme in melanogenesis, is less abundant in
lightly pigmented melanocytes (Halaban et al., 1983). Moreover, tyrosinase
activity is regulated by post-translational modifications, and is activated by
protein kinase Cβ (PKCβ)-mediated phosphorylation (Park et al., 1993).
Melanogenesis, stimulated following UV-exposure, is regulated not only by
melanocyte-derived factors, but also by paracrine factors derived from
neighbouring keratinocytes (Lin and Fisher, 2007). UV-exposure increases
the production of proteins involved in melanogenesis including tyrosinase,
TRP1, and alpha melanocyte-stimulating hormone (α-MSH) and its
receptor, melanocortin 1 receptor (MC1-R) in melanocytes (Chakraborty et
al., 1995; Nishioka et al., 1999). In parallel, UV-exposure stimulates the
production of α-MSH and endothelin-1 (ET-1) in keratinocytes which act as
paracrine factors stimulating melanogenesis (Abdel-Malek and Swope,
2011).

Interestingly,

DNA damage and

specifically DNA repair

intermediates, including thymidine dinucleotides and oligomers, considered
to represent NER repair intermediates, have been shown to stimulate
melanogenesis (Agar and Young, 2005; Eller et al., 1996).
The tanning response following UV-exposure can be defined in two distinct
phases: immediate pigment darkening (IPD) and delayed tanning (DT). IPD
which occurs as a result of exposure to UVA radiation and visible light,
consists of an immediate darkening which fades rapidly within two hours of
exposure (Routaboul et al., 1999). IPD is not associated with an increase in
the number of melanosomes in the cells, but with chemical modification of
existing melanin, morphological changes in melanocytes including
16
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migration of melanosomes to the melanocyte dendrites and increased
transfer of melanosomes to keratinocytes (Routaboul et al., 1999). More
recently, UVA-induced IPD has been shown to be activated through photo
activation of retinol-like receptors on the surface of melanocytes, and
involve calcium mobilisation (Wicks et al., 2011). DT occurs primarily in
response to UVB exposure, but also following UVA. Pigment darkening
appears 48-72 hours following exposure, peaks 3-4 weeks after exposure
and fades in the subsequent months (Gilchrest et al., 1996). DT is a result of
an increase in melanocyte number, melanosome number, degree of
melanisation, melanocyte dendricity, and transfer of melanosomes to
keratinocytes (Gilchrest et al., 1996).

Figure 1.5 Schematic overview of melanogenesis. The key enzymes
involved in melanin synthesis are shown in italics. Abbreviations: 5,6dihydroxyindole-2-carboxylic acid (DHIAC) 5,6-dihydroxyindole (DHI)
and tyrosinase-related protein (TRP). (Adapted from Costin and Hearing,
2007).

1.5.2

Melanin: the photoprotective pigment

Melanin acts as a chromophore by absorbing UV-radiation and as a
scavenger of ROS. Both processes protect cellular DNA and other
biomolecules from the harmful effect of UV exposure. Epidemiological
evidence clearly indicates that melanin plays a key role in the prevention of
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UV-induced skin cancers, since skin cancer incidence is much lower in
individuals with high pigmentation compared to lightly pigmented
individuals (Crombie, 1979). The melanin content of cultured cells and
human skin inversely correlates with the quantity of UV-induced DNA
photoproducts (Kobayashi et al., 1998a; Tadokoro et al., 2003). The
photoprotective effects of melanin are somewhat abrogated by the fact that
melanin also acts as a photosensitiser, absorbing UVA radiation, leading to
the production of ROS which can react with and damage cellular DNA and
proteins (Takeuchi et al., 2004; Wondrak et al., 2006). Thus a delicate and
complex balance between the photoprotective effects of melanin against
harmful UVB radiation, and the photosensitisation of melanin resulting in
ROS generation following UVA exposure, determine the cellular outcome
following exposure to sunlight.
One interesting study (Jablonski and Chaplin, 2000) suggests that the
primary evolutionary driver of skin melanisation was not the prevention of
UV-induced skin cancers, since following the Darwinian evolutionary
model, skin cancer should not interfere with reproduction, as non-melanoma
skin cancers occur primarily in older individuals and are rarely lethal.
Instead it is proposed that melanin, by absorbing UV radiation, prevents
folate photolysis, since folate is required for embryonic neural tube
development and spermatogenesis

(Jablonski and Chaplin, 2000).

Moreover, the varying levels of melanin in individuals is suggested to be a
compromise to allow sufficient UVB penetration to promote the formation
of pre-vitamin D3 in the skin, which is also required for normal development
(Jablonski and Chaplin, 2000).
1.6

Melanoma

Melanoma arises from the malignant transformation of melanocytes. While
exposure to solar UV-radiation, particularly UVA-radiation, is a risk factor
in the development of melanoma (Mitchell, 2012; Wang et al., 2001), the
exact molecular mechanisms linking UV exposure and melanoma
development remain unclear. On average 568 cases of melanoma skin
cancer are diagnosed annually in Ireland (NCRI, 2013b). Although the least
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prevalent skin cancer subtype, accounting for approximately 8% of the total
skin cancer incidence (NCRI, 2013b), melanoma is the most lethal form of
skin cancer accounting for approximately 65% of all deaths from skin
cancer (NCRI, 2013a). The high fatality rate of melanoma is associated with
its highly metastatic nature and resistance to radiation and standard
chemotherapy treatments (Bhatia et al., 2009).
Greater than 60% of melanomas contain activating mutations in the BRAF
gene. Of these, approximately 80% are V600E mutations (Davies et al.,
2002). B-Raf is a serine/threonine kinase, involved in signalling in the
mitogen-activated protein kinase (MAPK) pathway, which mediates cell
growth and survival. Thus constitutive activation of mutant B-Raf is thought
to contribute to melanoma cell survival (Panka et al., 2006). In melanomas
with wild-type B-Raf, alterations in other components of the MAPK kinase
pathway have been reported, including the presence of activating mutations
in N-Ras, and down-regulation of raf-1 kinase inhibitory protein (RKIP)
(Alsina et al., 2003; Schuierer et al., 2004).
The most effective treatment for melanoma is early detection and surgical
removal of the lesion and surrounding tissue (Garbe and Eigentler, 2007).
Due to the highly metastatic nature of melanoma, removal of lymph nodes
near the cancer is often carried out. Immunotherapy is widely used in
melanoma treatment, including the administration of interleukin 2 (Il-2), and
the recently described anti-cytotoxic T-lymphocyte antigen 4 (CTLA-4)
antibody, Ipilimumab, which stimulates the immune system to eradicate
melanoma cells (Lee et al., 2013). Treatment of late stage melanoma has a
low success rate. Surgical removal of the lesion remains the primary course
of treatment. Targeted melanoma therapies, including inhibitors of mutated
B-Raf have also been developed, for example vemurafenib (Sosman et al.,
2012), which prolong patient lifespan but resistance occurs in almost all
cases (Kudchadkar et al., 2013).
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1.6.1

UVA-radiation as a risk factor for melanoma

While the role of UVA-radiation in the pathogenesis of melanoma remains a
matter of debate, the overwhelming evidence points to a role for UVAexposure in the development of melanoma (Mitchell and Fernandez, 2012;
Moan et al., 1999; Wang et al., 2001). UVA radiation accounts for >95% of
the solar UV-radiation reaching the earths’ surface. However, until recently
most sun screens protected only against UVB radiation. It has been
proposed that this use of UVB-protective sunscreens could have the effect
of increasing the time in the sun before sunburn occurred, resulting in
increased exposure to UVA radiation. Melanoma incidence is associated
with acute sunburn and brief intense sun exposure, especially in childhood
(Whiteman et al., 2001). This is recapitulated in animal models of
melanoma, where acute UV-exposure in infancy is associated with
melanoma induction in transgenic mice and Xiphophorus hybrid fish
(Fernandez et al., 2012; Noonan et al., 2001). Moreover, long wavelength
UVA-radiation can penetrate deeper into the skin than UVB, making
melanocytes, located in the basal layers of the epidermis a target cell for
UVA exposure in vivo (Bruls et al., 1984; Meinhardt et al., 2008). In 2009
the International Agency for Research on Cancer (IARC) described UVA
radiation as a class I carcinogen (El Ghissassi et al., 2009).
Increased risk of melanoma is associated with the use of UVA-emitting
sunbeds (Lazovich et al., 2010; Veierød et al., 2003). This is highlighted by
the Icelandic melanoma epidemic, where a peak in melanoma incidence was
observed between 1995 and 2005, particularly on the trunk of young
women, that was associated with increased use of UVA-emitting sunbeds in
the mid-1980s (Héry et al., 2010). Recently, the IARC classed UVAemitting sunbeds as carcinogenic to humans. Moreover, the use of sunbeds
for individuals under 18 years of age was banned in Northern Ireland in
2012 and in the US state of California in 2011.
The controversy over the role of UVA exposure in melanoma development
is heightened by the discrepancies in results from animal models of
melanoma. Initial experiments using the Xiphophorus hybrid fish model
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provided evidence that UVA exposure is an initiator of melanoma (Setlow
et al., 1993). However, subsequent analysis using a larger specimen number
and more stringent UV filters, discredited this initial findings, showing that
UVB, but not UVA, can initiate melanoma in the Xiphophorus hybrid fish
model (Mitchell et al., 2010). Similar studies in Monodelphis domestica
(opossum), showed that exposure to UVB but not to UVA is capable of
inducing melanoma (Robinson et al., 2000). Although transgenic mouse

models of cancer are widely used and very informative, transgenic mouse
models of melanoma which accurately mimic human melanoma
development have been lacking. While UVA radiation induces nonmelanoma type skin cancers in transgenic albino hairless mice (de Laat et
al., 1997; Kelfkens et al., 1991), such studies failed to demonstrate
significant induction of melanoma by UVA radiation in mice (De Fabo et
al., 2004). More recently, UVA radiation was found to induce melanoma in
the hepatocyte growth factor (HGF) transgenic mouse, but only in black, not
albino, mice, suggesting that melanin is required for the UVA-mediated
initiation of melanoma (Noonan et al., 2012). This role for melanin in
melanoma initiation is consistent the observation that African albinos have
increased rates of non-melanoma skin cancer but are relatively resistant to
melanoma (Lookingbill et al., 1995). Another confounding factor in
determining the causes of melanoma is the development of melanoma on
areas of the body that are not highly sun-exposed. While this argues against
a role for UV in the pathogenesis of certain melanoma types, it highlights
the possibility of multiple mechanisms driving melanoma progression, some
of which may be UV-independent.
UVA radiation induces CPDs in cultured primary melanocytes (Mouret et
al., 2012), although it should be noted that UVA-induced 8-oxo-G was
significantly increased in melanocytes compared to matched keratinocytes
(Mouret et al., 2012). The incidence of melanoma in repair-deficient XP
individuals is 1000-times greater than that of the general population,
suggesting a role for UV-induced DNA photolesions in melanoma
development (Kraemer et al., 1987). If UV-induced DNA lesions are
involved in the initiation of melanoma, then UV-signature mutations, C-T
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transition mutations, would be expected to be found in key genes driving
melanoma progression. This is not the case for the most common
melanoma-associated mutation in the BRAF gene, which results from a T-A
transversion at position 1799 (Ascierto et al., 2012). However, it has been
proposed that the BRAF mutation could result from error-prone replication
past a UV-induced photolesion at a dipyrimidine site upstream of residue
1799 (Thomas et al., 2006). More recently a number of genomic screens
identified UV signature mutations in genes implicated in melanoma
pathogenesis (Berger et al., 2012; Hodis et al., 2012; Krauthammer et al.,
2012), including the identification of UV signature activating mutation in
RAC1 (RAS-related C3 botulinum toxin substrate 1 gene) in 9% of
melanomas,

which

drives

melanocyte

proliferation

and

migration

(Krauthammer et al., 2012), and PREX2 (Phosphoinositol-3,4,5-triphosphatdependent RAC exchange factor 1 gene) mutations, found in 14% of
melanomas, which drives melanoma tumour formation (Berger et al., 2012).
Complicating the UVA-melanoma argument is the presence of melanin in
melanocytes, which as outlined above, acts as a double-edged sword, with
roles in both photoprotection and photosensitisation (Menter et al., 1991).
While there is evidence that UVA exposure is involved in the pathogenesis
of

melanoma,

the

exact

molecular

mechanisms

remain

unclear.

Inconsistencies in the field are also likely due to variations in UVA sources,
as well as biological systems used. For example, UVA dose rate has been
shown to affect cellular responses to UVA (Merwald et al., 2005; Shorrocks
et al., 2007). This variation mirrors the heterogeneity of melanoma, which
reflects the differences in individual sun exposure, melanin content and
other possible factors contributing to melanomagenesis.
The consensus in the literature supports a role for UV exposure in the
development of melanoma. The specific contribution of UVA and UVB
radiation remains a matter of debate. However, the evidence suggests that
while UVB may be required for initiation of melanoma, UVA exposure
plays an important role in the melanoma progression (Mitchell and
Fernandez, 2012). While UVA probably contributes to the mutagenic load
in melanoma cells (Hodis et al., 2012), it may also influence melanoma
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progression by modulating cellular signalling pathways and enhancing
metastasis (McMillan et al., 2008; Pastila et al., 2011; Wang et al., 2001).
The archaic view of the cancer cell as an independent self-sufficient entity is
being replaced by a model in which dynamic interaction with the tumour
micro-environment is essential for tumour progression (Mbeunkui and
Johann, 2009). To this end, effects of UVA radiation on cells neighbouring
the melanocytes, including keratinocytes, fibroblasts and immune cells,
could contribute to melanoma progression through the production of
stimulating paracrine signalling factors, in a similar fashion to the regulation
of melanogenesis by paracrine factors.
As well as photocarcinogenesis, exposure to solar UV-radiation also has
systemic effects on vitamin D production and the tanning response. While
these pathways are mostly studied independently, they are likely to be
interlinked as they evolved together to modulate solar UV exposure. It has
been proposed that increased UVA exposure coupled with decreased
vitamin D production could promote melanoma incidence (Godar et al.,
2009).
1.7

DNA damage response (DDR)

In order to protect the integrity of the genome following the induction of
DNA damage, cells activate a network of signalling pathways collectively
termed the DNA damage response (DDR). DNA damage is sensed by
components of the DDR and this in turn signals the activation DNA repair,
inhibition cell cycle progression in the presence of damage or initiation cell
death if the damage is too severe (Niida and Nakanishi, 2006; Zhou and
Elledge, 2000). The DDR signalling network comprises sensor, transducer,
mediator and effector proteins (Figure 1.6). The identity of the proteins
activated in the DDR is dependent on a number of factors, including the
type and quantity of DNA damage induced and the cell cycle phase in which
the damage occurs. DDR signalling is mediated through post-translation
modification (PTM) of the signalling proteins. Common PTMs include
phosphorylation,

ubiquitination,

methylation,

sumoylation,

ADP-

ribosylation and glycosylation (Huen and Chen, 2008). Phosphorylation is
23

Chapter 1
the most widely studied PTM in response to DNA damage. The importance
of phosphorylation in DDR signalling is highlighted by the central
involvement of the phosphoinositol 3-kinase-like kinases (PIKKs) in the
transduction of DDR signalling.

Figure 1.6 Schematic representation of the mammalian DNA damage
response (DDR). Both endogenous and exogenous sources can induce a
variety of DNA damage. In response to DNA damage, cells activate
signalling cascades involving sensor, mediator, transducer and effector
proteins, resulting in downstream cellular effects. Adapted from Niida and
Nakanishi, 2006; Zhou and Elledge, 2000. (ROS=reactive oxygen species,
SSB=single stand break, DSB=double strand break, RPA=replication
protein A, ATRIP=ATR interacting protein, ATR=ATM and Rad3-related,
ATM=ataxia telangiectasia mutated, DNA-PK=DNA-dependent protein
kinase, Chk1=checkpoint kinase 1, Chk2=checkpoint kinase 2, Cdc25=cell
division cycle 25, TLS=translesion synthesis).
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1.7.1

Phosphoinositol 3-kinase-like kinases (PIKKs)

The primary phosphoinositol 3-kinase-like kinases (PIKKs) involved in
DDR signalling are ataxia telangiectasia mutated (ATM), ATM and Rad3related (ATR) and DNA-dependent protein kinase catalytic subunit (DNAPKcs). While ATM and DNA-PKcs are primarily activated in response to
DSBs, ATR is activated in response to regions of single stranded DNA
(ssDNA) resulting from replication arrest (Abraham, 2001). Other members
of the PIKK family include mammalian target of rapamycin (mTOR),
suppressor with morphological effect on genitalia family member (SMG1)
and transformation/transcription domain-associated protein (TRRAP)
(McMahon et al., 1998). mTOR, a key modulator of cell growth, is activated
in response to growth factors, nutrients and stress, and regulates translation,
ribosome biogenesis and actin organisation (reviewed in Wullschleger et al.,
2006). The role of SMG1 in mRNA surveillance and regulating nonsensemediated mRNA decay is well characterised (Yamashita et al., 2001). More
recently, a role for SMG1 in the DDR has been identified (Gehen et al.,
2008). TRRAP, is highly homologous to the PIKKs, although lacking a
functional kinase domain (McMahon et al., 1998). TRRAP plays a role in
the recruitment of histone acetyltransferase complexes to the chromatin,
which regulate transcription initiation (McMahon et al., 2000).
PIKKs are so called due the homology of the kinase domains shared with
the PI3 kinases, have conserved structural elements, especially in the Cterminal (Lempiainen and Halazonetis, 2009). PIKKs are serine/threonine
(S/T) kinases, which have substrate specificity for serine or threonine
residues followed by glutamine (S/T-Q sites). Recent mass spectrometry
screens for ATM/ATR substrates in human cells identified 900 and 570
potential S/T-Q sites on proteins that were phosphorylated in response to IR
and UVC, respectively (Matsuoka et al., 2007; Stokes et al., 2007).
Phosphorylation sites were identified on proteins, involved not only in DNA
processing and cell cycle regulation, but also in cytoskeleton organisation
and protein trafficking (Matsuoka et al., 2007; Stokes et al., 2007). These
screens highlight the diversity of responses activated following exposure to
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DNA damaging agents, and also the central role of the PIKKs in the cellular
response to DNA damage. The following discussion will focus on ATM and
ATR as transducers of the DDR.
1.7.2

Ataxia telangiectasia mutated and Rad3-related (ATR)

Human ataxia telangiectasia mutated and Rad3-related (ATR) is a large
(301 kDa) protein, encoded by the ATR gene. ATR is a conserved gene and
is highly homologous to S. pombe rad3 gene and S. cerevesiae mec1 gene
(Bentley et al., 1996; Cimprich et al., 1996; Kato and Ogawa, 1994). ATR is
essential and genetic abrogation of ATR causes embryonic lethality in mice,
as a result of gross genetic instability (Brown and Baltimore, 2000).
Furthermore, ATR is essential for the viability of human somatic cells
(Cortez et al., 2001). A hypomorphic mutation in the ATR gene is
responsible for the recessive genetic disorder Seckel syndrome, which is
characterised by microcephaly and growth retardation (O'Driscoll et al.,
2003). Furthermore a heterozygous missense mutation in ATR was recently
identified in a group of individuals with oropharyngeal cancer syndrome
(Tanaka et al., 2012)
ATR is required for efficient checkpoint activation and is activated in
response to various types of DNA damage, including replication stress and
DNA DSBs (Abraham, 2001). However, a single DNA structure, replication
protein A (RPA)-coated ssDNA with double-stranded DNA (dsDNA) at the
5’ junction, is considered to be the activating structure for ATR
(MacDougall et al., 2007). RPA-coated ssDNA can form as a result of
replication fork collapse, during DSB processing, and during NER
(Cimprich and Cortez, 2008). ATR-interacting protein (ATRIP) is required
for ATR activation, and functions to recruit ATR to sites of RPA-coated
ssDNA (Zou and Elledge, 2003). The kinase activity is essential for the
function of ATR in response to IR and UVC-induced DNA damage, and
mutation of the ATR kinase domain results in increased sensitivity to UVC
and IR coupled with abrogation of cell cycle checkpoints (Wright et al.,
1998). While the ATRIP-RPA interaction is required for ATR localisation
to chromatin following DNA damage, activation of ATR kinase activity
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requires other factors, including interaction with topoisomerase-II binding
protein 1 (TopBP1) (Kumagai et al., 2006). TopBP1 recruitment to sites of
DNA damage is discussed in Section 1.8.3.1.
While Chk1 is one of the most widely studied ATR substrates, large scale
screens have identified hundreds of potential ATR substrates, that have roles
in divergent cellular processes (Matsuoka et al., 2007; Stokes et al., 2007).
ATR-mediated phosphorylation of Chk1 is involved in cell cycle arrest and
inhibition of replication origin firing (Liu et al., 2000; Zachos et al., 2003).
ATR also phosphorylates other cell cycle regulators, including p53 (Tibbetts
et al., 1999). In addition to signalling replication stress, ATR-mediated
phosphorylation of the replication-associated protein MCM2 is required for
recovery of DNA replication following arrest (Trenz et al., 2008). As well
as its role in regulating cell cycle progression and DNA replication, ATR
phosphorylates a number of proteins involved in DNA repair, including
XPA (Wu et al., 2006) and BRCA1 (Tibbetts et al., 2000).
1.7.3

Ataxia telangiectasia mutated (ATM)

Ataxia telangiectasia mutated (ATM) is a 370 kDa protein encoded by the
ATM gene. ATM was identified as the gene mutated in the genetic disorder
ataxia telangiectasia (AT) (Savitsky et al., 1995a). AT patients are
characterised by cerebellar ataxia associated with degeneration of the
Purkinje cells, immunodeficiency, sensitivity to ionising radiation and 100fold increase in cancer susceptibility, including to leukaemia and lymphoma
(Taylor et al., 1994). At a cellular level AT cells are characterised by
radioresistant DNA synthesis, cell cycle checkpoint defects, increased
radiation sensitivity, and increased chromosomal instability (Lavin, 2008).
The most thoroughly characterised role of ATM is in the cellular responses
to DSBs. In unperturbed cells, ATM is in an inactive state in dimers or
multimeric complexes (Bakkenist and Kastan, 2003). Upon induction of
DSBs, ATM is rapidly autophosphorylated on S1981, resulting in dimer
dissociation and kinase activation (Bakkenist and Kastan, 2003). ATM is
recruited to the site of a DSB in a Mre11-Rad50-Nbs1 (MRN) complex-
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dependent manner (Uziel et al., 2003). The MRN complex acts a sensor of
DSBs, binds to the ends of DSBs and recruits ATM to the break site
(Mirzoeva and Petrini, 2001; Uziel et al., 2003). The retention of MRN on
the chromatin is dependent on interaction with mediator of damage
checkpoint-1 (MDC1) (Spycher et al., 2008). Approximately 50% of the
cellular ATM was phosphorylated on S1981 in response to 0.5 Gy IR,
which is estimated to induce approximately 18 DSBs, the relatively high
amount of ATM that becomes phosphorylated and activated in response to
very few DSBs suggests that recruitment of ATM to DSB sites is not
required for ATM phosphorylation (Bakkenist and Kastan, 2003). It is
suggested that rather than being directly activated by DSBs, ATM is
activated by changes in higher order chromatin structure. This is supported
by evidence that ATM can be activated following treatment with
chloroquine or trichostatin, which alter chromatin structure without inducing
DSBs (Bakkenist and Kastan, 2003).
Along with S1981, a number of other autophosphorylation sites, including
S367 and S1893, are essential for ATM function in response to IR-induced
DNA damage (Kozlov et al., 2006). Mutation of these residues to alanine
results in impaired cell cycle checkpoint activation and ATM substrate
phosphorylation in response to IR, which suggests that multiple
autophosphorylation sites are required for ATM kinase function (Kozlov et
al., 2006). In addition, ATM kinase activity is regulated by acetylation (Sun
et al., 2005). Tat-interactive protein 60 kDa (Tip60) is the acetyl transferase
responsible for ATM acetylation on K3016, which is required for efficient
ATM kinase activity and conversion of ATM from dimeric to monomeric
forms (Sun et al., 2005; Sun et al., 2007). Another acetyltransferase, hMOF,
has been implicated in regulating ATM function in response to IR-exposure
(Gupta et al., 2005).
Other regulators of ATM kinase activity include a number of protein
phosphatases, including protein phosphatase 5 (PP5). Interaction of PP5
with

ATM

is

required

for

ATM

autophosphorylation

and

for

phosphorylation of ATM targets following IR exposure (Ali et al., 2004). It
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is possible that the phosphatase activity of PP5 may be required to
dephosphorylate as yet unidentified inhibitory phosphorylation of ATM to
fully activate ATM kinase activity. Moreover, protein phosphatase 2A
(PP2A) acts as a negative regulator of ATM kinase activity under
unperturbed conditions, but following IR-exposure, PP2A dissociates from
ATM resulting in ATM autophosphorylation on S1981 and activation of
ATM kinase activity (Goodarzi et al., 2004). Regulation of ATM by
phosphorylation on multiple sites mirrors the regulation of the closely
related PIKK, DNA-PK (Ding et al., 2003).
Activated ATM kinase phosphorylates a number of downstream substrates
mediating the cellular response to DSBs. The major phenotype of AT cells
is radioresistant DNA synthesis due to a failure of the intra-S checkpoint in
the absence of ATM (Falck et al., 2001; Painter, 1981). ATM is required for
activation of the G1/S, intra-S and G2/M checkpoints, and for the HR and
NHEJ DSB repair pathways (Kastan and Lim, 2000; Shiloh and Ziv, 2013).
ATM phosphorylates key proteins involved in mediating DSB-induced cell
cycle arrest and apoptosis, including Chk2 and p53 (Matsuoka et al., 2000a;
Maya et al., 2001). ATM-dependent phosphorylation of H2AX on S139
(generating γH2AX) in response to DSBs (Burma et al., 2001) mediates
recruitment and retention of various DDR factors at the DSB site, including
NBS1, MDC1, BRCA1 and 53BP1(Kobayashi et al., 2002; Stewart et al.,
2003; Ward et al., 2003). A number of these proteins are also ATM
substrates (Gatei et al., 2000; Lim et al., 2000).
ATM can also be activated in a DSB-independent manner in response to
oxidative stress (Guo et al., 2010a; Guo et al., 2010b). Oxidative stressinduced activation of ATM is associated with autophosphorylation of ATM
on S1981 (Guo et al., 2010b). However, in contrast to DSB-mediated ATM
activation, under conditions of oxidative stress ATM was found to be in a
dimeric state, in which the monomers are attached by an intermolecular
disulphide bond at C2991 (Guo et al., 2010b). Furthermore, oxidative stressinduced activation of ATM is independent of the MRN complex (Guo et al.,
2010b). Notably, while oxidative stress-induced ATM activation results in
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phosphorylation of p53 and Chk2, phosphorylation of chromatin-associated
ATM substrates, including H2AX and Nbs1, was not detected following
oxidative stress (Guo et al., 2010b). This supports a role for ATM activation
that is independent of DSB formation or repair.
Overall, the literature points to diverse roles for ATM. These include a
major role in the cellular response to DSBs and other types of DNA
damage. Other non-DNA damage related roles for ATM, including
mediating redox homeostasis, regulating peroxisomes and synaptic
signalling in neurons, have been described (Kastan and Lim, 2000; Shiloh
and Ziv, 2013). Furthermore, it is likely that activation of ATM in response
to various stimuli occurs through independent mechanisms (Bakkenist and
Kastan, 2003; Guo et al., 2010b).
While the roles of ATM and ATR in DDR signalling have been described
separately here, evidence suggests that the ATR and ATM-mediated DDR
pathways are not mutually exclusive, but rather that there is considerable
redundancy between the kinases. For example, under conditions of
replication stress and following IR-exposure, respectively, ATR and DNAPK also mediate H2AX phosphorylation on S139 (Stiff et al., 2004; Ward
and Chen, 2001). Furthermore, ATM phosphorylates Chk1 on S317,
following IR, in an Nbs1 dependent manner (Gatei et al., 2003).
1.8

DNA damage-induced cell cycle checkpoint activation

High fidelity DNA replication and error-free transmission of genetic
material during cell division are essential for organism survival. Inhibition
of cell cycle progression is a key outcome of DDR signalling, and is central
to protecting genome integrity (Hartwell and Weinert, 1989). Checkpoint
activation at the G1/S boundary prevents the onset of DNA replication in
the presence of damage, while G2/M checkpoint activation prevents the
onset of mitosis before DNA replication is complete. Cell cycle checkpoints
can be activated during all phases of the cell cycle (Figure 1.7), and the
signalling pathways leading to a specific cell cycle checkpoint is dependent
on the type of DNA damage and the cell cycle phase in which the damage
occurs. PIKK-mediated phosphorylation of the checkpoint kinases, Chk1
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and Chk2, is central to DNA damage-induced checkpoint activation. Chk1
and Chk2 kinases phosphorylate and inactivate the Cdc25 family of
phosphatases. Cdc25 activity is normally required to remove inhibitory
phosphorylations from cyclin-dependent kinases (CDKs), which allow cell
cycle progression.
Progression through the cell cycle under unperturbed conditions is regulated
by CDK activity. Human cells express multiple CDKs involved in cell cycle
regulation, including CDK1, CDK2, CDK4 and CDK6 (Vermeulen et al.,
2003). While CDK protein levels remain constant during the cell cycle, the
kinase activity of CDKs is only activated upon binding of the activating
cyclin subunit of the CDK-cyclin complex. The level of individual cyclin
proteins is regulated during the cell cycle by transcription and degradation
(Arellano and Moreno, 1997). CDK activity is also controlled by inhibitory
phosphorylation, for example by Wee1, which phosphorylates and inhibits
CDK1 on Y15 (Parker and Piwnica-Worms, 1992), and by binding of CDKinhibitor proteins (CKIs) (Vermeulen et al., 2003). As noted above, Cdc25
phosphatases play a critical role in removal of inhibitory phosphorylations
from CDK-cyclin complexes. Once activated by cyclin binding and by
dephosphorylation of inhibitory phosphorylation sites by the Cdc25 family
of proteins, CDKs phosphorylate multiple substrates dependent on cell cycle
phase, leading to cell cycle progression (Vermeulen et al., 2003). Given the
central role of CDKs in cell cycle progression, it is not surprising that cell
cycle checkpoints activated in response to DNA damage converge on CDK
regulation.
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Figure 1.7 Schematic outline of mammalian DNA damage-induced cell
cycle checkpoints activated at the boundary of G1/S and G2/M, during
S-phase and in mitosis. Some key proteins involved in each cell cycle
checkpoint are shown. (CDK=cyclin dependent kinase, Chk1=checkpoint
kinase, Cdc25=cell division cycle 25, MCC=Mitotic checkpoint complex
APC/C= Anaphase-promoting complex/cyclosome)

1.8.1

G1/S checkpoint

The DNA damage-induced G1/S checkpoint is central to maintenance of
genome integrity, preventing the onset of DNA replication in the presence
of DNA damage. The important role of the G1/S checkpoints in preventing
cancer formation is highlighted by the fact that the tumour suppressor gene
TP53, encoding a key protein in the G1 checkpoint, is the most commonly
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mutated gene in cancers (Levine et al., 1991). The G1 checkpoint is
mediated through two complementary pathways: (i) a rapid p53independent pathway and (ii) a p53-mediated pathway for sustained
checkpoint activation (Bartek and Lukas, 2001).
The rapidly induced G1 checkpoint is p53-independent, and proceeds
through ATM-Chk2 in response to IR, or ATR-Chk1 in response to UVC
irradiation (Abraham, 2001). The pathways converge on Chk1/Chk2meidated Cdc25A phosphorylation. Chk1/Chk2-mediated phosphorylation
of Cdc25A phosphatase, results in proteasome-mediated degradation of
Cdc25A (Falck et al., 2001; Mailand et al., 2000). Loss of Cdc25A prevents
removal of inhibitory phosphorylations from CDK2, resulting in loss of
CDK2 activity. This in turn impairs loading of Cdc45 onto pre-replication
complexes and therefore inhibits DNA replication in S-phase (Costanzo et
al., 2000).
A slower p53-dependent response is necessary for sustained G1 checkpoint
activation. p53 is a transcription factor, and under unperturbed condition is
in an inactive state as a result of binding to Mouse Double Minute 2
homolog (MDM2), which promotes nuclear export and proteasomemediated degradation of p53 (Ryan et al., 2001). Activation of p53 is a
multifaceted process mediated by the ATR-Chk1 and ATM-Chk2 signalling
pathways as outlined above (Figure 1.7) (Bartek and Lukas, 2001). IRinduced phosphorylation of MDM2 by ATM inhibits the interaction of
MDM2 and p53, thus promoting nuclear localisation and stabilisation of p53
(Maya et al., 2001). Both Chk1 and Chk2 phosphorylate p53 on a number of
sites including S20 which decreases MDM2 binding (Shieh et al., 2000).
ATM and ATR phosphorylate p53 on S15 which enhances nuclear
localisation (Zhang and Xiong, 2001). Activated p53 results in the
transcriptional up-regulation of a number of proteins including p21
(Macleod et al., 1995). p21 binds to and inhibits CDK2-cylcinE and CDK4cyclinD complexes resulting in inhibition of cell cycle progression (Bartek
and Lukas, 2001). p21 binding inhibits the kinase activity of CDKs,
preventing Retinoblastoma (Rb) protein phosphorylation. Continued
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sequestration of E2F transcription factor in turn prevents E2F-mediated
transcription of genes required for the G1/S transition (Wade Harper et al.,
1993). p21 also functions by binding PCNA, directly inhibiting DNA
synthesis (Cayrol et al., 1998).
1.8.2

G2/M checkpoint

Both ATM and ATR kinases can be activated in response to DNA damage
during G2, leading to phosphorylation and activation of Chk2 and Chk1,
respectively (Abraham, 2001). Both Chk1 and Chk2 kinases phosphorylate
and inactivate Cdc25C, by creating a binding site for the 14-3-3 proteins,
which inhibits Cdc25C phosphatase activity (Peng et al., 1997). Inhibition
of Cdc25C results in a failure to activate the mitotic CDK1, preventing the
onset of mitosis in the presence of DNA damage (DiPaola, 2002). Similar to
the G1/S checkpoint, prolonged G2/M arrest is also mediated by activation
of p53, resulting in transcriptional induction of p21 and inhibition of mitosis
onset (Bunz et al., 1998)
Separate from the DNA-damage induced G2/M checkpoint, the spindle
assembly checkpoint (SAC) is activated in early M-phase by the presence of
unattached kinetochores (Lara-Gonzalez et al., 2012). The SAC is essential
to ensure the fidelity of chromosome segregation to daughter cells, and is
activated by the mitotic checkpoint complex (MCC), which includes
BubR1, Cdc20, Mad2 and Bub3. The MMC acts by sequestering Cdc20,
thereby preventing activation of the anaphase promoting complex or
cyclosome (APC/C). Once the kinetochores are correctly attached, activated
APC/C promotes ubiquitin-mediated degradation of cyclin B1 and securin.
Degradation of cyclin B1 results in inactivation of CDK1 and mitotic exit.
Degradation of securin promotes separase activation, resulting in separation
of the sister chromatids. Chk1 has been implicated in the SAC, through
Chk1-mediated phosphorylation of Aurora B, which is required for BubR1
recruitment to the kinetochores (Zachos et al., 2007).

34

Chapter 1
1.8.3

The S-phase checkpoints

Faithful DNA replication during S-phase is crucial to ensure the integrity of
the genome. Three S-phase checkpoints have been identified in mammalian
cells, namely the replication checkpoint, the intra S-phase checkpoint and
the S/M checkpoint (Bartek et al., 2004). Collectively, the general outcomes
of S-phase checkpoints include slowing of replication fork progression,
inhibition of origin firing and inhibition of cell cycle progression until
replication is complete. There is overlap between the signalling proteins
involved and the cellular outcomes (Bartek et al., 2004). Each of the Sphase checkpoints will be discussed in detail below. In contrast to both G1/S
and G2/M checkpoints, all the S-phase checkpoints are p53-independent.
1.8.3.1 Replication checkpoint
The replication checkpoint is activated in response to conditions which stall
replication fork progression, including DNA lesions, depletion of
deoxyribonucleotide triphosphate (dNTP) pools, chemical inhibition of
DNA polymerases, and collision of replication forks with transcription
complexes (Branzei and Foiani, 2010). The replication checkpoint functions
to inhibit the firing of inactive origins of replication, and to stabilise stalled
replication forks until the stress has been alleviated (Bartek et al., 2004).
DNA replication arrest can lead to uncoupling of the DNA polymerase and
helicase activities at the replication fork (Byun et al., 2005), resulting in the
generation of ssDNA regions (Zou and Elledge, 2003). ssDNA is rapidly
coated with replication protein A (RPA). RPA-coated ssDNA recruits and
binds ATR-interacting protein (ATRIP) (Zou and Elledge, 2003). ATRIP
leads to ATR recruitment to the sites of DNA damage, which is essential for
ATR-mediated phosphorylation and activation of Chk1 (Zou and Elledge,
2003). Full activation of the ATR-Chk1 signalling pathway also requires a
number of accessory factors including topoisomerase-II binding protein 1
(TopBP1) and claspin (Chini and Chen, 2003; Kumagai et al., 2006).
Recruitment of TopBP1 to stalled replication forks is independent of ATRATRIP but occurs through interaction between TopBP1 and the Rad9
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subunit of the 9-1-1 complex, which is loaded onto ssDNA in a Rad17dependent manner (Liu et al., 2006). ATR then phosphorylates Rad17,
resulting in recruitment and binding of claspin, an essential factor for ATRmediated Chk1 phosphorylation in response to replication stress (Wang et
al., 2006). The Timeless-Tipin complex is also recruited to stalled
replication forks via interaction of Tipin with the RPA2 subunit of trimeric
RPA. This is required for efficient claspin-mediated phosphorylation of
Chk1 by ATR (Kemp et al., 2010). Another protein important in activation
of the ATR-mediated replication checkpoint is Protein phosphatase 5 (PP5),
which binds to ATR and enhances phosphorylation of the ATR substrates
Chk1 and Rad17 (Zhang et al., 2005a).
While the ATR-Chk1 pathway is essential for checkpoint activation, few
Chk1 substrates have been identified to date (Blasius et al., 2011). As
outlined above, the best characterised Chk1 substrate phosphorylated during
the replication checkpoint is Cdc25A. Chk1-mediated phosphorylation of
Cdc25A on S178 and T507 results in proteosomal-dependent degradation of
Cdc25A (Chen et al., 2003; Xiao et al., 2003), which prevents cell cycle
progression and origin firing, by preventing activation of CDK2-cyclin A
(Falck et al., 2001; Mailand et al., 2000), and loading of Cdc45 onto
replication origins (Costanzo et al., 2000).
More recently, a number of ATP-dependent annealing helicases have been
reported to play a role in stabilising stalled replication forks, and mediating
replication fork restart (Bansbach et al., 2009; Ciccia et al., 2009; Yuan et
al., 2012). These enzymes, including SWI/SNF-related matrix-associated
actin-dependent regulator of chromatin subfamily A-like protein 1
(SMARCAL1; also known as HepA-related protein (HARP)) and annealing
helicase 2 (AH2; also known as Zinc finger Ran-binding domain-containing
protein 3 (ZRANB3)), catalyse the rewinding of replication protein A
(RPA)-coated ssDNA, thus stabilising stalled replication forks (Bansbach et
al., 2009; Ciccia et al., 2009; Yuan et al., 2012). The recruitment of
SMARCAL1 to RPA-coated ssDNA is dependent on interaction with RPA
(Yusufzai et al., 2009), while AH2 interacts with polyubiquitinated PCNA
(Ciccia et al., 2012). It is proposed that these enzymes promote replication
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fork restart through disassembly of recombination intermediates and
activation of a template switching mechanism (Ciccia et al., 2012), see
Section 1.11.
1.8.3.2 Intra-S checkpoint
The intra-S phase checkpoint refers to a checkpoint activated in response to
replication-independent DSBs occurring in S-phase (Bartek et al., 2004).
IR-induced DSBs occurring in S-phase are detected by the MRN complex,
which recruits ATM leading to ATM autophosphorylation and activation
(Lee and Paull, 2005). ATM-mediated phosphorylation of H2AX on S319
(γH2AX) is required for efficient checkpoint activity (Rogakou et al., 1999).
Other key mediators of the intra-S phase checkpoint pathway include
mediator of checkpoint 1 (MDC1), p53 binding protein 1 (53BP1), and
breast cancer susceptibility protein 1 (BRCA1), which are proposed to act as
adaptor proteins required for efficient checkpoint activation. In addition to
ATM, ATR also plays a role in the intra-S phase checkpoint. ATR is
activated following DNA resection at DSB ends, which generates ssDNA,
the ATR activating substrate. ATM-mediated phosphorylation of Chk2 and
ATR-mediated phosphorylation of Chk1 then co-operate to prevent
progression through S-phase by promoting Cdc25A degradation (Sørensen
et al., 2003).
1.8.3.3 S/M checkpoint
The S/M checkpoint refers to the checkpoint activated to prevent the onset
of mitosis until DNA replication is complete. While the S/M checkpoint is
less well understood on a molecular level, the key substrate of the S/M
checkpoint is the mitotic CDK1 (Bartek et al., 2004). The S/M checkpoint
prevents activation of CDK1 through Chk1-mediated phosphorylation and
degradation of Cdc25A, as described above.
Overall, the S-phase checkpoints described above are p53-independent.
Thus, rather than activating a prolonged S-phase arrest, the S-phase
checkpoints function to slow the rate of on-going DNA synthesis, prevent
the firing of new origins of replication, and activate repair or resolution of
the DNA damage.
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1.8.3.4 Checkpoint recovery and replication fork restart
Activation of cell cycle checkpoints is essential to protect the integrity of
the genome, and allows time for DNA damage to be repaired. However,
recovery from cell cycle arrest and completion of cell division is equally
important for organism survival. Thus, the mechanisms of checkpoint
recovery is an emerging topic in the field of DNA damage-induced
checkpoint research (Bartek and Lukas, 2007).
Central to recovery from cell cycle arrest is the ubiquitin-proteasome
system. A number of proteins essential for checkpoint activation are
degraded in a ubiquitin-proteasome-dependent manner when the time comes
for cells to re-enter the cell cycle, including claspin (Mamely et al., 2006;
Peschiaroli et al., 2006) and Wee1 (Watanabe et al., 2004b). Degradation of
claspin inhibits Chk1 activation, thus allowing downstream activation of
Cdc25A phosphatase, while Wee1 is a direct CDK inhibitor. Both processes
result in CDK-mediated cell cycle progression.
1.9

The checkpoint kinases

As outlined above, the checkpoint kinases Chk1 and Chk2 are central to
DNA-damage induced checkpoint signalling.
1.9.1

Checkpoint kinase 1 (Chk1)

Chk1 is an evolutionary conserved serine/threonine kinase (Chen and
Sanchez, 2004), encoded by the CHK1 gene. Chk1 is a 476 amino acid, 54
kDa protein with a conserved N-terminal kinase domain and a C-terminal
regulatory domain, linked by a flexible region (Chen et al., 2000) (Figure
1.8(A)). Chk1 is essential as mutation of the CHK1 gene results in
embryonic lethality in mice (Liu et al., 2000). As outlined above, Chk1
plays essential roles in mediating checkpoint activation in response to DNA
damage (Bartek and Lukas, 2001).
1.9.1.1 Regulation of Chk1 activity
Interacting proteins involved in DNA-damage induced Chk1 activation are
outlined in Section 1.8.3.2. Here, the effect of post-translational
modification on Chk1 function will be discussed. In response to DNA
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damage,

Chk1

kinase

activity

is

activated

by

ATR-mediated

phosphorylation of Chk1 on S317 and S345 (Liu et al., 2000; Zhao and
Piwnica-Worms, 2001), located in the C-terminal regulatory domain of
Chk1 (Figure 1.8(A)). Interestingly, deletion of the C-terminal regulatory
domain of Chk1 increases its intrinsic kinase activity (Chen et al., 2000; Oe
et al., 2001), suggesting the C-terminal domain acts as a negative regulator
of kinase activity. Structural analysis of Chk1 provided evidence that the Cterminal regulatory domain could interact with the kinase domain,
regulating kinase activity (Chen et al., 2000). Thus, phosphorylation of
Chk1 has been proposed to relieve the inhibitory effect of the C-terminal
domain (Figure 1.8(B)).

Figure 1.8 (A) Schematic outline of the domain organisation and
phosphorylation sites of the human Chk1 protein. Adapted from Stracker
et al., 2009. (B) Auto-regulation model of Chk1 activity. Colour scheme
as outlined in (A). Adapted from Tapia-Alveal et al., 2009.

As well as activating Chk1 kinase activity, phosphorylation of S317 is
essential for release of activated Chk1 from chromatin, allowing Chk1 to
phosphorylate non-chromatin bound targets (Niida et al., 2007; Smits et al.,
2006). Phosphorylation of S317 is required for S345 phosphorylation, since
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mutation of S317 to alanine inhibits S345 phosphorylation in response to
DNA damage (Niida et al., 2007; Walker et al., 2009; Wang et al., 2012).
Furthermore, in the absence of N-terminal kinase domain, Chk1 has high
levels of ATR-mediated S317 and S345 constitutive phosphorylation under
unperturbed conditions, suggesting that the N-terminus functions to prevent
Chk1 activation in the absence of damage (Wang et al., 2012). These
observations provide a dual-regulatory mechanism preventing Chk1
activation under unperturbed conditions, whereby the C-terminus is required
to inhibit Chk1 kinase activity and in parallel, the kinase domain is required
to inhibit Chk1 phosphorylation (Wang et al., 2012). In addition, CDKmediated phosphorylation of Chk1 on S286 and S301 was recently
identified as playing a role in efficient IR-induced checkpoint activation (Xu
et al., 2011).
As well as regulating Chk1 activation, post-translational modification of
Chk1 regulates the inactivation and degradation of the protein.
Phosphorylation of Chk1 on S280 by protein kinase B (PKB) inhibits Chk1
checkpoint function, resulting from impaired S345 phosphorylation, monoubiquitination of Chk1 and re-localisation of Chk1 to the cytosol (Puc et al.,
2005). Moreover, exposure to DNA damaging agents targets Chk1 for
proteosomal

degradation,

which

is

preceded

by

ATR-mediated

phosphorylation of Chk1 on S345, and is suggested to be involved in
checkpoint recovery (Zhang et al., 2005b).
Recently an additional novel regulatory mechanism for Chk1 has been
identified, in which an N-terminal truncated splice variant of Chk1 (termed
Chk1-S), is expressed in a panel of human cell lines, which binds to and
inhibits Chk1 function (Pabla et al., 2012). Under unperturbed conditions,
Chk1-S is expressed in S and G2 phases, where it binds to Chk1 and inhibits
is function, thus promoting cell cycle progression from S to G2/M.
Furthermore, damage-dependent phosphorylation of Chk1 interrupts the
Chk1-Chk1-S interaction, resulting in Chk1 activation (Pabla et al., 2012).

40

Chapter 1
1.9.1.2 DNA damage-induced Chk1 function
As outlined above, Chk1 kinase plays an essential role in activation of
multiple cell cycle checkpoints. In response to DNA damage Chk1 activity
slows replication fork progression, stabilises stalled replication forks,
inhibits replication origin firing, as well as inhibiting the onset of mitosis
before replication is complete (Liu et al., 2000; Zachos et al., 2003; Zachos
et al., 2005).
Since Chk1 is an essential gene, studies of Chk1 kinase function have relied
on specific small molecule inhibitors of Chk1 kinase activity, including
UCN-01 (Busby et al., 2000; Syljuåsen et al., 2005) and Chir-124 (Tse et
al., 2007), as well as siRNA-mediated Chk1 knockdown. More recently, the
development of a viable Chk1-/- DT40 avian cell line (Zachos et al., 2003)
has allowed more detailed analysis of Chk1 function.
Despite the central role of Chk1 in cell cycle checkpoint activation, only a
limited number of Chk1 substrates have been identified. Key Chk1
substrates involved in regulating cell cycle progression are the Cdc25 family
of phosphatases (described in detail in Section 1.8). As well as regulating
cell cycle progression, Chk1 plays a role in activating DNA repair. Chk1dependent phosphorylation of Rad51 on T309 is required for efficient
homologous recombination (Sorensen et al., 2005). Chk1-mediated
phosphorylation of FANCE, a component of the Fanconi anemia (FA) core
complex, on T346 and S374 is required for activation of the Fanconi
Anemia/BRCA1 DNA cross-link repair pathway (Wang et al., 2007a).
1.9.1.3 Functions of Chk1 in unperturbed cells
Chk1 is an essential protein and thus it is proposed to play a role in normal
cell cycle regulation, under unperturbed conditions. Consistent with this
roles for Chk1 in regulating replication initiation and replication fork
stability, as well as the onset and progression of mitosis in unperturbed cells
have been described (Petermann and Caldecott, 2006; Zachos and Gillespie,
2007).
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Inhibition of Chk1 in unperturbed cells results in increased replication,
which is associated with increased phosphorylation of ATR substrates,
including Chk1, H2AX and RPA2, and increased ssDNA and formation of
DSBs (Syljuåsen et al., 2005). The authors propose a mechanism whereby
inhibition of Chk1 results in stabilisation of Cdc25, and activation of CDK2
which promotes loading of Cdc45 at origins of replication and promotes
replication initiation. In parallel, Chk1 inhibition de-stabilises stalled
replication forks, which collapse resulting in replication-associated
formation of ssDNA and DSBs (Syljuåsen et al., 2005). Thus, under
unperturbed conditions, Chk1 regulates origin firing and stabilisation of
replication forks. It must be noted that replisomes encounter endogenous
damage in the DNA template during an otherwise unperturbed cell cycle.
Thus low basal levels of the DDR machinery could be activated in response
to this damage. Consistent with this, certain DDR proteins, including
claspin, the MRN complex and TopBP1, are localised to the chromatin
during S-phase, the DDR machinery is thus ‘primed’ for action in the event
that a replisome encounters DNA damage (Petermann and Caldecott, 2006).
Furthermore, as previously noted above, (Section 1.8.2) Chk1 is also
essential for activation of the spindle assembly checkpoint (SAC) and to
control mitotic entry (Zachos et al., 2007).
The importance of appropriate Chk1 function is indicated by the complex
mechanisms regulating Chk1 activity, under both unperturbed conditions
and in response to DNA damage. While significant advances in our
understanding of Chk1 regulation and function have been made, the central
role of Chk1, not only regulating normal cell cycle progression, but in
response to DNA damage, as well as the function of the protein in DNA
repair, cell survival, transcription and possibly other pathways, suggests we
have only scratched the surface of understanding the landscape of Chk1
function and regulation.
1.9.2

Checkpoint kinase 2 (Chk2)

Human Chk2 is a 60 kDa protein, encoded by the CHK2 gene. In contrast to
Chk1-deficient animals, Chk2-/- mice are viable, but have defects in IR42
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induced G1/S checkpoint activation and in p53 stabilisation (Takai et al.,
2002). Furthermore, germ-line mutations in CHK2 have been identified in a
subset of patients with the cancer prone Li Fraumeni syndrome, indicating
Chk2 is a tumour suppressor (Bell et al., 1999). Activation of Chk2 kinase
activity is required for the G1/S, intra-S and G2/M checkpoints (Bartek et
al., 2001). Chk2 is activated by ATM-mediated phosphorylation on T68 in
response to IR-induced DSBs (Matsuoka et al., 2000a). Chk2-mediated
phosphorylation of Cdc25A in G1 and S-phase, results in ubiquitination and
degradation of Cdc25A, inducing G1 arrest and inhibition of DNA
synthesis, respectively (Falck et al., 2001; Mailand et al., 2000). In response
to DNA damage in G2, Chk2 phosphorylates Cdc25C leading to 14-3-3
binding, sequestration of Cdc25C in the cytosol and inhibition of mitosis
initiation

(DiPaola,

2002;

Peng

et

al.,

1997).

Chk2-meidated

phosphorylation of p53 on S20, stabilises p53 protein and promotes
sustained G1/S and G2/M checkpoint activation, as well as activation of
apoptosis (Ryan et al., 2001). In addition, Chk2-mediated phosphorylation
of BRCA1 on S988 regulates BRCA1 function in survival following IR
(Lee et al., 2000).
1.10 DNA repair
In order to protect the integrity of the genome, cells have evolved a number
of DNA repair pathways to repair various types of DNA damage, occurring
as a result of normal cellular processes, such as replication or oxidative
respiration, or exposure to environmental agents, such as UV radiation. The
exact DNA repair pathway activated is dependent on the type of DNA
damage, the location of the damage in the genome and the cell cycle phase
in which the damage occurs (Hoeijmakers, 2001).
1.10.1 Nucleotide excision repair (NER)
Mutations in the genes encoding XPA-XPG proteins involved in NER gives
rise to the genetic disorder xeroderma pigmentosum (XP) (Cleaver and
Bootsma, 1975). XP cells are defective in the repair of UV-induced DNA
lesions (Cleaver and Bootsma, 1975). The crucial role of NER in skin
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cancer prevention is highlighted by the clinical phenotype of XP patients,
which includes an up to 10,000-fold increase in the incidence of skin
cancers (DiGiovanna and Kraemer, 2012).
The NER pathway removes helix distorting lesions, including UV-induced
CPDs and 6,4-PPs, which block normal replication and transcription. Two
NER sub-pathways exist, global genome repair (GGR) and transcriptioncoupled repair (TCR). As the name suggests, GGR surveys the entire
genome for lesions, whereas TCR repairs lesions on the transcribed strand
of genes (Nouspikel, 2009). The major steps in NER are lesion recognition,
incision of DNA, excision of an oligonucleotide containing the lesion, gap
filling and ligation. As well as the genomic loci which GGR and TCR
target, the sub-pathways differ in the mechanism of lesions recognition.
During GGR, helix distorting lesions are recognised by the XPC-Rad23
homologue B complex (Sugasawa et al., 1998). In contrast, stalling of RNA
polymerase II at lesions during transcription provides the activating signal
for TCR (Laine and Egly, 2006). The complex process of NER requires
more than 25 proteins, which are assembled in a stepwise fashion at the
lesion site (reviewed in Hoeijmakers (2001); Nouspikel (2009)). Following
lesion recognition, the remaining steps of the two sub-pathways converge
resulting in removal of a 28-32 oligonucleotide containing the lesion, gap
filling by DNA polymerase δ or ε, and ligation by the ERCC1/XPE
complex.
ATR regulates

both

NER sub-pathways

through interaction

and

phosphorylation of XPA, the rate limiting factor for NER, that is essential
for both GGR and TCR (Köberle et al., 2006). Direct interaction of ATR
with XPA is required for nuclear localisation of XPA in response to UVCinduced DNA damage (Wu et al., 2006). Moreover, ATR-mediated
phosphorylation of XPA on S196 stabilises XPA protein and increases
retention of the protein on chromatin following DNA damage, and is
required for optimal excision repair (Lee et al., 2012; Shell et al., 2009).
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1.10.2 Base excision repair (BER)
The BER pathway removes chemically modified DNA bases which do not
greatly distort the DNA double-helix, but which could potentially interfere
with base-pairing during replication. Tens of thousands of base
modifications, resulting from, for example, oxidation, alkylation or
deamination, occur in normal cells every day (Zharkov, 2008). One of the
lesions repaired by BER is 8-oxo-G, which if left unrepaired can result in GT transversion mutations, as a result of incorporation of adenine opposite 8oxo-G in the template (Cheng et al., 1992).
During BER, recognition and excision of modified bases is carried out by
DNA glycosylases. There are at least 11 mammalian DNA glycosylases,
each recognising a specific modified base (Robertson et al., 2009). For
example, 8-oxo-G glycosylase (OGG1) recognises 8-oxo-G and cleaves the
N-glycosidic bond between the base and the sugar-phosphate DNA
backbone, resulting in the formation of an abasic site (Klungland and
Bjelland, 2007). A nick in DNA backbone is then cleaved by an AP
endonuclease or AP lyase, which is processed resulting in a singlenucleotide gap (Robertson et al., 2009). The nucleotide gap is filled by DNA
polymerases, in particular polβ, which also cleaves the 5’ deoxyribose
phosphate, allowing ligation of the nick by a DNA ligases (Matsumoto and
Kim, 1995). There are two BER sub-pathways, short-patch repair and longpatch repair. Short-patch repair, as outlined above, involves the re-synthesis
of a single nucleotide at the damage site. Long-patch BER involves the resynthesis of at least 2 nucleotides during strand displacement synthesis,
carried out in a PCNA-dependent manner by polymerase δ, with subsequent
ligation of the nick by DNA ligase I (Frosina et al., 1996).
1.10.3 DNA double strand break (DSB) repair
DNA double strand breaks (DSBs) represent an extremely genotoxic lesion,
and if left unrepaired can result in gross genomic instability (Mills et al.,
2003). DSBs are the primary DNA lesion formed following exposure to IR
(Henner et al., 1983). However, DSBs can also be formed as an indirect
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result of replication fork collapse following exposure to replicationinhibiting agents such as UVC-radiation (Yajima et al., 2009). There are
two primary DSB repair pathways in mammalian cells; non-homologous
end joining (NHEJ) and homologous recombination (HR).
The factors regulating the choice of DSB repair pathway remain a subject of
intense study (Boulton, 2010). The cell cycle stage in which the damage
occurs is a key factor in determining which DSB repair pathway is
activated. HR is restricted to the S and G2 phases of the cell cycle due to a
requirement for a homologous DNA sequence on a sister chromatid, while
NHEJ can in principle occur during any cell cycle stage (Rothkamm et al.,
2003). The structure of the DNA double-stranded ends (DSE) may also
influence the choice of repair pathway, such that blunt ends being
preferentially repaired by NHEJ, while 5’-3’ resected structures being
processed by HR (Symington and Gautier, 2011). Furthermore, the
phosphorylation status of proteins, including DNA-PK (Neal et al., 2011),
and recruitment of other factors to DSB sites, including BRCA1 and 53BP1
(Boulton, 2010) also regulate the choice of DSB repair pathway.
1.10.3.1 Non-homologous end joining (NHEJ)
Non-homologous end joining (NHEJ) is the primary DSB repair pathway in
vertebrate cells (Wang and Lees-Miller, 2013). NHEJ is considered an
error-prone DSB repair pathway, as following some processing, NHEJ
ligates two DSB ends, which can result in loss of genetic information. The
process of NHEJ can be divided into three stages; (i) recognition and
tethering of the DSEs, (ii) processing of the DSEs and (iii) ligation (Wang
and Lees-Miller, 2013). The Ku70/Ku80 complex recognises and binds the
DSEs, tethering them together. Furthermore, Ku70/Ku80 recruits and binds
DNA-PKcs, activating the kinase activity of the DNA-PK holoenzyme
(Gottlieb and Jackson, 1993). DNA-PK kinase activity is required for
efficient NHEJ (Kurimasa et al., 1999). DNA processing is required to
create ligatable ends. Nucleases including Artemis, Mre11 and WRN, and
polymerases µ and γ are implicated in this process (Wang and Lees-Miller,
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2013). DNA ends are than ligated by a DNA ligase IV in a complex with
XRCC4 (Wang and Lees-Miller, 2013).
1.10.3.2 Homologous recombination (HR)
As outlined above, homologous recombination (HR) requires a homologous
DNA sequence, normally from a sister chromatid, as a template for repair,
and is therefore restricted to S and G2 phases of the cell cycle and is
generally considered an error-free repair pathway (Jackson, 2002).
Following resection of the DSB, the 3’ ssDNA overhangs become coated
with RPA. Rad52- and BRCA2-mediated Rad51 loading and RPA
displacement from the DNA is essential for HR (Karpenshif and Bernstein,
2012; Liu et al., 2010; Sugiyama and Kowalczykowski, 2002). Rad51coated ssDNA mediates a homology search, resulting in disruption of the
base pairing of the sister chromatid and the formation of a D-loop structure.
DNA polymerases δ or ε catalyse DNA synthesis from the 3’ end of the
damaged DNA strand, using the homologous sequence as a template
(Kawamoto et al., 2005b; Maloisel et al., 2008). The ends are ligated by
DNA ligase I and the DNA crossovers (Holliday junctions) resolved,
releasing two undamaged sister chromatids (Jackson, 2002; Karpenshif and
Bernstein, 2012).
1.11 DNA Damage Tolerance
Despite the plethora of DNA repair pathways in human cells, not all DNA
lesions are repaired before cells enter S-phase. Unrepaired lesions, including
UV-induced CPDs, block the progression of replicative polymerase
(polymerase α, δ and γ), which can lead to stalled replication forks.
Prolonged replication fork stalling can result in fork collapse and potentially
DNA strand breaks (Petermann and Helleday, 2010). To overcome this
threat to genome stability, cells have evolved pathways, collectively termed
DNA damage tolerance or post-replicative repair pathways, which mediate
replication past and beyond DNA lesions in the template, leaving the lesion
to be repaired at a later stage by the classic repair pathways (Section 1.10).
The two primary DNA damage tolerance pathways are translesion synthesis
(TLS) and template switching. TLS will be discussed in more detail below
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(Section 1.11.2). Briefly, TLS requires the recruitment of specialised TLS
polymerases, which replace replicative polymerases at stalled replication
forks, and carry out replication past the lesion in the template (reviewed in
Ghosal and Chen, 2013; Yang et al., 2013). TLS can be either error-prone or
error-free, depending on the lesion and the polymerase involved.
On the other hand, template switching is considered an error-free
mechanism. Template switching involves elongation of the DNA strand
using normal replicative polymerases and an undamaged template, possibly
a sister chromatid, via a recombination-mediated or fork reversal process
(reviewed in Branzei, 2011). Due to the use of an undamaged template and
normal replicative polymerases with proof-reading ability, template
switching is considered an error-free DNA damage tolerance mechanism.
As is the case with DSB repair, the mechanisms controlling the choice of
DNA damage tolerance pathway remains a subject of debate. Some studies
suggest a role for ubiquitination of PCNA in regulating the choice, where
monoubiquitination of PCNA promotes TLS, while Rad5-mediated
polyubiquitination of PCNA promotes the alternative template switch
pathway (Ghosal and Chen, 2013).
1.11.1 DNA polymerase eta (polη)
DNA polymerase eta (polη) is the best characterised TLS polymerase
(reviewed in Cruet-Hennequart et al., 2010). Encoded by the POLH gene
(Johnson et al., 1999a; Masutani et al., 1999b), human polη is a 78 kDa
protein, the domain organisation is outlined in Figure 1.9. Mutations in the
POLH gene can give rise to the autosomal recessive genetic disorder
xeroderma pigmentosum variant (XPV) (Johnson et al., 1999a; Masutani et
al., 1999b). XPV is characterised clinically by increased sun-sensitivity and
elevated levels of skin cancer (Cleaver, 1972). In contrast to XP, which is
caused by a defect in NER (see Section 1.10.1), XPV cells have normal
levels of NER (Tung et al., 1996). At a molecular level, polη-deficient XPV
cells have defects in the replication of UVC-damaged DNA and are
hypermutable following UVC-exposure (Cleaver and Bootsma, 1975;
Lehmann et al., 1975; Tung et al., 1996). Polη-deficient cells accumulate
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mutations at CPD sites, possibly due to error-prone TLS past CPDs in the
template by an alternative TLS polymerase, such polι (Stary et al., 2003;
Wang et al., 2007b).
Like other TLS polymerases, polη is a low fidelity DNA polymerase,
copying undamaged templates with an error rate 102-105 times higher than
normal replicative polymerases (McCulloch and Kunkel, 2008). However,
polη can carry out error-free replication past a dithymidine CPDs in vitro
(Johnson et al., 1999b; Masutani et al., 1999a) inserting two adenines
opposite the lesion. Structural studies have provided an explanation for the
ability of polη to carry out error-free lesion bypass, the enlarged open active
site of polη can accommodate the two bases of a dithymidine dimer,
allowing efficient bypass of the lesion (Biertumpfel et al., 2010; Silverstein
et al., 2010). The error-free bypass of dithymidine CPDs by polη provides
direct evidence for a functional role of polη in the prevention of sunlightinduced skin cancers. Knockdown of the POLH gene in mice increases the
incidence of sunlight-induced skin cancers, similar to the phenotype
observed in XPV individuals (Lin et al., 2006).
While polη is not sufficient for bypass of a dithymidine 6,4-PP in template
DNA, polη can insert a nucleotide opposite the 3’ base of the lesion
(Johnson et al., 2001; Masutani et al., 2000). A combination of polζ and
polη is required for efficient bypass of a 6,4-PP in vitro (Johnson et al.,
2001). A two-step mechanism for 6,4-PP bypass has been proposed,
whereby polη catalyses the incorporation of a nucleotide opposite the 3’
base of a 6,4-PP, followed by a polymerase switch to polζ which
incorporates a nucleotide opposite the 5’ base and extension from the lesion
(Johnson et al., 2001; Shachar et al., 2009).
In addition to its role in TLS past UV photoproducts in DNA, polη plays a
role in TLS past other DNA lesions, including 8-oxo-G (McCulloch et al.,
2009), O6-methylguanine (Haracska et al., 2000a), as well as lesion induced
by chemotherapeutic agents cisplatin and AraC (Bassett et al., 2004; Chen et
al., 2006). Furthermore, a role for polη was identified in HR (Kawamoto et
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al., 2005a), somatic hypermutation (Yavuz et al., 2002) and in fragile site
stability (Rey et al., 2009).
1.11.2 Translesion synthesis (TLS) and the Y-family polymerases
The process of TLS involves at least two polymerase switch events. First,
the normal replicative polymerase is replaced with a TLS polymerase which
replicates past the replication blocking lesion. In some cases, the TLS
polymerase is replaced by another TLS polymerase which synthesises a
short nucleotide tract. Finally the TLS polymerase is replaced by a normal
replicative polymerase which resumes DNA synthesis (Ghosal and Chen,
2013; Lehmann et al., 2007; Sale et al., 2012).
TLS polymerases include members of the Y-family, polη, polι, polκ and
REV1, the B-family, polζ, and the A-family, polθ and polν (reviewed in
Waters et al., 2009). As outlined above (Section 1.11.1), polη, the focus of
this research, can carry out error-free replication past dithymidine dimers in
vitro (Johnson et al., 1999b; Masutani et al., 1999a). Polι can carry out
error-free replication past 8-oxo-G lesions in DNA in vitro (Kirouac and
Ling, 2011). Furthermore, polι is implicated in the bypass of UVC-induced
DNA damage, and may account for the increased UV-mutagenesis that
characterises polη-deficient cells (Dumstorf et al., 2006; Kannouche et al.,
2003; Wang et al., 2007b). Polκ carries out error-free TLS past
benzo[a]pyrene-guanine residues, and but is implicated in error-prone TLS
past abasic sites and acetylaminofluorene-adducted guanine residues (Ogi et
al., 2002). Rev1, while structurally a Y-family member, does not function as
a polymerase, but rather as a deoxycytidine monophosphate (dCMP)
transferase, inserting dCMP opposite guanine bases or abasic sites in the
template (Nelson et al., 1996). Rev1 functions in TLS through interaction
with the Rev3 subunit of polζ. Moreover, the other three Y-family
polymerases interact with Rev1. The Rev1 interaction has been suggested to
control switching events between polζ and other polymerases, such as
during two-step TLS (Lehmann et al., 2007).
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While the damaged lesion bypassed by each TLS polymerases differs (see
above), TLS polymerases share some common features. In general TLS
polymerases are considered error-prone polymerases due to lack 3’-5’
exonuclease poof-reading activity. TLS polymerases exhibit reduced fidelity
compared to normal replicative polymerases when carrying out DNA
synthesis on undamaged temples. Moreover, TLS polymerases have reduced
processivity compared to normal replicative polymerases limiting the extent
of DNA synthesis that can be carried out by these enzymes (Sale et al.,
2012; Waters et al., 2009).
Y-family polymerases share some common structural features (Figure 1.9).
Within the catalytic domain, the active site of Y family TLS polymerases is
bigger than normal replicative polymerases, but shares the overall ‘righthand’ structure of replicative polymerases. Y-family TLS polymerases have
an additional ‘little finger’ domain which has been implicated in mediating
polymerase selectivity toward certain lesions (Boudsocq et al., 2004).

Figure 1.9 Domain organisation of human Y-family translesion
synthesis DNA polymerases. Adapted from Waters et al., 2009.

1.11.3 Regulation of translesion synthesis (TLS)
In order to minimise the mutagenic risk associated with DNA replication by
low-fidelity TLS polymerases, TLS is subject to tight regulation. Many
levels of TLS regulation have been described, the most basic of which in
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vertebrate cells is in the recruitment of TLS polymerases to replication foci
following DNA damage (Sale et al., 2012). For example, polη localises to
nuclear foci following exposure to UVC-radiation (Kannouche et al., 2001).
The polymerase switch and TLS polymerase loading onto stalled replication
forks is regulated by ubiquitination of proliferating cellular nuclear antigen
(PCNA). Monoubiquitination of PCNA is critical for the recruitment of TLS
polymerases to stalled replication forks (Ghosal and Chen, 2013; Lehmann
et al., 2007). TLS polymerases, including polη, have a higher affinity for
monoubiquitinated PCNA than replicative polymerases, such as polδ
(Kannouche et al., 2004; Watanabe et al., 2004a). The ssDNA-binding
protein Rad18, in conjunction with its binding partner the E2 ubiquitinconjugating enzyme Rad6, is required for PCNA ubiquitination, and
catalyses PCNA monoubiquitination on K164 in response to UVC and HU
(Stelter and Ulrich, 2003; Ulrich and Jentsch, 2000; Watanabe et al., 2004a).
Rad18 is recruited to stalled replication sites via interaction with RPA
(Figure 1.10), although this interaction is dispensable for Rad18 recruitment
and TLS function (Davies et al., 2008; Nakajima et al., 2006). Cdc7mediated phosphorylation is required for the function of Rad18 (Day et al.,
2010). Moreover, Nbs1, through its Rad6-like domain, also binds Rad18
following UV exposure and is required for Rad18-dependent PCNA
ubiquitination and polη foci formation (Yanagihara et al., 2011). Recently
other proteins, including FANCD2 (Fu et al., 2013) and BRCA1 (Tian et al.,
2013), have been shown to regulate polη localisation following UVC.
PCNA ubiquitination is also controlled by the de-ubiquitinating enzyme
ubiquitin carboxyl-terminal hydrolase 1 (USP1), which normally removes
monoubiquitin from PCNA (Huang et al., 2006). Following damage, USP1
is degraded by an auto-cleavage mechanism (Figure 1.10), which correlates
with up-regulation of PCNA monoubiquitination (Huang et al., 2006).
Stalled replication forks lead to the generation of regions of ssDNA which
activate not only TLS but ATR-Chk1-dependent DDR signalling (Section
1.8.3.1). Evidence suggests that a single stalled replication fork can
accommodate both processes due to preferential loading of the DDR-related
9-1-1 clamp complex onto the 5’ end of primed RPA-coated ssDNA, while
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PCNA is loaded on the 3’ end (Ghosal and Chen, 2013). Thus, it is not
surprising that DDR-associated proteins, including Chk1, claspin and
Timeless, by mediating PCNA ubiquitination under conditions of replication
stress, are involved in regulating TLS (Yang et al., 2008).
Recently, novel factors, including Spartan and PCNA-associated factor 15
(PAF15), that regulate TLS have been identified (Ghosal and Chen, 2013).
Spartan interacts with monoubiquitinated PCNA through its UBZ and PIP
domains, plays a key role in the regulation of TLS (Centore et al., 2012)
(Figure 1.10). Spartan knockdown reduces UV-survival, and inhibits polη
recruitment to foci, PCNA monoubiquitination and Rad18 chromatin
association (Centore et al., 2012). Furthermore, through recruitment of p97
(AAA-ATPase), Spartan may lead to TLS polymerase extraction during
DNA repair, preventing mutagenesis (Davis et al., 2012). PAF15 is another
PCNA-binding protein that regulates TLS activity (Povlsen et al., 2012).
During unperturbed conditions PAF15 is chromatin bound through
interaction with PCNA. Following UVC-exposure PAF15 is removed from
the chromatin via proteosomal-mediated degradation, which allows
recruitment and binding of polη to monoubiquitinated PCNA (Povlsen et al.,
2012) (Figure 1.10).
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Figure 1.10 Proposed model of translesion synthesis polymerase
recruitment to stalled replication forks. (i) Replication fork stalling at a
DNA lesion leads to uncoupling of the replicative MCM helicase and the
formation of single-stranded DNA (ssDNA), which becomes coated with
replication protein A (RPA). (ii) RPA-ssDNA recruits Rad18, which, along
with Rad6, monoubiquitinates PCNA on K164. Ubiquitin carboxyl-terminal
hydrolase 1 (USP1), which normally de-ubiquitinates PCNA, is degraded by
an auto-cleavage mechanism. PCNA-associated factor 15 (PAF15), which is
normally bound to PCNA, is degraded in an ubiquitin-proteasomedependent manner, which allows the TLS polymerase to bind
monoubiquitinated PCNA. Spartan also binds monoubiquitinated PCNA,
stabilising Rad18 on chromatin. (iii) The TLS polymerase (polη) replaces
the replicative polymerase (polδ) by binding monoubiquitinated PCNA in a
mechanism termed the polymerase switch. The subsequent steps of TLS, not
depicted here, involved lesion bypass by the TLS polymerase, extension of
the DNA, and another polymerase switch to replace the TLS polymerase
with a replicative polymerase. Adapted from Ghosal et al., 2013.

54

Chapter 1
While the involvement of PCNA monoubiquitination in the recruitment of
TLS polymerases to stalled replication forks is well documented, the
mechanism of TLS polymerase selection remains a subject of debate.
However, some potential mechanisms for polymerase selection have been
proposed (Lehmann et al., 2007; Sale et al., 2012). One such model is a
dynamic model in which multiple polymerases transiently bind monoubiquitinated PCNA and attempt replication until the polymerase capable of
bypassing the lesion is recruited (Lehmann et al., 2007; Sale et al., 2012). It
should be noted that while PCNA monoubiquitination is important for
efficient TLS, it is not essential for TLS in mouse embryonic fibroblasts
(MEFs) (Hendel et al., 2011). However, MEFs expressing mutated PCNA
which cannot be ubiquitinated on K164 have reduced efficiency of TLS past
UV photolesions and altered mutagenic specificity (Hendel et al., 2011).
Another unresolved question in the field of TLS is the debate as to whether
TLS occurs at the site of a stalled replication fork, or if the replication fork
restarts past the lesion leaving a gap which is later filled by TLS
polymerases. While the former is the general mechanism proposed,
evidence for the latter mechanism exists (Lehmann et al., 2007; Sale et al.,
2012). Short single-stranded regions have been detected in UVC-irradiated
yeast cells, the numbers of which were elevated in mutant strains lacking
TLS polymerases (Lopes et al., 2006). The issue with this model is the
mechanism of fork restart past the lesion, which remains to be elucidated.
1.11.3.1 Regulation of translesion synthesis by DNA damage response
proteins
It has recently been reported that recruitment of polη to sites of DNA
damage requires the checkpoint protein Chk1 (Speroni et al., 2012).
Independent of Chk1 kinase activity, but requiring the newly identified
PCNA-interacting (PIP) motif of Chk1, Chk1 release from chromatin is
required for replication fork progression and polη recruitment to nuclear
foci following UVC exposure in U2OS cells (Speroni et al., 2012).
Furthermore, another study identified a role for Chk1 and its accessory
factors claspin and Timeless in mediating PCNA ubiquitination in response
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to UVC radiation exposure (Yang et al., 2008). This suggests that Chk1,
independent of kinase activity, promotes the progression of stalled
replication forks, by mediating recruitment of the TLS polymerase polη.
Further evidence for checkpoint-dependent regulation of polη activity
comes from a study which found that DNA damage-induced ATR-mediated
phosphorylation of polη on S601, is required for cell survival following
UVC exposure, and mediates DNA replication behind the replication fork in
human fibroblast cell lines (Göhler et al., 2011).
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1.12 Research objectives
Exposure to solar UVA radiation, which accounts for >95% of solar UV
radiation reaching the earth’s surface, is a risk factor for the development of
skin cancer, including melanoma. UVA induces DNA damage which may
play a role in skin carcinogenesis. The DNA damage response (DDR) is a
complex network of signalling pathways activated in cells in response to
DNA damage and acts as a barrier to carcinogenesis, by initiating DNA
repair, inhibiting cell cycle progression in the presence of DNA damage or
activating cell death if the damage is too severe. While many studies have
focused on characterising the type and quantities of UVA-induced DNA
damage, little is known about the DDR pathways activated in response to
UVA radiation, particularly in primary human melanocytes.
The aims of this research project were to:
(i)

Investigate the role of DNA polymerase eta (polη) in the
response of human cells to UVA radiation, and

(ii)

Characterise UVA-induced DNA damage response pathways in
primary normal human epidermal melanocytes.
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2.1

Materials

2.1.1


Equipment
Bench top centrifuges: Rotanta 460 centrifuge (Hettich Zentrifugen,
Tuttlingen, Germany); Sigma 1-15K centrifuge (Sigma); PicoFuge™
(Stratagene)



Cell culture incubator: AutoFlow water-jacketed CO2 incubator with
Class 100 HEPA Filtration System (NuAire Inc®, MN, USA)



Cell culture laminar flow hood: Class II Biological Safety hood
(NU-473-400E; NuAire Inc®, MN, USA)



Chemoluminescence imager: Fujifilm LAS-3000 imager



Cryo 1°C cell freezing container (Nalgene®, Rochester, NY, USA)



Electrophoresis power supply: PowerPack 3000 (Bio-Rad, UK)



Film developer: CP1000 automatic film processor (Agfa, Mortsel,
Belgium)



Flow cytometer: FACS Calibur (BD, NJ, USA)



Fluorescent microscopes: DeltaVision Core system (Applied
Precision) controlling an interline charge-coupled device camera
(CoolSnap HQ2; Roper) mounted on an inverted microscope (IX-71;
Olympus)



Fume hood: 1200 standard, 4616-L (ChemFlow, CA, USA)



Heat block: DB-2P Dri-Block (Techne® Inc., NJ, USA)



Labnet Rocker 35A (Labnet International, Inc., NJ, USA)



Laboratory oven: (Shaw Scientific Ltd., Ireland)



Light microscope: Olympus CKX31 microscope



Liquid nitrogen storage system (Jencons-PLS, Bedfordshire, UK).



Protein electrophoresis system: Mini Protean 3® cell system (BioRad, UK)



Protein transfer system: Mini Protean 3® cell system (Bio-Rad, UK)



Slot blot apparatus: Minifold II Slot Blot System (Schleicher and
Schuell)



Sonicator: Digital Sonifier® cell disrupter (Branson Ultrasoincs
Corporation, USA)
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Spectrometers: Victor2 1420 96-well plate multilabel counter
(Wallac, MA, USA); NanoDrop-1000 spectrometer (NanoDrop
Technologies Inc.)



UV filter: Folanorm, UVUR (Folex GmbH, Dreieich, Germany)



UV irradiance probe: UVX digital radiometer, UVX-25 probe,
UVX-30 probe, UVX-35 probe (UVP Inc., CA)



UVA source: BS-03 (Dr. Groebel UV-Electronik GmbH, Germany)



UVB source: 302 nm, UVM-57 (UVP Inc., CA)



UVC source: 254 nm, UVG-11 (UVP Inc., CA)



Vacuum pump: Buchi-Vacuum pump V-700 (BUCHI Labortechnik,
AG, Switzerland)



Vacuum sealer: (Bifinett, GmbH)



Water bath: Clifton unstirred bath (Bennett Scientific, UK)

2.1.2


Chemicals and Plastic/Glassware
All chemicals were purchased from Sigma-Aldrich, Fisher Scientific
or Merck-Millipore, unless otherwise stated.



All sterile plasticware for use in tissue culture was from Corning,
Sarstedt or Novagen, unless otherwise stated



Glass coverslips for immunofluorescence were purchased from
VWR


2.1.3


All glassware was purchased from Fisher Scientific
Software
CellQuest™ (BD Bioscience) – acquisition and analysis of flow
cytometry data



SoftWoRx (Applied Precision) – acquisition and analysis of
fluorescent images from the DeltaVision Core system



Image Pro Plus V 6.2 (Media Cybernetics Inc.) – quantitation of the
fluorescence intensity of images acquired on the DeltaVision Core
system



Multi Gauge V 2.2 (Fujifilm) – acquisition and analysis of
Chemoluminescence images
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Table 2.1 Chemicals used in tissue culture
Chemical

Common

Supplier

name /

Stock

Diluent

conc.

Working
dose range

abbreviation
2’, 7’-

DCFH-DA

Sigma

10 mM

DMSO

10 µM

4-hydroxytamoxifen

4-OHT

Sigma

1 mM

EtOH

1µM

5-bromo-2’-

BrdU

BD

10 mM

MEM

10 µM

EdU

Invitrogen

10 mM

DMSO

10 µM

Caffeine

Caf

Sigma

10 mM

ddH2O

1 mM

Chir-124

CHir-124

Selleckchem

1 mM

DMSO

100 nM

cis-

Cisplatin

Ebewe

1

ddH2O

0 - 5 µg/ml

dichlorofluroescein
diacetate

deoxyuridine
5-Ethynyl-2′deoxyuridine

diammineineplatinum

mg/ml

(II) dichloride
Gö 69833

Gö 69833

Selleckchem

10 mM

DMSO

10 µM

Hydrogen peroxide

H2O2

Sigma

30%

ddH2O

100 µM

(v/v)
KU-60019

ATMi

Selleckchem

10 mM

DMSO

10 µM

N-acetyl-cysteine

NAC

Sigma

1M

ddH2O

10 mM

Phorbol 12-Myristate

PMA

Sigma

1.62

DMSO

200 nM

10mM

DMSO

10 µM

1

EtOH

0.1 µg/ml

13-Acetate
Rottlerin

mM
Rottlerin

Merck
Millipore

Tetracycline

Tet

Sigma

mg/ml
UCN-01

UCN-01

Sigma

1mM

DMSO

50-100 nM

Wortmannin

Wortmannin

Sigma

10 mM

DMSO

10 µM

61

Chapter 2
2.1.4

Cells

Table 2.2 Human fibroblast cell lines
Cell line

Origin

Characteristics

XP30RO

Prof. J. Cleaver, UCSF,

Human SV40-transformed

(GM0317A)

and subsequently from

fibroblast cell line, lacking

the Coriell Institute for

functional polη protein due to

Medical Research, New

a 13-base pair deletion in

Jersey, USA

exon 2 of POLH

Dr. M.P. Carty, CCB,

XP30RO-derived cell line

NUIG

constitutively expressing polη

TR30-2

from a POLH transgene
TR30-9

Dr. M.P. Carty, CCB,

XP30RO-derived cell line

NUIG

expressing tetracyclineinducible V5-tagged polη

TRG-16

Dr. M.P. Carty, CCB,

XP30RO-derived cell line

NUIG

expressing tetracyclineinducible eGFP-tagged polη

NFF

Prof. M. Lavin,

Human transformed normal

UQCCR, University of

foreskin fibroblast cell line

Queensland, Brisbane,
Australia
XP12RO

Prof. H.P. Nasheuer,

Human SV40-transformed

CCB, NUIG

fibroblast cell line, lacking
XPA protein due to
homozygous nonsense
mutation at Arg207 of XPAC

XP12RO-C5

Prof. H.P. Nasheuer,

XP12RO-derived cell line

CCB, NUIG

constitutively expressing
XPA protein from XPAC
transgene

AT fibroblasts

Prof. C. Morrison, CCB,

Human SV40-transformed

(GM05849)

NUIG

fibroblast cell line, lacking
ATM protein
62

Chapter 2
Table 2.3 Melanocyte cells
Cell

Origin

Characteristics

Normal human

Lonza Inc. MD, USA.

Primary human Caucasian

epidermal

(Cat No. CC-2504; Lot

male neo-natal melanocytes

melanocytes

no. 5F0059)

(NHEM)
Murine

Prof. D. Gillespie,

Spontaneously transformed

melanocytes

Beatson Institute for

murine melanocytes, isolated

Cancer Research,

from a transgenic mouse in

University of Glasgow,

which Chk1 can be knocked

Scotland.

down by the addition of 4hydroxytamoxifen.

2.2
2.2.1

Methods
Cells

2.2.1.1 Human fibroblast cell lines
A list of human fibroblast cell lines utilised in this study is presented in
Table 2.2. SV40-transformed XP30RO cells were originally obtained as a
gift from Prof. J. Cleaver (University of California, San Francisco, USA),
and subsequently purchased from the Coriell Institute for Medical Research,
New Jersey, USA (Repository number GM0317A). XP30RO is a SV40transformed fibroblast cell line derived from an XPV patient (Volpe and
Cleaver, 1995) and lacks functional polη protein due to a 13-base pair
deletion in exon 2 of the POLH gene (Johnson et al., 1999a). XP30RO cells
were utilised previously to generate the polη-expressing cells lines TR30-2,
TR30-9 and TRG-16 (Cruet-Hennequart et al., 2006; Cruet-Hennequart et
al., 2008). Briefly, XP30RO cells were stably transfected with
pcDNA6/TR® vector (Invitrogen), which expresses the tetracycline (tet)
repressor under the control of a CMV promoter, and clonally selected using
blasticidin, to produce the TR cell line. The TR cell line was then
transfected with either (i) pMR30-V5 or (ii) pMR30-GFP vectors, and
following clonal selection using zeocin, the resulting clones (i) TR30-9 and
TR30-2 and (ii) TRG-16 were obtained. TR30-9 cells express a tetracycline63
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inducible C-terminal V5-tagged polη as described previously (CruetHennequart et al., 2006). TR30-2 cells constitutively express wild-type V5tagged polη. TRG-16 cells express a tetracycline-inducible C-terminal GFPtagged polη protein.
XP12RO and XP12RO-C5 obtained from Prof. H.P. Nasheuer (CCB,
NUIG), were originally gifted from Prof. R.D. Wood (University of
Pittsburgh, PA, USA). XP12RO cells lack functional XPA protein due to a
nonsense mutation in the XPAC gene (Satokata et al., 1992a; Satokata et al.,
1992b). XP12RO-C5 were derived from XP12RO and constitutively overexpress wild-type XPA protein from an XPAC transgene (Köberle et al.,
2006).
The GM05849 (AT fibroblast) cell line, obtained from Prof. C. Morrison
(CCB, NUIG), was originally purchased from Coriell Cell Repositories.
GM05849 is an SV40-transformed human fibroblast cell line derived from
an AT patient, and lacks ATM protein as a result of mutation in the ATM
gene (Savitsky et al., 1995a; Savitsky et al., 1995b).
2.2.1.2 Melanocyte cells
Melanocyte cells utilised in this study are outlined in Table 2.3.
2.2.1.2.1 Primary normal human epidermal melanocyte (NHEM)
Primary normal human epidermal melanocytes (NHEM), at passage 3,
derived from a neo-natal Caucasian male, were obtained from Lonza Inc.,
MD, USA. According to the Lonza specifications (Lonza document No. TSCC-50-7 11/10), NHEM were characterised based on (i) morphological
observation of cells, with normal melanocytes having small cell bodies and
bi- or multi-polar processes, (ii) the ability to convert L-Dopa to melanin,
which requires the activity of tyrosinase (Aberdam et al., 1998), and (iii)
immunofluorescence staining for Mel-5, a 75 kDa glycoprotein specifically
expressed in the melanosomes of pigmented melanocytes (Bhawan, 1997).
2.2.1.2.2 Chk1-conditional knockdown murine melanocytes
Murine melanocytes, obtained from Prof. D. A. Gillespie (Beatson Institute,
Glasgow, UK), were isolated from the skin of a transgenic mouse strain in
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which (i) exon 2 for the chk1 allele is flanked with LoxP sites and (ii) a Cre
recombinase-estrogen receptor (Cre-ERT2) fusion protein is expressed from
a transgene under the control of the skin-specific keratin 14 gene promoter,
limiting Cre-ERT2 expression to the epidermis and hair follicles, and (iii) a
Rosa26-LacZ reporter introduced to allow tracking of the recombined cells
(Figure 2.1 (i) and Tho et al., (2012)). Melanocytes isolated from this mouse
strain spontaneously transformed in culture due to constitutive N-Ras
expression, as a result of loss of the INK4A locus (Prof. D. Gillespie,
personal communication). The murine melanocytes express wild type Chk1
and an inactive Cre-ERT2 fusion protein (Figure 2.1 (ii)). Addition of 4hydroxytamoxifen (4-OHT) to the culture media results in the activation of
Cre recombinase, and leads to the Cre-mediated recombination of the LoxP
sites flanking exon 2 of the chk1 gene. Deletion of exon 2 of chk1 results in
complete loss of Chk1 function (Figure 2.1 (iii)). Deletion of exon 2 of chk1
has been shown to be sufficient for complete loss of Chk1 function (Liu et
al., 2000).

65

Chapter 2

Figure 2.1 Chk1 conditional knockdown murine melanocyte cell line.
The Chk1 conditional knockdown murine melanocyte cell line was
generated in the laboratory of Prof. D. Gillespie, Beatson Institute,
Cambridge, UK. (i) A FVB transgenic mouse was generated with the
following genetic manipulations (a) exon 2 of chk1 was flanked by loxP
sites, (b) a transgene encoding a Cre recombinase-estrogen receptor (CreERT2) fusion protein under the control of the keratin 14 gene promoter was
introduced and (c) a Rosa26-LacZ reporter plasmid was also introduced to
track recombined cells. (ii) Melanocytes isolated from mice expressing the
N-Ras oncogene, with loss of the Ink4a locus, spontaneously transformed in
culture. Untreated murine melanocytes express Chk1 protein and an inactive
Cre-ERT2 fusion protein. (iii) Treatment with 4-hydroxytamoxifen (4-OHT)
results in the binding of 4-OHT to the estrogen receptor of the Cre-ERT2
fusion protein and subsequent activation of Cre recombinase. Activated Cre
catalyses recombination of the chk1 exon2 carrying flanking loxP sites,
resulting in down-regulation of Chk1 expression.
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2.2.2

Cell culture

All cell culture procedures were carried out in a Class II biological safety
hood (NuAire Inc.®, MN, USA). The surface of the hood and any items
entering the hood were sterilised by spraying with 70% industrial
methylated spirits (IMS; Fisher) before use for cell culture. Disposable
sterile plasticware and pipette tips were utilised during culture procedures.
Prior to cell culture, all media and trypsin solutions were pre-warmed to
37°C in a water bath. Cells were incubated in an autoflow water-jacketed
CO2 incubator (NuAire Inc.®, MN, USA) at 37°C and 5% CO2.
2.2.2.1 Culture of human fibroblast cell lines
XP30RO, TR30-2, TRG-16, TR30-9 and AT fibroblast cell lines were
routinely cultured in Minimum Essential Medium Eagle (MEM; Sigma)
supplemented with 10% non-heat inactivated foetal bovine serum (FBS;
Sigma), 2X essential amino acids (Gibco), 2X non-essential amino acids
and 2X vitamins (Gibco), 2 mM L-glutamine (Sigma) and 1% penicillinstreptomycin (Sigma). NFF, XP12RO and XP12RO-C5 cells were cultured
in Dulbeccos’ Modified Eagles Medium (DMEM; Sigma) supplemented
with 10% heat inactivated FBS (56°C for 30min; Gibco) and 1% penicillinstreptomycin (Sigma). Cell lines were routinely cultured in sterile 75 cm2
tissue culture flasks (Corning) in 15 ml of the appropriate media. Media was
replaced every 48-72 hrs. Cells were sub-cultured at approximately 80%
confluence, as determined by observing cells using an Olympus CKX31
light microscope. Adherent cell cultures were trypsinised for approximately
5 minutes, at 37°C, in 1 ml per 25 cm2 of 2X trypsin-EDTA (Sigma) in
Hanks balanced salt solution (HBSS; Sigma). Trypsin activity was inhibited
by the addition of 3 ml of media containing 10% FBS per 1 ml of trypsin
solution. Cells were centrifuged at 1,200 rpm for 5 minutes in a Rotanta 460
centrifuge (Hettich Zentrifugen, Tuttlingen, Germany). The cell pellet was
gently resuspended in pre-warmed media. Cell number was determined
using Kova® Glasstic® Slide 10 combination coverslip-microscope slides
(Hycor Biomedical Ltd., CA, USA). Seeding densities of cells are outlined
in Table 2.4.
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Table 2.4 Human fibroblast cell seeding densities
Seeding density (Cell number)
Cell

75cm2 flask

60 mm dish

35 mm dish

XP30RO

8.0 x 105

3.5 x 105

8.0 x 104

TR30-2

1.0 x 106

4.0 x 105

1.0 x 105

TR30-9, TRG-16

1.5 x 106

5.0 x 105

1.5 x 105

NFF

5.0 x 105

2.0 x 105

8.0 x 104

XP12RO,

2.0 x 106

5.0 x 105

2.5 x 105

XP12RO-C5

2.2.2.2 Tetracycline-induced polη-GFP expression in TRG-16 cells
Twenty-four hours following seeding, media was changed on TRG-16 cells,
and tetracycline at a final concentration of 0.1 µg/ml was added. Polη-GFP
expression was detected 24 hr following tetracycline addition, and cells
were subsequently treated at this point.
2.2.2.3 Tetracycline-induced polη expression in TR30-9 cells
Twenty-four hours following seeding, media was changed on TR30-9 cells,
and tetracycline at a final concentration of 0.1 µg/ml was added. Polη
expression was detected 18 hr following tetracycline addition, and cells
were subsequently treated at this point.
2.2.2.4 Culture of primary normal human epidermal melanocytes (NHEM)
NHEM were routinely cultured in melanocyte growth media-4 (MGM™-4;
Lonza) supplemented with MGM™-4 SingleQuots™ kit (Lonza), which
includes

undisclosed

concentrations

of

bovine

pituitary

extract,

hydrocortisone, insulin, human fibroblast growth factor-basic, GA-1000,
calcium chloride (final concentration: 50 µM), FBS (final concentration:
2.5% (v/v)) and phorbol 12-myristate 13-acetate (PMA; final concentration:
0.01 µg/ml). NHEM were routinely cultured in 15-20 ml of media in 75 cm2
tissue culture flasks. 50% of the media was replaced every 48-72 hrs.
NHEM were routinely subcultured using the ReagentPack™ subculture kit
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(Lonza Inc.), which contains trypsin-EDTA, HEPES salt solution and
Trypsin neutralising solution (TNS). Trypsin-EDTA was diluted 1:1 in
HEPES salt solution before use. NHEM were sub-cultured at approximately
80% confluence. Media was removed and cells were gently washed in 8 ml
of pre-warmed PBS. 4 ml of trypsin-EDTA: HEPES solution was added per
75 cm2 flask and cells were incubated at room temperature for 30 sec to 1
min. Trypsin activity was inhibited by the addition of an equal volume of
TNS and the cell solution transferred to a sterile 50 ml tube. The culture
flask was washed once with double the volume of pre-warmed media. Cells
were counted using Kova® Glasstic® Slide 10 combination coverslipmicroscope slides (Hycor Biomedical Ltd., CA, USA). Cells were seeded at
the appropriate densities outlined in Table 2.5. Prior to sub-culture of
NHEM, 15 ml of pre-warmed media was added to new 75 cm2 stock flasks
and allowed to equilibrate in the incubator at 37°C and 5% CO2 for 30
minutes.
2.2.2.5 Culture of murine melanocytes
Murine melanocytes were cultured in DMEM:F12 (Gibco) medium,
supplemented with 10% (v/v) heat inactivated-FBS, 2 mM L-glutamine, 200
nM PMA and 1% penicillin-streptomycin. Murine melanocytes were
routinely cultured in 20 ml of media per 75 cm2 tissue culture flasks, 50% of
the media was replaced with fresh media every 48-72 hrs. Murine
melanocytes were sub-cultured as described for fibroblast cells (Section
2.2.2.1). Cells were seeded at the appropriate densities outlined in Table 2.5.
2.2.2.6 4-hydroxytamoxifen-induced

Chk1

knockdown

in

murine

melanocytes
Murine melanocytes were seeded at 3.5 x 105 cells in 4 ml of media on 60
mm cell culture dishes. 4-hydroxytamoxifen (4-OHT) at a final
concentration of 1 µM was added at 24 hr intervals in 4 ml of fresh media.
Control dishes were treated with 4 µl of ethanol. 4-OHT-induced Chk1
knockdown was monitored using western blotting using an anti-Chk1
antibody. Cells were subsequently exposed to UVA radiation 48 hr
following the initial addition of 4-OHT.
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Table 2.5 Melanocyte cell seeding densities
Seeding density (Cell number)
Cell

T75

60 mm dish

35 mm dish

NHEM

1.0 x 106

4.5 x 105

1.5 x 105

Murine

1.0 x 106

3.5 x 105

1.0 x 105

melanocytes

2.2.3

Cryopreservation

Prior to cryopreservation, all cells were allowed to reach approximately
80% confluence. Cells were trypsinised as outlined in Sections 2.2.2.1 and
2.2.2.4. 20 µl of the cell suspension was removed and cells were counted.
Cells were centrifuged at 1,200 rpm for 5 minutes and the pellet was gently
resuspended in appropriate freezing media (Table 2.6) to achieve an
appropriate cell density (Table 2.6). 1 ml of cell suspension was added to
1.5 ml cryovials (Nunc, Wiesbaden, Germany). Cryovials were placed in a
Cryo 1°C freezing container (Nalgene®, Rochester, NY, USA) and
incubated at -80° C overnight. The system allows cells to be cooled at a rate
of approximately 1° C per minute, maintaining cell membrane integrity.
Following overnight incubation at -80° C, cells were transferred for longterm storage to a liquid nitrogen storage system (Jencons-PLS,
Bedfordshire, UK).
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Table 2.6 Cell density and freezing media for cryopreservation
Cell density for
Cell

Freezing media

cryopreservation
(cells/ml)

XP30RO, TR30-2,

MEM, 20% (v/v) non HI-

TRG-16, TR30-9

FBS and 10% (v/v)

1 x 106

DMSO
NFF, XP12RO,

DMEM, 20% (v/v) HI-

XP12RO-C5

FBS and 10% (v/v)

1 x 106

DMSO
NHEM

MBM-4, 20% (v/v) HI-

5 x 105

FBS and 10% (v/v)
DMSO
Murine

HI-FBS and 10% (v/v)

melanocytes

DMSO

2.2.4

1.5 x 106

Cell resuscitation

Immediately following removal from liquid nitrogen, cells were placed in a
37°C water bath to thaw. Cells were resuspended by pipetting gently, and
transferred to a 15 ml tube containing 5 ml of pre-warmed culture media.
XP30RO, TR30-2 and NFF cells were centrifuged at 1,000 rpm for 3
minutes; the pellet was gently resuspended in 5 ml of fresh pre-warmed
media and transferred to a 25 cm2 culture flask. TRG-16, TR30-9, XP12RO
and XP12RO-C5 cells were placed directly into a 25 cm2 culture flask
without centrifugation. NHEM and murine melanocytes were placed
directly into a 75 cm2 culture flask without centrifugation. Prior to
resuscitation of NHEM, 10 ml of pre-warmed MGM-4 media was placed in
a 75 cm2 culture flask and allowed to equilibrate at 37°C for 30 minutes.
All cells were incubated at 37°C and 5% CO2. The following day, media
was changed on the human fibroblast cells lines. 6 ml of fresh media was
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added to NHEM and murine melanocytes the day after resuscitation, and the
following day NHEM and murine melanocytes received at 50% media
change.
2.2.5

UV irradiation

48 hr prior to UV-irradiation, cells were seeded on 35 mm, 60 mm or 100
mm tissue culture dishes, as indicated for individual experiments, and
allowed to reach 70-80% confluence. Immediately prior to irradiation,
medium was removed and placed in a sterile 50 ml tube. Cells were washed
in pre-warmed sterile phosphate saline buffer (PBS; 140 mM NaCl, 2.5 mM
KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4, pH 7.6). Cells were mock- or
UV-irradiated in the indicated volumes of pre-warmed PBS: 1 ml of PBS
per 35 mm dish, 2 ml of PBS per 60 mm dish and 6 ml of PBS per 100 mm
dish. Note: for UVA irradiation of NHEM, cells were washed and irradiated
in PBS containing 50 µM CaCl2, a concentration equal to that in MGM-4
media.
Table 2.7 Calculated irradiance and dose rates of short wavelength UV
lamps
Lamp

Peak emission

Irradiance

Dose rate

wavelength (nm)

(W/m2)

(J/m2/sec)

UVC

254

1.67

1.67

UVB

302

2.12

2.12

Monochromatic UVC (254 nm) and UVB (302 nm) radiation was delivered
from low-pressure mercury lamps (Models UVG-11 and UVM-57
respectively, UVP Inc., CA). Cells were exposed to UVC and UVB
irradiation with the lids of the culture dishes removed, for the appropriate
time to reach required dose, for example 12 seconds for 20 J/m2 UVC, or 48
seconds for 100 J/m2 UVB. To retain sterility, UVC and UVB irradiations
were performed in the tissue culture hood. The irradiance of the UVC and
UVB lamps was calculated using a UVX-digital radiometer fitted with
UVX-25 and UVX-30 (UVP Inc., CA, USA) probes respectively. The
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calculated lamp irradiance when the UVC lamp was positioned 23 cm above
cells and the UVB lamp was positioned 15 cm above the cells, are shown in
Table 2.7. The dose rate was calculated using the formula: 1 W/m2 = 1
J/m2/sec. Mock-treated samples were washed in PBS as described above but
were not exposed to UV-irradiation.

Figure 2.2 Emission spectra of UVA lamps. UV emission spectrum of
UVA lamps as measured at Dr. Groebel UV-Electronik GmbH, Germany.
The peak emission of the UVA lamp is 350.6 nm.

Broadband UVA radiation was delivered from 20 UVA lamps in an
irradiation chamber (Model BS-03; Dr. Groebel UV-Electronik GmbH,
Germany). The emission spectrum of the UVA lamps (as measured at Dr.
Groebel UV-Electronik GmbH, Germany) is shown in Figure 2.2. The
lamps emit UVA radiation greater than 315nm (> 98.5%) with a peak
emission at 350.6 nm. The irradiance of the UVA lamps were measured
using a UVX-digital radiometer connected to a UVX-36 probe (UVP Inc.,
CA). UVA lamp irradiances were periodically measured throughout the
duration of this study and were not found to vary from initial measurements.
UVA lamp irradiance should be routinely measured as lamp irradiance can
decrease with use. UVA irradiation was delivered to cells in culture dishes
with the lids on, to eliminate short-wavelength UV radiation. The irradiance
was therefore measured through the plastic lid of a tissue culture dish. The
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dose rate of the UVA lamps was 21 J/m2/sec (Table 2.8), which corresponds
to an 80 minute exposure to achieve 100 kJ/m2 UVA. Mock-treated cells
were placed in a light-proof box in the chamber for the duration of the
irradiation, but were not exposed to UVA-irradiation. No difference in
temperature was detected between mock-treated and UVA-irradiated
samples during the UVA exposure times used in this study.

Figure 2.3 Wavelength-dependent UV transmittance through shortwavelength UV filters. The percentage transmittance of UV radiation
through Filter 1 and Filter 2 short-wavelength UV filters determined using a
UV-VIS Cary-50 (Varian) spectrometer in the laboratory of Dr. D. Stengel
(MRI, NUIG).

Where indicated, short-wavelength UV filters, a kind gift from Dr. D.
Stengel (MRI, NUIG), were placed on top of the plastic tissue culture dish
lids, either separately or together, for the duration of the UVA-irradiation.
The short-wavelength UV filters used in this study were Filter 1 (Folanorm;
Folex GmbH, Dreieich, Germany) and Filter 2 (UVRU). Filter 1 blocks the
transmission of short-wavelength UV of less than 315 nm, while filter 2
blocks the transmission of the majority of UV radiation less than 350 nm, as
measured using a UV-VIS Cary-50 (Varian) instrument in the laboratory of
Dr. D. Stengel (MRI, NUIG; Figure 2.3). Of note, the irradiance of the UVA
lamps reaching the cells, when the tissue culture dish lids were covered with
short-wavelength UV filters, was reduced significantly (Table 2.8), as
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measured using a UVX-digital radiometer connected to a UVX-36 probe as
described above.
Immediately following mock-treatment or UV-irradiation, PBS was
removed and the previously removed media was replaced on the cells as
follows: 1.5 ml per 35 mm dish, 3 ml per 60 mm dish or 10 ml per 100 mm
dish. Cells were allowed to recover in the incubator, at 37°C and 5% CO2,
for the indicated times before subsequent processing as described for
individual experiments below.
Table 2.8 Calculated irradiance of UVA lamps as measured through
short-wavelength UV filters

2.2.6

Filter

Irradiance (W/m2)

Dose rate (J/m2/sec)

-

21.0

21.0

1

17.4

17.4

2

2.66

2.66

1+2

2.2

2.2

Ionising radiation

Immediately prior to ionising radiation (IR) exposure, cells were washed in
pre-warmed PBS. Cells in PBS were irradiated with doses of 0-40 Gy IR in
a Mainance Millennium Irradiator. Mock-irradiated samples were processed
in the same manner, but not placed in the irradiator. Previously removed
media was returned to the cells following mock-treatment or exposure to IR
and cells were incubated at 37°C and 5% CO2 until the time of harvest.
2.2.7

Treatment with small molecule inhibitors

Cells were seeded as outlined in Section 2.2.2. Unless otherwise stated for
individual experiments, a 1/1,000 dilution of the working stock of the small
molecule inhibitors, outlined in Table 2.1, was added directly to the culture
media for 30 min prior to UVA-irradiation. In parallel, samples were treated
with an appropriate volume of vehicle control. Following UVA-irradiation
(Section 2.2.5), the previously removed media containing inhibitors or
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vehicle control was returned to the cells. In certain experiments fresh prewarmed media without inhibitors was added post-irradiation.
2.2.8

Clonogenic cell survival assay

2.2.8.1 Cell treatment and re-seeding
Cells were seeded at the indicated densities (Table 2.4) on 35mm cell
culture dishes (Sarstedt) in 2ml of media. 24hr later, the media was changed.
48hr post-seeding cells were mock-treated or exposed to UV-irradiated as
described in Section 2.2.5. Where indicated, 1mM caffeine (Table 2.1) was
added to the medium immediately following irradiation, and an appropriate
volume of ddH2O was added to control dishes. 24hr post-irradiation and
drug treatment, cells were trypsinised (as outlined in Section 2.2.2.1) and
centrifuged at 1,200rpm for 5min. The cell pellet was resuspended in 3ml of
pre-warmed culture media. For each sample at least 100 cells were counted
using Kova® Glasstic® slides. The volume of cell suspension containing
1,000 cells was calculated and added to 60mm Cell+ coated cell culture
dishes (Sarstedt) containing 4ml of culture media. 1mM caffeine or an
equivalent volume of ddH2O was added to dishes, where indicated. Cells
were incubated at 37°C for 9 days to allow growth of colonies.
2.2.8.2 Fixing, staining and analysis of colonies
9 days after re-seeding, colonies were fixed and stained by incubating with
1ml of staining solution (0.25% (w/v) 1,9-dimethyl-methylene blue (Sigma),
50% ethanol) for 45 minutes at room temperature, while rocking. Excess
staining solution was then removed, and the dishes were washed with H2O
and allowed to dry. In some cases, due to supply shortages in dimethylene
blue, colonies were fixed and stained using coomassie blue stain (40% (v/v)
methanol, 10% (v/v) acetic acid and 0.2% (w/v) Brilliant Blue R (Sigma))
with rocking at 4°C overnight. Excess coomassie stain was removed using
coomassie de-stain (40% (v/v) methanol and 10% (v/v) acetic acid). The
dishes were dried overnight in a Class I fume hood. Visible colonies were
counted manually. The survival of mock-treated samples was set at 100%,
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and the survival of UV-irradiated samples was calculated as a percentage
survival of the appropriate mock-treated control, using the formula:
% Survival = (Number of colonies in UVA-irradiated sample / Number of
colonies in mock-treated sample) x 100
Survival curves were constructed in Microsoft Excel software. Where the
effect of a drug on UV survival was to be tested, the survival of the UVAirradiated and drug-treated samples was expressed as a percentage survival
of the mock-treated and drug-treated sample, to normalise for the effects of
the drug treatment alone on cell survival.
2.2.9

Trypan blue dye-exclusion assay

Cells were seeded at the indicated densities (Table 2.4 and Table 2.5) on
35mm cell culture dishes in a total volume of 2 ml media. Cells were mocktreated or exposed to UV-irradiation as outlined in Section 2.2.5. Following
treatment, cells were allowed to recover at 37°C for 48hr.
2.2.9.1 Trypan blue staining
Media from the dishes, which included the floating cell population, was
transferred to a 15 ml tube. Cells were detached from the dish by incubating
with 0.5 ml of pre-warmed 2X trypsin: EDTA for 3 minutes. Trypsin
activity was inhibited by the addition of 2 ml of pre-warmed media
containing 10% (v/v) FBS, and the cell suspension was transferred to the
same 15 ml tube. Dishes were further washed with 2 ml of media. The cells
were centrifuged for 5 minutes at 1,200 rpm, and the cell pellet was
resuspended in 1 ml of PBS. A 20 µl aliquot of cell suspension was diluted
1:1 in 0.4% (w/v) trypan blue solution (Sigma). 20 µl of the cell suspension
in trypan blue solution was loaded into Kova® Glasstic® slides. Cells were
counted under 40X magnification using a phase contrast filter on an
Olympus CKX31 light microscope. The trypan blue dye-exclusion assay is
based on the principle that viable cells with intact membranes will exclude
the trypan blue dye, while the dye can readily enter non-viable cells and
these cells can be visualised by light microscopy as blue cells. Both viable
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(transparent) and non-viable (blue) cells were scored. At least 100 cells per
sample were counted.
2.2.9.2 Analysis of the trypan blue dye-exclusion assay data
The percentage of viable cells for each sample was calculated by expressing
the number of viable cells as a percentage of the total number of cells, as per
the following formula:
% Viable cells = (number of viable cells/total number of cells) x 100
The percentage viability of UV-irradiated cells compared to mock-treated
cells was calculated by setting the percentage of viable cells in the mocktreated sample (as calculated above) at 100%, and calculating the percentage
viability of UV-irradiated cells as a percentage of the appropriate mocktreated control using the formula:
% viability = (% viable cells in treated sample x 100)/% viable cells in
mock-treated sample
Data was analysed using Microsoft Excel software. Where the effect of a
drug on UV viability was to be tested, the viability of the UVA-irradiated
and drug-treated cells was expressed as a percentage viability of the mocktreated and drug-treated cells, to normalise for the effects of the drug
treatment alone on cell viability.
2.2.10 Flow cytometry
2.2.10.1 Live cell PI-exclusion assay
Cells were seeded on 35 mm dishes as outlined in Section 2.2.2, and treated
as outlined for individual experiments. Cells were trypsinised (as outlined in
Section 2.2.9) at the indicated times post-treatment, washed in 1 ml of coldPBS and centrifuged at 1,200 rcf for 5 min. Samples were placed on ice and
cells were resuspended in 200 µl of ice-cold PBS. Immediately prior to
FACS analysis of each sample, 100 µl of the cell suspension was placed in a
FACS tube and 200 µl of PI/RNase stain (BD) was added. The assay is
based on the principle that viable cells with intact plasma membranes
exclude propidium iodide (PI), while non-viable cells will take up PI
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resulting in increased cellular fluorescence. Samples were analysed on a
FACS Calibur and data was analysed using CellQuest software.
2.2.10.2 BrdU incorporation and cell cycle analysis
2.2.10.2.1 BrdU incorporation and cell harvesting
Cells were seeded on 35 mm dishes and treated as outlined above. Cells
were incubated with BrdU (10 µM) for 1 hr prior to harvest by
trypsinisation, or for 1.5 hr prior to harvest in the case of NHEM. Cell
pellets were resuspended in 500 µl of ice-cold PBS and transferred to a 2 ml
tube. Cells were fixed by the drop-wise addition of 1.5 ml of ice-cold 100 %
(v/v) ethanol. Following incubation at room temperature for 20 min,
samples were stored at -20°C until the day of FACS analysis.
2.2.10.2.2 BrdU and propidium iodide staining
Staining procedures were carried out on the day of FACS analysis. Fixed
cells were thawed at room temperature for 20 min, and then centrifuged at
10,000 rpm for 10 min. Following removal of the supernatant, cell pellets
were loosened by scraping the tubes against a tube rack. Cells were
permeabilised and DNA denatured by the dropwise addition of 500 µl 2 N
HCl containing 0.5 % (v/v) Triton X-100, followed by rotation at room
temperature for 30 min. In the case of NHEM, DNA was denatured by
incubation for 1 hr in 4 N HCl containing 1% (v/v) Triton X-100. Cells were
centrifuged at 10,000 rpm for 10 min and HCl was neutralised by the
addition of 500 µl of 0.1 M Na2B407.10H2O pH 8.5. Following
centrifugation at 10,000 rpm for 10 min cells were resuspended in 300 µl of
blocking solution (PBS, 0.5 % (v/v) Tween-20, 1 % (w/v) BSA). 7 µl of
FITC-conjugated anti-BrdU antibody (BD) was added to each sample.
Samples were rotated in the dark at room temperature for 30 min. In the
case of NHEM, cells were incubated with 15 µl of FITC-conjugated antiBrdU antibody, for 45 min. Following centrifugation at 10,000 rpm for 10
min, cells were washed in 300 µl of blocking solution. Finally, cells were
centrifuged at 10,000 rpm for 5 min, and incubated for at least 30 min at
room temperature in 250 µl of PI-RNase stain (BD), to stain cellular DNA.
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Samples were analysed by flow cytometry using a FACS Calibur (BD) and
data was analysed using CellQuest™ software.
2.2.10.3 Dichlorofluorescin (DCF) oxidative stress assay
The mechanism of action of the dichlorofluorescin (DCF) oxidative stress
assay is outlined in Figure 2.4. 2’,7’-dichlorofluroescein diacetate (DCFHDA) is a non-fluorescent, cell-permeable chemical. Within the cell,
esterases

deacetylate

DCFH-DA

forming

non-fluorescent

2’,7’-

dichlorofluorescein (DCFH). Upon the induction of ROS, DCFH is oxidised
to form a fluorescent product, DCF. Here, DCF fluorescence is measured
using flow cytometry.

Figure 2.4 Principle of the dichlorofluroesceine (DCF) oxidative stress
assay. Adapted from (Takanashi et al., 1997)

80

Chapter 2
Cells were seeded on 35 mm dishes and allowed to reach 80% confluence.
10 µM 2’,7’-dichlorofluorescin diacetate (DCFH-DA; Sigma) was added to
the culture media for 30 min prior to treatment. DCFH-DA (10 µM) was
also added to the PBS for the duration of mock-treatment or UVAirradiation. Immediately post-UVA exposure, the previously removed media
containing DCFH-DA was returned to the cells. As a positive control for
oxidative stress induction, cells were treated with hydrogen peroxide
(H2O2). Cells were washed in PBS and incubated with 100 µM H2O2 in PBS
for 30min at 37°C, before the previously removed media was returned to the
cells, as outlined above. Where indicated cells were treated with N-acetylcysteine (NAC), a widely used antioxidant (Girard et al., 2008). 10 mM
NAC was added at the same time as DCFH-DA. This method of measuring
UVA-induced oxidative stress by pre-incubating cells with DCFH-DA prior
to UVA irradiation was adapted from Girard et al. (2008). However, it
should be noted that DCFH-DA is a UV-sensitive chemical and it has been
recently reported that pre-incubation of cells with DCHF-DA before UVA
irradiation can result in increased cellular fluorescence (Boulton et al.,
2011), thus in future experiments it would be preferable to incubate with
DCFH-DA only post-UVA irradiation.
Following incubation at 37°C for 30 min post-treatment, cells were
trypsinised and centrifuged at 1,200 rpm for 5 min at 4°C. The cell pellet
was resuspended in 1ml of ice-cold 1X PBS, transferred to a 1.5 ml
Eppendorf tube and centrifuged at 2,000 rcf for 5 min at 4°C. Cells pellets
were resuspended in ice-cold PBS and analysed using a FACS Calibur. The
fluorescence intensity of each sample was analysed in the FL1 (FITC)
channel.
2.2.11 Protein lysate preparation
All steps for the preparation of protein lysates were carried out on ice. Cells
were seeded on 60 mm dishes and treated as outlined for individual
experiments. At the indicated times post-treatment, the dishes were placed
on ice. Media was removed using a vacuum pump and cells were washed in
ice-cold PBS. Dishes were placed vertically on ice to drain excess PBS
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which was then removed using the pump. An appropriate volume (20-50 µl,
depending on the confluence of the cells) of RIPA lysis buffer (150 mM
NaCl, 1% (v/v) IGEPAL® CA-630 (Sigma), 0.25% (w/v) sodium
deoxycholate, 1 mM EDTA, 30 mM Tris-HCl, pH 7.4) containing protease
and phosphatase inhibitors (Table 2.9), was added to the dishes which were
than scraped briefly using a 39 mm scraper (Sarstedt). Samples were
incubated on ice for 5 min. Cells were than scraped and transferred to prelabelled 1.5 ml Eppendorf tubes, vortexed for 20sec and allowed to lyse on
ice for a further 15 min.
Where the floating cell fraction was required for analysis, cells were scraped
into the media, rather than into lysis buffer, using a 39 mm scraper. The cell
suspension was transferred to a 15 ml tube. The dish was washed with icecold PBS (2 ml per 60 mm dish) and added to the same 15 ml tube. The cell
suspension was centrifuged at 1,200 rpm for 5 minutes at 4°C. The resulting
cell pellet was resuspended in 1 ml of ice-cold PBS and transferred to a prelabelled 1.5ml Eppendorf tube and centrifuged at 14,000 rpm for 10 sec.
The cell pellet was resuspended in 25 µl of RIPA lysis buffer, containing
protease and phosphatase inhibitors, vortexed for 20 sec and allowed to lyse
on ice for 5 minutes. Samples were vortexed again and allowed to lyse on
ice for a further 15 min. Cell lysates were stored at -20°C.
On the day of analysis lysates were thawed on ice and centrifuged at 4°C for
15min at 14,000 rpm in a Sigma 1-15K centrifuge (Sigma), to pellet the
insoluble fraction. The supernatant fraction, containing soluble proteins, was
transferred to a new pre-labelled 1.5ml Eppendorf tube.
Where indicated, such as for the analysis of chromatin-associated proteins in
NHEM, cell lysates were sonicated on ice, three times for 10 sec at 20%
amplitude using a Digital Sonifier® cell disrupter (Branson Ultrasonics
Corporation, USA), with 20 sec intervals between each pulse. Whole cell
lysates were then processed as outlined below.
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Table 2.9 Protease and phosphatase inhibitors added to RIPA lysis
buffer
Inhibitor class

Inhibitor name

Diluent

Stock

Final

concentration

concentration

Protease

Aprotinin

ddH2O

1mg/ml

2µg/ml

inhibitors

Leupeptin

ddH2O

1mg/ml

1µg/ml

Phenylmethylsulfonyl

Ethanol

100mM

1mM

PBS

500mM

5mM

PBS

100mM

1mM

fluoride (PMSF)
Phosphatase

Sodium fluoride

inhibitors

(NaF)
Sodium orthovanadate
(Na3VO4)

2.2.12 Determination of protein concentration
The concentration of protein in cell lysates was determined using the DC™
protein assay (BioRad Laboratories), a detergent-compatible colorimetric
assay based on the Lowry method of protein determination (Lowry et al.,
1951). A 2 mg/ml solution of bovine serum albumin (BSA; Fisher) in RIPA
lysis buffer was utilised as the protein standard for the assay and aliquots
were stored at -20°C. Immediately prior to protein determination, an aliquot
of the BSA stock solution was defrosted on ice and a series of dilutions
(between 0-1 mg/ml BSA) were prepared in RIPA lysis buffer. BSA
solutions were mixed by vortexing, and 5 µl was added in duplicate into a
flat-bottomed 96-well plate (Sarstedt). Following a brief vortex, 2 µl of
protein lysate was pipetted in duplicate into the 96-well plate. DC Buffer A’
was prepared immediately prior to use by combining 1 ml of DC Reagent A
with 20 µl of DC Reagent S. 25 µl of Buffer A’ was added to each well of
the 96-well plate, followed by the addition of 200 µl of DC Reagent B. The
reaction was allowed to proceed by incubating the 96-well plate at room
temperature for 15 minutes. The absorbance was measured at 490 nm for
0.1 seconds on a Victor2 1420 Multilabel Counter (Wallac, MA, USA). A
standard curve was plotted using Microsoft Excel software. The coefficient
of determination (R2) statistic was utilised to estimate how well the linear
trend line fitted the plotted points. Standard curves with R2 values less than
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0.95 were dismissed and the assay repeated. The concentration of protein in
each samples was determined in Excel using the formula y = mx + c, where
y = absorbance, m = slope of the trend line, x = protein concentration
(µg/µl) and c = the y-axis intercept of the trend line.
2.2.13 Sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE)
Protein lysates were analysed by SDS-PAGE using the Mini-PROTEAN® 3
system (Bio-Rad). SDS-PAGE gels were prepared as outlined in Table 2.10.
20 µg of protein, prepared as described in Section 2.2.11, was combined
with an appropriate volume of 4 X Laemmli reducing buffer (1% (w/v)
SDS, 40% (v/v) glycerol, 0.1% (w/v) bromophenol blue, 5% (v/v) βmercaptoethanol, 250 mM Tris-HCl pH 6.8) to achieve a final concentration
of 1 X Laemmli buffer. Proteins were denatured by incubating in boiling
water for 5 minutes. Samples were centrifuged briefly in a bench top
PicoFuge™ (Stratagene, Agilent Technologies, USA). Using Prot/Elec™
Tips (Bio-Rad), samples and pre-stained protein ladder (Thermo Scientific,
Fisher, IL, USA; catalogue number 22616 or 26635) were loaded onto gels,
fully immersed in 1 X running buffer (192 mM glycine, 25 mM Tris Base,
0.1% (w/v) SDS). Empty wells were filled with 1 X Laemmli buffer.
Electrophoresis was carried out at 100 V for 2-6 hours until the desired
protein separation was achieved, based on the migration of pre-stained
protein markers.
2.2.14 Western blotting
Following separation by SDS-PAGE, proteins were transferred to
polyvinylidene fluoride (PVDF) membrane (Immobilon™-P transfer
membrane, 0.45 µm pore size; Millipore, MA, USA) using the MiniTransBlot® Cell System (Bio-Rad). The SDS-PAGE gel was immersed in
1X transfer buffer (192 mM Glycine, 25 mM Tris Base) prior to transfer
assembly. PVDF membrane was pre-activated by soaking in 100%
methanol for 3 minutes. Excess methanol was removed by washing for 3
minutes in ddH2O and the membranes was then immersed in 1X transfer
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buffer until use. The transfer cassette was assembled with the PVDF
membrane on the cathode side and the SDS-PAGE gel on the anode side,
surrounded with five pieces of filter paper (pore size 11 µm; Fisher Brand)
and a sponge pad (Bio-Rad), both pre-wetted in 1X transfer buffer. Transfer
was carried out at 100V for 45 minutes in an electrophoresis apparatus
containing pre-cooled 1X transfer buffer and an ice-pack.
Following transfer, the PVDF membrane was washed briefly in Trisbuffered saline (TBS; 10 mM Tris base, 68mM NaCl, pH 7.6) containing
0.05% (v/v) Tween®-20 (T-TBS; Fisher, NJ, USA). Non-specific protein
binding sites were blocked by incubating the membrane in 20 ml of 5%
blocking buffer (T-TBS, 5% (w/v) non-fat powered milk (Marvel, Premier
Foods, UK)) for 1 hr at room temperature, while rocking at 30 rpm on a
Labnet Rocker 35A (Labnet International, Inc., NJ, USA). Membranes to
be probed with anti-GAPDH antibody were blocked in T-TBS containing
5% (w/v) BSA, under the conditions outlined above. Primary antibodies
were diluted in the appropriate 5% blocking buffer as outlined in Table
2.11. Membranes were incubated with 2 ml of primary antibody solution
overnight at 4°C, while rocking. Unbound primary antibody was removed
by washing in 20 ml of T-TBS three times for 7 minutes at room
temperature, while rocking.
Protein-bound primary antibody was achieved by probing the membrane
with horseradish peroxidase (HRP)-conjugated secondary antibodies
(Jackson ImmunoResearch Laboratories, Inc., PA, USA). HRP-conjugated
secondary antibodies were diluted in 3% blocking solution (T-TBS, 3%
(w/v) non-fat powered milk), see Table 2.11. Membranes were incubated
with 20 ml of secondary antibody solution for 1 hr at room temperature
while rocking. Excess secondary antibody was removed by washing in 20ml
of T-TBS three times for 7 minutes at room temperature, with rocking.
HRP activity was detected using the Amersham™ ECL™ Prime western
blotting detection reagent (GE Healthcare Bio-Sciences AB, Uppsala,
Sweden). 1.5 ml of ECL Prime reagent was prepared per 52 cm2 of
membrane by combining Reagent A and Reagent B in a ratio of 1:1.
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Table 2.10 Components of SDS-PAGS running and stacking gels
Running gel

Volume (ml) for 1 x 1.5mm gel or 2 x 1mm gels

Acrylamide %

8%

10%

12%

ddH2O

4.6

4

3.3

30% (w/v)

2.7

3.3

4

2.5

2.5

2.5

10% (w/v) SDS

0.1

0.1

0.1

10% (w/v) APS

0.1

0.1

0.1

TEMED

0.006

0.004

0.004

Acrylamide-Bis
(Bio-Rad)
1.5M Tris-HCl pH
8.8

Stacking gel

Volume (ml) per gel

ddH2O

1.4

30% (w/v)

0.33

Acrylamide-Bis
(Bio-Rad)
1M Tris-HCl pH 6.8

0.25

10% (w/v) SDS

0.02

10% (w/v) APS

0.02

TEMED

0.002

Membranes were incubated for 5 minutes with ECL Prime reagent and then
transferred to a film cassette (Sigma).The following steps were carried out
in a dark-room lit by a safety light (Safe Light filter No. 68, Kodak).
Medical X-ray film (A Plus, Konica Minolta Medical, Tokyo, Japan) was
exposed to the membrane in a film cassette for between 10 seconds and 5
minutes, depending on the strength of the signal. The film was developed in
a CP1000 automatic film processor (Agfa, Mortsel, Belgium) using Agfa
G153 developer (Agfa, Mortsel, Belgium) solution and Agfa G353 fixer
solution (Agfa, Mortsel, Belgium).
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Table 2.11 Dilutions of primary antibodies used for western blotting
Primary antibodies
Name

Species

Dilution

Supplier;
Catalogue number

anti-ATM

Rabbit

1/1,000

Millipore;
# 07-1286

anti-ATM (N-

Mouse

1/1,000

terminus)
anti-phospho-S1981

Delia, Milan
Mouse

1/500

ATM
anti-adducin α (H-

Rabbit

1/10,000

Santa Cruz;

(1/1,000 murine extracts)

# sc-25731

1/10,000

Santa Cruz;

Rabbit

adducin
anti-phospho-S345

# sc-16736
Rabbit

1/750

Chk1
anti-phospho-S317

Rabbit

1/750

Mouse

1/1,000

Sigma;

(1/5,000 murine extracts)

# C-9358

1/500

Cell Signalling;

Rabbit

Chk2
anti-GAPDH

Cell Signalling;
# 2344

DCS-310)
anti-phospho-T68

Cell Signalling;
# 2348

Chk1
anti-Chk1 (clone

Millipore;
# MAB3806

100)
anti-phospho-S726

Prof. Domenico

# 2661
Mouse

1/10,000

Abcam;
# 9484

anti-GFP

Mouse

1/1,000

Roche;
# 11 814 460 001

anti-phospho-S139

Mouse

1/500

H2AX (clone

Millipore;
# 05-636

JBW301)
anti-polη

Rabbit

1/1,000

Abcam;
# ab17725

anti-phospho-S4/S8

Rabbit

1/5,000

RPA2
anti-RPA2 (Ab-3)

Bethyl labs;
# A300-245A

Mouse

1/4,000 – 1/8,000

Oncogene;
# NA19L

anti-RPA2 (Clone

Rat

1/100

RBF-4E4)

Prof. HP Nasheuer
(CCB, NHIG)
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2.2.14.1 Quantification of western blot band intensities
Where the intensity of individual bands was measured western blot images
were acquired using the LAS-3000 luminescence imager (Fujifilm). Band
intensities were quantified using Multi Gauge V2.2 software. The intensity
of each band was normalised by subtracting the average background
intensity, measured from at least three sites per image.
Table 2.12 Dilutions of secondary HRP-conjugated antibodies used for
western blotting
Secondary antibodies
HRP-conjugated goat anti-mouse

1/10,000-1/50,000

IgG

Jackson
ImmunoResearch
# 115-035-003

HRP-conjugated goat anti-rabbit IgG

1/10,000-1/50,000

Jackson
ImmunoResearch
# 111-035-003

HRP-conjugated donkey anti-rat IgG

1/10,000-1/50,000

Jackson
ImmunoResearch
# 712-035-153

2.2.15 Preparation of protein lysates for Kinetworks™ phospho-site
screen (KPSS 1.3)
NHEM were seeded at 4.5 x 105 cells per 60 mm tissue culture dish. At least
four dishes per condition were seeded per experiment. 50% of the medium
was changed 48 hr following seeding. 72 hrs post-seeding NHEM were
mock-treated or exposed to 75kJ/m2 UVA-irradiation (as outlined in Section
2.2.5). For these experiments PBS without CaCl2 was utilised during UVAirradiation. For the Kinexus assay lysates from four independent
experiments were pooled to achieve sufficient quantity of protein: 500 µg of
protein per sample. Protein lysates were prepared 3 hr post-UVA treatment.
All steps of the following procedure were carried out on ice. Media was
removed from the dishes using a vacuum pump and cells were washed in 2
ml of ice-cold PBS. Cells were scraped in Kinexus lysis buffer (2 mM
EGTA, 5 mM EDTA, 1% (v/v) Triton X-100, 20 mM MOPS pH 7.0) with
added phosphatase inhibitors, protease inhibitors and reducing agents, see
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Table 2.13 and transferred to a 1.5 ml Eppendorf tube. Lysates were
sonicated on ice, three times for 10 sec at 20% amplitude using a Digital
Sonifier® cell disrupter (Branson Ultrasonics Corporation, USA), with 20
sec intervals between each pulse. Samples were then centrifuged at 14,000
rpm for 30 min at 4°C. The resulting supernatant containing soluble proteins
was transferred to a new pre-labelled 1.5 ml Eppendorf tube. The protein
concentration in each sample was determined using the DC assay, as
outlined in Section 2.2.12. Lysates were stored at -80°C until sufficient
protein (500 µg per sample) was collected. Protein lysates from four
independent experiments were defrosted on ice, pooled and concentrated by
centrifuging at 4°C for 10-20 min at 10,000 rpm in a Millipore Biomax
centrifugal filter with a 5 kDa cut-off (catalogue no. UFV5BCC25;
Millipore, MA, USA). Protein concentration was determined using the DC
assay, and was adjusted to a final concentration of exactly 1 mg/ml and the
volume exactly 0.5 ml, in a 3:1 ratio with Kinexus lysis buffer (50% (v/v)
glycerol, 125 mM Tris-HCl, pH 6.8, 4% (w/v) SDS, 0.08% (w/v)
bromophenol blue, 5% (v./v) β-mercaptoethanol). Lysates were denatured
by incubating at 100°C for 4 minutes. Denatured lysates were shipped on
dry-ice to Kinexus Bioinformatics Corporation, Vancouver, Canada for
analysis using the Kinetworks™ phospho-site broad coverage pathway
screen (KPSS 1.3).
The following steps were carried out by Kinexus Corp. Proteins were
separated by SDS-PAGE and probed with a cocktail of phospho-antibodies,
specific for the proteins in the KPSS 1.3 assay, using a specialised 20-lane
multi-immunoblotting apparatus. Antibody binding was visualised using a
chemoluminescence system. The intensity of each band was quantified,
normalised between blots and expressed in counts per minute (CPM). The
resulting multi-immunoblot images and MS Excel spread sheets with band
intensity data was supplied by Kinexus Corp.
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Table 2.13 Phosphatase inhibitors, protease inhibitors and reducing
agents added to Kinexus lysis buffer
Name

Stock

Final

concentration

concentration

500mM

30mM

β-glycerophosphate

500mM

60mM

Sodium

100mM

1mM

Phosphatase

Sodium fluoride

inhibitors

(NaF)

orthovanadate
(Na3VO4)
Protease

Pepstatin

1.5mM

5µM

inhibitors

Leupeptin

2mM

10µM

Phenylmethylsulfonyl

100mM

1mM

1M

1mM

fluoride (PMSF)
Reducing

Dithiothreitol (DTT)

reagent

2.2.16 Fluorescence microscopy
2.2.16.1 Coverslip preparation
Square (22 x 22 mm) or round (diameter 13 mm) glass coverslips (thickness
no. 1.5; VWR) were cleaned and sterilised prior to use. Coverslips were
immersed in concentrated HCl and incubated overnight in a Class I fume
hood. Following 5 washes in ddH2O, coverslips were boiled in ddH2O for
15 min. Coverslips were allowed to cool and were washed a further 5 times
in ddH2O, followed by 4 washes in 100% (v/v) ethanol. Coverslips were
then placed individually on tissue paper in a Class II laminar flow hood and
dried overnight under UV light. Coverslips were kept sterile by storing in
sealed 100 mm sterile tissue culture dishes.
2.2.16.2 Collagen I coating of glass coverslips
To enhance the adhesiveness of melanocyte cells to the surface, glass
coverslips were coated with collagen prior to use. Bovine collagen I (BD;
Cat # 354231) was diluted 1/60 in 0.01 M filter-sterilised HCl. Round
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coverslips were placed in 4-well dishes and square coverslips placed in 35
mm dishes, and covered in 250 µl or 1 ml of collagen solution, respectively.
Coverslips were incubated for 1 hr at room temperature in a laminar flow
hood. Excess collagen solution was removed and coverslips were washed
once in double the volume of PBS. Coverslips were allowed to dry at room
temperature in the laminar flow hood for 30 min with the lids of the dishes
removed. Coverslips were used immediately.
2.2.16.3 Sample preparation and fixation
Cells were seeded onto the coverslips, pre-coated with collagen where
indicated, as outlined for individual experiments. Cells were incubated for at
least 36 hr before treatment. At indicated times post-treatment, media was
removed and cells were washed gently in pre-warmed PBS. Cells were fixed
in 4% paraformaldehyde (PFA), diluted from a 16% (v/v) stock solution
(Electron Microscopy Sciences) in PBS, at room temperature for 30 min in
the case of the melanocytes or 10 min for all other cells. Cells were washed
twice for 5 min in PBS and then either stored in PBS at 4°C or processed
immediately. All experiments involving fluorescence detection of GFPtagged proteins were processed and imaged within 48 hr, due to the
quenching of GFP fluorescence observed when samples were incubated for
extended periods.
2.2.16.4 Fluorescence analysis of polη-GFP
Cells expressing GFP-tagged proteins were stored in light-proof boxes at all
times to avoid excessive quenching of the GFP fluorescence. Cells were
permeabilised by incubating in PBS containing 0.1% (w/v) Triton X-100
twice for 5 min, at room temperature. Cells were incubated with DAPI (25
ng/ml) diluted in PBS for 10 min at room temperature to stain DNA. Cells
were then washed in PBS, followed by a wash in ddH2O. Coverslips were
air dried before mounting on SuperFrost glass slides (Fisher) in 5 µl of
SlowFade (Invitrogen). The edges of the coverslip were sealed with nail
varnish. Slides were either imaged immediately or stored at 4°C if required.
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2.2.16.5 Immunostaining
Following fixation, cells were permeabilised by incubating twice for 5 min
at room temperature in a solution of PBS containing 0.1% Triton X-100
(PBS-TX; 1 ml per 35 mm dish or 500 µl per well of a 4-well plate). Nonspecific sites were blocked by incubating in blocking solution [either PBSTX containing 1% BSA, or PBS-TX containing 1% BSA and 10% normal
goat serum (NGS)] for 30 min at room temperature with gentle rocking.
Coverslips were placed on parafilm in a light-proof box and incubated with
primary antibodies, diluted in blocking solution (30 µl per round coverslip
or 100 µl per square coverslips), for 1 hr at room temperature or 37ºC
(Table 2.14). To prevent coverslips drying out when incubated at 37ºC,
damp tissue paper was placed around the edges of the box surrounding the
coverslips. Following incubation with appropriate primary antibody,
coverslips were transferred to culture dishes and washed four times at room
temperature for 5 min in PBS-TX, with gentle rocking. Samples were
returned to the light-proof box for incubation with the appropriate
fluorescently-conjugated secondary antibody diluted in blocking solution,
for 1 hr at room temperature or 37ºC. Coverslips were then washed four
times at room temperature for 5 min in PBS-TX, with gentle rocking.
Following a quick wash in PBS and ddH2O, coverslips were air dried and
mounted in SlowFade containing DAPI.
2.2.16.6 Fluorescence analysis of EdU incorporation, using click chemistry
Cells were mock-treated or exposed to UVA-irradiation and incubated with
EdU (10 µM) for 30 min prior to fixation, at the indicated times posttreatment as outlined in Section 2.2.16.3. Where indicated, cells were first
labelled with primary and secondary antibodies as outlined in Section
2.2.16.5. Incorporated EdU was labelled with an Alexa Fluor® 495conjugated azide using the Click-iT™ kit (Invitrogen) as per manufacturer’s
instructions. Briefly, excess secondary antibody was removed and
coverslips were washed three times for 5 min in PBS-TX. The Click-iT™
reaction buffer was prepared as outlined in the kit instruction manual by the
sequential addition of the reagents (1X Click-iT reaction buffer, component
E (CuSO4), Alexa Fluor® 495-conjugated azide and 1X Click-iT reaction
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buffer additive); the reaction mix was vortexed after the addition of each
reagent. Following two washed in PBS containing 3% BSA, coverslips were
transferred to parafilm in a light proof-box and were incubated with ClickiT reaction buffer for 30 min at room temperature. Cells were washed twice
for 5 min in PBS-3% BSA followed by three washes in PBS-TX, one wash
in PBS and one wash in ddH2O. Coverslips were air dried and mounted in
SlowFade containing DAPI.
2.2.16.7 Fluorescence microscopy data analysis
Fluorescence microscopy images were captured using a DeltaVision core
system (Applied Precision), controlling an interline charge-coupled device
camera (CoolSnap HQ2; Roper), mounted on an inverted microscope (IX71; Olympus). Images were captured using the 60X objective, at 2 x 2
binning and 0.2 µm z sections. For EdU intensity analysis, at least 100 cells
per sample were scored; each cell was manually classed as EdU positive or
negative. The EdU signal intensity of each nucleus was measured, from
deconvolved unscaled images, using ImagePro V6.3 software. Briefly, a
mask was created in the DAPI channel to define the nucleus. The nuclear
mask was applied to images in the TRITC channel, and the mean
fluorescent intensity of the nuclear mask was obtained. The mean EdU
intensity of each nucleus was then corrected by subtracting (i) the mean
background fluorescence intensity outside the nucleus mask and (ii) the
mean background intensity of the EdU negative nuclei. Data was processed
and graphs prepared using Microsoft excel software.
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Table 2.14 Dilutions and conditions of primary and secondary
antibodies used for immunofluorescence
Primary antibodies
Name

anti-ATM

Species

Rabbit

Dilution

1/2,000

Supplier;

Blocking

Antibody

Cat #

solution

incubation

(+/- NGS)

temperature

+

37°C

-

37°C

-

RT

+

37°C

-

RT

+

37°C

Millipore;
# 07-1286

anti-Chk1

Mouse

1/1,000

Sigma;
# C-9358

anti-GFP

Mouse

1/1,000

Roche;
# 11814460001

anti-phospho-

Mouse

1/500

Millipore;

ATM-S1981
anti-TRP1

# MAB3806
Mouse

1/1,000

Santa Cruz;
# sc-58438

anti-γH2AX

Mouse

1/5,000

Millipore;
# 05-636

Fluorescently-conjugated secondary antibodies
Name

Dilution

Supplier;
Cat #

Alexa Fluor 488-

1/1,000

Invitrogen; #A-11001

1/1,000

Invitrogen; #A-11008

1/1,000

Invitrogen; #A-11005

1/1,000

Invitrogen; #A-11012

conjugated goat antimouse IgG
Alexa Fluor 488conjugated goat antirabbit IgG
Alexa Fluor 594conjugated goat antimouse IgG
Alexa Fluor 594conjugated goat antimouse IgG

2.2.17 DNA isolation
2.2.17.1 DNA isolation using GenElute™ DNA miniprep kit
At the times indicated for individual experiments, adherent cells were
collected by trypsinisation. Cells were centrifuged at 1,200 rpm for 5
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minutes at 4°C. The cells was resuspended in 1 ml of ice-cold PBS and
transferred to a 1.5 ml Eppendorf tube. Cells were centrifuged at 14,000 rpm
for 10 sec and washed once more in 1 ml of ice cold PBS. Cell pellets were
stored at -20°C until the time of DNA extraction.
DNA extraction was performed utilising the GenElute™ Mammalian
Genomic DNA Miniprep Kit (Sigma) according to the manufacturer’s
instructions. The following steps were carried out at room temperature
unless otherwise stated. Cells were resuspended in 200 µl of resuspension
solution. To isolate RNA-free DNA, 20 µl of RNase A was added to the cell
suspension and incubated at room temperature for 2 mins. Cells were lysed
by the addition of 20 µl of Proteinase K solution and 200 µl of Lysis
Solution C, followed by incubation at 70°C for 10 minutes. During the
incubation, the GenElute Miniprep Binding Column was prepared for DNA
loading by washing with 500 µl of Column Preparation Solution, followed
by centrifugation at 12,000 x g for 1 minute in an Eppendorf centrifuge. The
flow-through was discarded. 200 µl of ethanol was added to the lysate and
mixed by vortexing for 10 seconds, to achieve a homogenous mixture. The
lysate was then transferred into the pre-prepared binding column and
centrifuged at 6,600 x g for 1 minute. The flow-through was discarded and
the binding column placed into a new 2 ml collection tube. DNA bound to
the binding column was washed with 500 µl of wash solution, followed by
centrifugation at 6,600 x g for 1 minute. The flow-through was discarded
and the binding column placed into a new 2 ml collection tube. DNA was
further washed with 200 µl of wash solution and centrifuged at 16,000 x g
for 3 minutes. The flow through was discarded and the binding column
placed into a new 2 ml collection tube. 200 µl of Elution Solution (10 mM
Tris-HCl, 0.5 mM EDTA, pH 9.0) was added to the centre of the column
and incubated at room temperature for 5 minutes. To elute the DNA, the
samples were centrifuged at 6,660 x g for 5 minutes. Eluted DNA was
stored at 4°C.
2.2.17.2 DNA concentration and quality analysis
The concentration and purity of DNA was determined using a NanoDrop1000 spectrometer (NanoDrop Technologies Inc.), by measuring the
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absorbance at 260 nm and 280 nm of the DNA in elution buffer. Pure DNA
in elution buffer has an A260:A280 ratio of 1.6 – 1.9.
2.2.18 Immuno-slot blotting
2.2.18.1 DNA preparation
DNA extracted as described in Section 2.2.17.1, was diluted in ddH2O to a
final concentration of 1.25 µg/µl. A 500 µl solution was prepared per
sample. DNA was denatured by incubating at 100°C for 10 minutes using a
heat block. Samples were cooled immediately by placing in an ice-bath for 5
minutes. Samples were centrifuged briefly in a PicoFuge, 100 µl of 1M
ammonium acetate was added and each sample was mixed by pipetting.
2.2.18.2 Slot-blot
DNA was blotted onto Amersham Hybond N+ nitrocellulose membrane (GE
Healthcare) using a Minifold II Slot-Blot System (Schleicher and Schuell)
attached to a Buchi-Vacuum pump V-700 (BUCHI Labortechnik, AG,
Switzerland). Nitrocellulose membrane and two sheets of filter paper were
cut to the exact size of the apparatus, and pre-soaked for 5 minutes in 1 M
ammonium acetate solution before assembly of the slot-blot apparatus. Slotblot wells to be utilised were washed with 200 µl of 1 M ammonium
acetate. The vacuum was applied for 2 minutes to clear the wells. Only
wells in the centre of the apparatus, nearest to the vacuum attachment site,
were used to ensure consistency in DNA blotting, which could be affected
by the varying strength of the vacuum across the apparatus. With the
vacuum turned off, 120 µl of DNA solution, equivalent to 250 ng of DNA,
was added to the wells. The vacuum was turned on for 2 minutes to fully
clear the wells. With the vacuum turned off, 200 µl of 1 M ammonium
acetate was added to each well. The vacuum was turned on for 2 minutes to
fully clear the wells. The slot-blot apparatus was disassembled, the
membrane was labelled and washed in 5 X SSC buffer (0.75 M NaCl, 75
mM sodium citrate, pH 7.0) for 5 minutes at room temperature, while
rocking. The membrane was then placed on dry filter paper and incubated at
80°C for 40 minutes to fix the DNA to the membrane. Membranes were
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either stored at 4°C in the dark overnight, or processed for immuno-blotting
immediately.
2.2.18.3 Immuno-detection
The membrane was rehydrated by incubating in PBS for 5 minutes at room
temperature. Non-specific binding sites were blocked by incubating the
membrane in 20 ml of 5% blocking buffer (PBS, 0.2% (v/v) Tween®-20, 5
% (w/v) non-fat powdered milk) for 1 hr at room temperature, while
rocking. Membranes were incubated with a 1/4,000 dilution of anti-thymine
dimer antibody (Abcam; Catalogue no. ab10347) in 5% blocking solution
for 4 hrs at room temperature while rocking. The anti-thymine dimer
antibody recognises thymine-containing dimers in single-stranded DNA.
Unbound primary antibody was removed by washing in 20 ml of PBS
containing 0.2% (v/v) Tween-20, three times for 7 minutes at room
temperature, while rocking. Antibody binding was detected by probing the
membrane with a HRP-conjugated anti-mouse secondary antibody at
1/25,000 dilution in 3 % blocking solution for 1 hr at room temperature
while rocking. Binding was visualised using the Amersham ECL Prime
chemoluminescence reagent as outlined in Section 2.2.14. Images were
acquired using the LAS-3000 Fujifilm imager.
2.2.18.4 Densitometry
The intensity of individual bands was measured using Multi Gauge V2.2
software. The intensity of each band was corrected by subtracting (i) the
average background intensity, measured from at least three sites per image,
and (ii) the intensity of the appropriate mock-treated control.
2.2.19 Melanin assay
The total melanin content of cells was measured using a spectrophotometric
assay described in (Friedmann and Gilchrest, 1987; Smit et al., 2001).
Synthetic melanin (Sigma; Cat no. M8631), dissolved in 1 M NaOH, at
concentrations between 10-100 µg/ml, was used as a standard for the assay.
Cell pellets were dissolved in 1 M NaOH, to a final concentration of 1 x 106
cells/ml. 200 µl of the cell suspension and the melanin standards were
pipetted in duplicate on a 96-well plate. The absorbance at 475 nm was
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measured on a Victor2 1420 Multilabel Counter (Wallac, MA, USA). A
standard curve was plotted using Microsoft Excel software. The
concentration of melanin in each samples was determined using the formula
y = mx + c, where y = absorbance, m = slope of the trend line, x = protein
concentration (µg/µl) and c = the y-axis intercept of the trend line.
2.2.20 Data analysis and statistics
All results presented in the following sections are representative of at least
three independent experiments, unless otherwise stated. Statistical tests were
carried out using Microsoft Excel software, as outlined for individual
experiments. Analysis of variance (ANOVA) was the primary statistical test
used to test the null hypothesis that the data sets are equal. P<0.05 was
designated as significant, representing a significant difference between the
data sets analysed.
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3.1

Introduction

Exposure to solar UV radiation is the major risk factor in the development
of skin cancer, the most common cancer worldwide (IARC, 2010). Solar
UV radiation is divided in to UVC (200-280 nm), UVB (280-315 nm) and
UVA (315-400 nm). UV radiation reaching the earth’s surface is composed
of approximately 95% long-wavelength UVA radiation and 5% UVB
radiation (Nunez et al., 1994), as UVC and UVB wavelengths less than 290
nm are blocked by the ozone layer (Freeman et al., 1989). Accumulating
evidence indicates that exposure to UVA radiation is a significant risk factor
for skin cancer, and UVA radiation was recently defined as a class I
carcinogen by the International Association for Research on Cancer (IARC;
El Ghissassi et al., 2009). UVA-exposure is specifically implicated as a risk
factor in the development of melanoma, the most fatal form of skin cancer,
which arises from the malignant transformation of melanocytes, the pigment
producing skin cells located in the basal epidermis. UVA radiation
penetrates deeper into the skin than UVB, making the melanocytes, a target
cell for UVA exposure in vivo (Bruls et al., 1984; Meinhardt et al., 2008).
Moreover, an increased risk of melanoma is associated with brief intense
sun exposure and sunburn in childhood (Whiteman et al., 2001), and the use
of UVA-emitting sunbeds (Lazovich et al., 2010).
The induction of pre-mutagenic DNA lesions by UVB radiation is
considered an essential step in UV-induced skin carcinogenesis (Pfeifer and
Besaratinia, 2012). Cyclobutane pyrimidine dimers (CPDs) and pyrimidine
(4–6) pyrimidone photoproducts (6,4-PPs), the major UVB-induced DNA
lesions, are formed by direct absorption of UV radiation by DNA bases.
Since DNA absorbs maximally at approximately 300 nm, UVA is less
efficiently absorbed than UVB (Freeman et al., 1989). However, it is now
well established that UVA also induces CPDs, in cultured cells, whole
human skin and plasmid DNA (Douki et al., 2003; Jiang et al., 2009;
Mouret et al., 2006; Perdiz et al., 2000). Although induced approximately
103 times less efficiently per J/m2 than UVB (Perdiz et al., 2000), CPDs are
the most abundant UVA-induced lesion (Mouret et al., 2006). There is some
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evidence that suggests that UVA also induces 6,4-PPs, albeit at much lower
levels than UVA-induced CPDs (Cortat et al., 2013; Schuch et al., 2009).
Along with DNA photolesions, UVA also induces oxidative stress, which
can result in oxidative DNA damage, including formation of the 8-oxo-7,8dihydro-2’-deoxyguanosine (8-oxo-G) lesion (Kielbassa et al., 1997).
However, UVA-induced 8-oxo-G lesions are approximately three-fold less
abundant than UVA-induced CPDs in CHO cells (Douki et al., 2003). Errorprone replication past unrepaired DNA photolesions can give rise to C-T
and CC-TT transition mutations, considered UV signature mutations
(Wikonkal and Brash, 1999). UV signature mutations are found in the TP53
gene in >50% of non-melanoma skin cancers (Brash et al., 1991; Ziegler et
al., 1993), and were recently identified in key melanoma genes, including
PREX1 and RAC1 (Hodis et al., 2012; Krauthammer et al., 2012). UV
signature mutations are not only induced by UVB, but are also the most
common UVA-induced mutation in cultured human skin cells and whole
mouse skin (Ikehata et al., 2008; Kappes et al., 2006).
To protect against the mutagenic effects of DNA lesions, cells activate the
DNA damage response (DDR), a biochemical process that plays a critical
role in the recognition and repair of DNA lesions, as well as the activation
of cell cycle checkpoints, or the induction of cell death if the damage is too
severe (Niida and Nakanishi, 2006; Zhou and Elledge, 2000). While the
nucleotide excision repair (NER) pathway repairs UVC-induced DNA
photolesions, some lesions can persist into S-phase, where they block
progression of replicative polymerases. Translesion synthesis (TLS), an
integral component of the DDR, allows cells to continue replication past
replication-blocking DNA lesions in the template, through recruitment of
specialised TLS polymerases. TLS polymerases are typically low fidelity
polymerases in respect to undamaged DNA, but can carry out error-free
replication past specific DNA lesions. DNA polymerase eta (polη) is a Yfamily TLS polymerase which can carry out error-free replication past
UVC-induced dithymidine dimers in vitro, preferentially inserting two
adenines opposite a dithymidine dimer (Johnson et al., 1999b; Masutani et
al., 1999a). The enlarged open active site of polη can accommodate the two
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bases of a CPD, facilitating lesion bypass (Biertumpfel et al., 2010;
Silverstein et al., 2010). Mutations in the POLH gene, which encodes polη,
gives rise to xeroderma pigmentosum variant (XPV) (Johnson et al., 1999a;
Masutani et al., 1999b), an inherited genetic disorder characterised by sun
sensitivity and elevated levels of sunlight-induced skin cancer, including
melanoma (Cleaver, 1972). XPV cells are differentiated from classic NERdeficient XP complementation groups, by mild UVC sensitivity, but
hypersensitivity to UVC and caffeine (Arlett et al., 1975). At a molecular
level, polη-deficient XPV cells are characterised by delayed replication and
hypermutability following UVC exposure (Lehmann et al., 1975; Maher et
al., 1976).
Following UVC-exposure, enhanced replication fork stalling results in
increased DDR activation in polη-deficient cells, compared to polηexpressing cells (Cruet-Hennequart et al., 2006; Despras et al., 2010).
Stalled replication forks result in activation of the S-phase replication
checkpoint, mediated by the ataxia telangiectasia and Rad3-related (ATR)
kinase and the checkpoint kinase, Chk1 (Bartek et al., 2004; Branzei and
Foiani, 2010). ATR is activated in an ATR interacting protein (ATRIP)dependent manner, by replication protein A (RPA)-coated single stranded
DNA (ssDNA) (Zou and Elledge, 2003), formed as a result of helicasemediated unwinding of DNA downstream of the stalled replication fork
(Byun et al., 2005). RPA is a heterotrimeric ssDNA-binding protein. The Nterminal region of RPA2 is subject to phosphorylation in a cell cycledependent manner (Wold, 1997), and in response to DNA damage,
including PIKK-mediated phosphorylation on S4/S8 (Cruet-Hennequart et
al., 2006; Oakley and Patrick, 2010). Chk1 is a key ATR substrate, and is
activated by ATR-mediated phosphorylation on S317 and S345 (Zhao and
Piwnica-Worms, 2001). Activated Chk1 then phosphorylates a number of
substrates, including the Cdc25 family of phosphatases, which inhibits cell
cycle progression through S and G2/M in the presence of damage, by
preventing

cyclin-dependent

kinase

(CDK)

activation (Chen et al., 2003; Xiao et al., 2003).
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While it has recently been demonstrated that NER plays a role in the
removal of UVA-induced DNA photolesions (Cortat et al., 2013), the role
of TLS and polη in the response to UVA radiation is not well studied. Given
the importance of polη in the bypass of CPDs, we have investigated whether
polη plays a role in DNA replication following exposure of cells to UVA
radiation, under conditions when CPDs are induced. Here we show for the
first time that polη is involved in the recovery from UVA-induced inhibition
of DNA replication, and is recruited to nuclear foci following UVAirradiation. Furthermore, the ATR-Chk1 pathway is strongly activated in
polη-deficient cells following UVA-exposure, and plays a key role in the
survival of UVA-irradiated polη-deficient cells.
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3.2
3.2.1

Results
Effect of polη expression on UVA-sensitivity

The expression of polη and XPA proteins in the fibroblast cell lines used in
this study were analysed by western blotting (Figure 3.1A). Polη protein
was not detected in extracts from XP30RO cells (Figure 3.1A, lane 2),
consistent with the presence of a mutation in exon 2 of the POLH gene
(Johnson et al., 1999a; Masutani et al., 1999b), but was detected in extracts
from TR30-2 cells, which constitutively express polη from a POLH
transgene (Figure 3.1A, lane 3). Consistent with a mutation in the XPAC
gene (Satokata et al., 1992a), XPA protein was not detected in XP12RO
cells (Figure 3.1A, lane 5), but was detected in XP12RO-C5 cells (Figure
3.1A, lane 6), which are derived from XP12RO and constitutively express
XPA from an XPAC transgene (Köberle et al., 2006).
Consistent with previous reports that UVA induces CPDs in the DNA of
irradiated cultured cells (Mouret et al., 2006; Perdiz et al., 2000), using
immunoblotting and an anti-thymidine dimer antibody, CPDs were detected
in genomic DNA isolated from XP30RO cells exposed to 100-300 kJ/m2
UVA (Figure 3.1B). CPDs were also observed in XP30RO cells exposed to
UVC doses as low as 0.5 J/m2 (Figure 3.1B). The relative intensity of each
band was analysed and, consistent with a report that UVC is approximately
105 times more efficient than UVA at inducing CPD per J/m2 (Perdiz et al.,
2000), the CPD signal intensity at 100 kJ/m2 UVA was approximately equal
to the intensity obtained following exposure of cells to 0.5-1 J/m2 UVC
irradiation (Figure 3.1B).
To investigate if polη expression affected the sensitivity of cells to longwavelength UVA radiation, polη-deficient XP30RO and polη-expressing
TR30-2, fibroblasts were exposed to increasing does of UVA radiation, up
to 150 kJ/m2 UVA, and cell survival was determined using the clonogenic
colony-forming assay (Figure 3.1C). In parallel, the UVA-sensitivity of
XPA-deficient (XP12RO), XPA-expressing (XP12RO-C5) and the normal
transformed fibroblast (NFF) cell lines to UVA radiation was determined
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(Figure 3.1C). There was no significant difference in the sensitivity of any
of the cell lines examined following exposure of cells to up to 100 kJ/m2
UVA radiation (Figure 3.1C). However, polη-deficient XP30RO cells were
approximately two-fold more sensitive to 150 kJ/m2 UVA, compared to
polη-expressing TR30-2 cells (Figure 3.1C). While not statistically
significant (p=0.06), the reduction in survival of polη-deficient cells to UVA
radiation, indicates that polη may play a role in the response of cells to
UVA radiation. XPA-deficient XP12RO cells were significantly more
sensitive to 150 kJ/m2 UVA than isogenic XPA-expressing XP12RO-C5
cell line (Figure 3.1C), consistent with a recent report that XPA-deficient
XP12BE cells are more sensitive to UVA radiation than NER-proficient
cells (Cortat et al., 2013).
To control for the phenotype observed following UVA-exposure (Figure
3.1C), the sensitivity of the cells to short-wavelength UVC radiation was
assessed (Figure 3.1D). Polη-deficient XP30RO cells are mildly sensitive to
UVC compared to pol-expressing TR30-2 cells, with an approximately twofold decrease in XP30RO survival observed following exposure to 5 J/m2
UVC radiation, compared to TR30-2 cells (Figure 3.1D), consistent with
previous reports (Cruet-Hennequart et al., 2006; Stary et al., 2003; Yamada
et al., 2000). XP12RO XPA-deficient cells were hypersensitive to UVC
(Figure 3.1D), and consistent with previous reports, expression of XPA
protein, as in XP12RO-C5 cells, rescued this UVC hypersensitivity (Figure
3.1D; Cleaver et al., 1995; Zeng et al., 1997).
While polη-deficient XPV cells are mildly sensitive to UVC radiation
compared to NER-deficient XP cells (Figure 3.1D; Cleaver 1972), polηdeficient cells are hypersensitive to UVC radiation in the presence of
caffeine (Figure 3.1F; Arlett et al., 1975; Cleaver et al., 1999; CruetHennequart et al., 2006). To investigate the effect of caffeine on UVA
survival, XP30RO and TR30-2 cells were mock-treated or exposed to UVAirradiation and subsequently treated with 1 mM caffeine (Figure 3.1E).
Caffeine significantly sensitised XP30RO polη-deficient cells to UVA
radiation compared to polη-expressing TR30-2 cells (Figure 3.1E). Caffeine
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Figure 3.1 Effect of polη expression on the sensitivity of human cells to
UVA radiation. (A) 20 µg of protein was separated by SDS-PAGE and the
expression of polη and XPA proteins was analysed by western blotting. βactin was used as a loading control. (B) DNA was extracted from mocktreated or UVC- or UVA-irradiated XP30RO cells immediately posttreatment. 250 ng of DNA was blotted onto nitrocellulose membrane and
probed with an anti-thymidine dimer antibody. Bound antibody was
detected with a HRP-conjugated anti-mouse IgG secondary antibody, and
visualised using the ECL prime system. Relative band intensities were
calculated as outlined in Section 2.2.18.4, and are presented relative to the
intensity of the 100 kJ/m2 UVA-treated sample. Blots are representative of
results obtained from at least three independent experiments. (C-F) Cells
were mock-treated or exposed to the indicated doses of UVA or UVC
irradiation. Where indicated (D and F), 1 mM caffeine (Caf) was added to
the culture medium immediately following irradiation. 24 hr following
irradiation, cells were trypsinised, re-seeded at 1 x 105 cells per 60 mm Cell+
dish and incubated for 9 days. Where indicated (D and F), 1 mM caffeine
was added to the medium following re-seeding and remained for the
duration of the assay. Cells were fixed and stained in dimethylene blue
solution and the number of colonies was scored. The survival of the
irradiated cells is expressed relative to the survival of the appropriate mocktreated control cells. The survival of irradiated and caffeine-treated cells is
expressed relative to the survival of mock-treated and caffeine-treated
control cells. Data represents the average of three independent experiments;
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error bars represent one standard deviation. (C-D) * represents statistical
difference between XP30RO and TR30-2 cells or XP12RO and XP12ROC5 cells. (E-F) * represents statistical difference between UV-irradiated and
UV-irradiated and caffeine-treated cells. * p<0.05, ** p<0.01 and ***
P<0.001 as determined using one-way ANOVA.

reduced the survival of XP30RO polη-deficient cells by 12-fold following
exposure to 50 kJ/m2 UVA, whereas caffeine only reduced TR30-2 UVA
survival by less than 2-fold at the same dose (Figure 3.1E).
As previously mentioned, polη-deficient XPV cells are hypersensitive to
UVC radiation in the presence of caffeine. Consistent with previous reports
(Arlett et al., 1975; Cleaver et al., 1999; Cruet-Hennequart et al., 2006),
caffeine sensitised XP30RO to 5 J/m2 UVC by 8-fold, while polηexpressing TR30-2 cell were only 2.5-fold more sensitive to 5 J/m2 UVCirradiation and caffeine (Figure 3.1F).
The role of polη in caffeine-induced UVA sensitivity was directly tested in
TR30-9 cells (Figure 3.2B). TR30-9 cells express tetracycline-inducible
polη (Figure 3.2A; Cruet-Hennequart et al., 2006); thus the effect of polη
expression on cell survival can be directly tested in an isogenic cell line.
Consistent with the effect of caffeine on UVA survival of XP30RO cells
reflecting the polη-deficient status of the cells, polη-deficient TR30-9 cells
were significantly more sensitive to UVA radiation in the presence of
caffeine compared to polη-expressing TR30-9 cells (Figure 3.2B). Cell
viability was measured 48 hr following UVA exposure using the trypan blue
dye-exclusion assay, as untreated TR30-9 cells did not efficiently form
colonies. The effect of caffeine on the UVC sensitivity of polη-expressing
and polη-deficient TR30-9 cells was also examined (Figure 3.2C). Polηdeficient TR30-9 cells were mildly sensitive to UVC radiation compared to
polη-expressing TR30-9 cells, but were hypersensitive to UVC and caffeine
(Figure 3.2C), consistent with Figure 3.1F and Cruet-Hennequart et al.,
2006.
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Figure 3.2 Effect of polη-expression on TR30-9 cell viability following
UVA irradiation. (A) TR30-9 cells were treated with 0.1 µg/ml tetracycline
or an equal volume of DMSO. Cells lysates were prepared at the indicated
times following tetracycline addition. 20 µg of protein was separated by
SDS-PAGE and polη expression was analysed by western blotting. β-actin
was used as a loading control. (B-C) TR30-9 cells were treated with
tetracycline, as outline in (A) for 18 hr prior to mock-treatment or exposure
to the indicated doses of UV-irradiation. 1 mM caffeine was added to the
medium immediately following UV-exposure and remained for the duration
of the experiment. Cells were incubated for 48 hr and cell viability was
assessed using the trypan blue dye-exclusion assay. The viability of UVirradiated cells was expressed as a percentage of the viability of the
appropriate mock-treated control cells. The viability of UV-irradiated and
caffeine-treated cells was expressed as a percentage of the viability of the
appropriate mock-treated and caffeine-treated control cells. Data represents
the mean of three independent experiments; error bars represent one
standard deviation. Asterisks indicate statistical difference between UVirradiated and UV-irradiated and caffeine-treated cells. * p<0.05 and **
p<0.01 as determined using one-way ANOVA.

The effect of caffeine on the sensitivity of cells to UVA was independent of
XPA protein, as no significant decrease in survival XP12RO or XP12ROC5 cells was observed when cells were co-treated with UVA and caffeine,
compared to UVA alone (Supplementary Figure 3.9), at doses where a
significant decrease in cell survival was observed in polη-deficient cells
(Figure 3.1E). Since caffeine acts as a PIK kinase inhibitor (Sarkaria et al.,
1999), the effect of another PIK kinase inhibitor, wortmannin (Sarkaria et
al., 1998), on the UVA sensitivity of polη-deficient XP30RO cells was also
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analysed (Supplementary Figure 3.10). Wortmannin (10 µM) sensitised
polη-deficient XP30RO cells to UVA irradiation to a similar extent as
caffeine (Supplementary Figure 3.10); this supports the conclusion that
polη-deficient cells are particularly dependent on PIKK-mediated signalling
for survival following UVA radiation. Furthermore, reflecting a specific role
for polη in the response to UVA radiation, rather than a generic response of
polη-deficient cells to DNA damage, caffeine did not sensitise XP30RO
cells to ionising radiation (Supplementary Figure 3.11).
3.2.2

Effect of polη-expression on DNA replication following UVA
exposure

Polη plays a key role in the replication of UVC-damaged DNA (Cordonnier
and Fuchs, 1999; Cruet-Hennequart et al., 2006; Lehmann et al., 1975).
Here we investigated whether polη expression also modulates DNA
replication following exposure to UVA-irradiation. XP30RO and TR30-2
cells were mock-treated or exposed to 100 kJ/m2 UVA-radiation. One hour
prior to harvesting, cells were incubated with the thymidine analogue BrdU,
to label cells actively undergoing DNA replication, and analysed by flow
cytometry. The level of BrdU incorporation immediately following UVAirradiation was not determined, since BrdU is a type 1 photosensitiser
(Sugiyama et al., 1990) which can cause damage to DNA if present during
UVA irradiation (Cecchini et al., 2005; Manak et al., 1981). In fact, elevated
levels of γH2AX, an established marker of DSBs (Redon et al., 2011;
Rogakou et al., 1998a), were observed in XP30RO cells exposed to UVA
radiation in the presence of BrdU (Supplementary Figure 3.12).
BrdU incorporation decreased rapidly following UVA irradiation in a polηindependent manner (Figure 3.3A and B). The percentage of BrdU-positive
cells decreased from 38% in mock-treated cells, to 13% in UVA-irradiated
XP30RO cells, and from 36% to 14% in TR30-2 cells, by one hour postUVA (Figure 3.3B). This is consistent with previous reports of UVAinduced inhibition of DNA replication immediately following exposure, in
normal human fibroblast cells (de Laat et al., 1996; Runger et al., 2012).
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While the UVA-induced decrease in DNA replication was independent of
polη-expression, the subsequent recovery from UVA-induced replication
arrest was significantly delayed in polη-deficient XP30RO cells compared
to polη-expressing TR30-2 cells (Figure 3.3A and B). The percentage of
BrdU-positive TR30-2 cells increased to 26% three hours following UVA
irradiation, while the only 16% of the UVA-irradiated XP30RO cells were
BrdU-positive at this time (Figure 3.3B). This statistically significant
difference in the percentage of BrdU-positive cells between UVA-irradiated
XP30RO and TR30-2 cells was also evident six hours post-UVA (Figure
3.3B). In the absence of UVA-exposure, the percentage of BrdU-positive
cells was similar in the two cell lines, over the time course analysed (Figure
3.3B). Ten hours following UVA exposure, the percentage of BrdU-positive
cells in UVA-irradiated samples was similar to that of mock-treated samples
in both cell lines (Figure 3.3B). Overall, this data indicates that polη
modulates the recovery from UVA-induced inhibition of DNA replication.
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Figure 3.3 Effect of polη expression on DNA replication in UVAirradiated cells. XP30RO and TR30-2 cells were mock-treated or exposed
to 100 kJ/m2 UVA-irradiation. Cells were incubated with BrdU (10 µM) for
1 hr prior to harvesting at the indicated times following UVA-exposure.
Cells were fixed in 70 % ethanol. BrdU was labelled with a FITCconjugated anti-BrdU antibody and DNA was stained with propidium iodide
(PI). Samples were analysed using a FACS Calibur, and data was analysed
using CellQuest™ software. (A) Dot plots are representative of four
independent experiments. The BrdU-positive population is indicated by an
arrow. (B) The percentage of BrdU-positive cells, calculated from the dot
plots shown in (A). Data represents four independent experiments; error
bars represent one standard deviation. * p<0.05, **p<0.01 represents
statistical difference between XP30RO and TR30-2 cells, as determined by
one-way ANOVA.
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3.2.3

Effect of polη-expression on UVA-induced DNA damage
responses

Replication fork stalling at sites of DNA damage can activate an S-phase
replication checkpoint (Bartek et al., 2004; Branzei and Foiani, 2010),
which is mediated in part by ATR-mediated phosphorylation of the
checkpoint protein Chk1 (see Section 3.1). The replication checkpoint is
strongly activated in polη-deficient cells, following exposure to UVC
radiation (Cruet-Hennequart et al., 2006; Despras et al., 2010). Since polη
deficiency is associated with delayed recovery from UVA-induced
inhibition of DNA replication (Figure 3.3), we analysed the relationship
between replication inhibition and activation of the ATR-Chk1 pathway in
polη-deficient XP30RO cells and polη-expressing TR30-2 cells.
The expression of polη was analysed following UVA exposure, polη protein
was not detected in extracts from XP30RO cells (Figure 3.4; upper panels),
consistent with Figure 3.1A. Polη was expressed in mock-treated TR30-2
cells throughout the time course analysed (Figure 3.4; upper panels).
However, 24 and 48 hr following UVA exposure, the levels of polη protein
were dramatically reduced in TR30-2 cells (Figure 3.4; lanes 23-24). A
similar decrease in the level of polη-GFP fusion protein was observed
following UVA-irradiation in TRG-16 cells (Supplementary Figure 3.13).
This data suggests that UVA modulates the cellular levels of polη, and
supports a role for polη in the response to UVA radiation. Polη levels were
previously shown to be down-regulated following UVC radiation, in a
proteasome-dependent manner (Cruet-Hennequart et al., 2006; Jung et al.,
2012).
Chk1 phosphorylation on S317, analysed by western blotting using a
phospho-specific antibody, was used as a marker of S-phase replication
checkpoint activation (see Section 3.1). Phosphorylation of Chk1 on S317
was strongly increased in polη-deficient XP30RO cells immediately
following UVA-irradiation, and was sustained up to 48 hr following UVAirradiation (Figure 3.4). In polη-expressing TR30-2 cells, Chk1 is only
weakly phosphorylated on S317 (Figure 3.4). UVA-irradiation or polη113
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expression had no effect on the levels of total Chk1 (Figure 3.4). Overall
this data shows that UVA-induced Chk1 phosphorylation on S317 is
strongly enhanced in polη-deficient cells.

Figure 3.4 Effect of polη expression of UVA-induced phosphorylation of
Chk1. XP30RO and TR30-2 cells were mock-treated or exposed to 100
kJ/m2 UVA-irradiation. Cell lysates were prepared at the indicated times
following irradiation. 20 µg of protein was separated by SDS-PAGE and the
levels of the indicated proteins were analysed by western blotting. β-actin
was used as a loading control.

3.2.4

Effect of caffeine on UVA-induced DNA damage response
activation and cell cycle progression

Caffeine selectively sensitised polη-deficient cells to UVA radiation (Figure
3.1E and Figure 3.2B). At a molecular level it is proposed that the effect of
caffeine on the UVC-sensitivity of polη-deficient cells, is due to caffeinemediated inhibition of PIK kinases (Sarkaria et al., 1999), in particular ATR
(Heffernan et al., 2009). Consistent with caffeine acting as an inhibitor of
ATR

under

these

conditions,

caffeine

reduced

UVA-induced

phosphorylation of Chk1 on S317, which was particularly evident in
XP30RO cells (Figure 3.5A; lanes 4 vs. 3).
Since caffeine reduced UVA-induced Chk1 phosphorylation (Figure 3.5A),
and Chk1 is a key regulator of cell cycle progression, the effect of caffeine
on cell cycle distribution following UVA exposure, in XP30RO and TR30-2
cells was investigated (Figure 3.5B). Caffeine induced a significant increase
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in the percentage of UVA-irradiated polη-deficient XP30RO cells with Sphase DNA content, 24 hr following treatment (Figure 3.5B; histograms).
This suggests that caffeine modulates cell cycle checkpoint activation in
polη-deficient cells. Moreover, the caffeine-induced S-phase accumulation
of UVA-irradiated XP30RO cells, is associated with an approximately fourfold increase in the percentage of cells with inhibited replication, as defined
as cells with S-phase DNA content, but reduced BrdU staining (Figure 3.5B;
dot plots). Caffeine-induced effects on cell cycle distribution in UVAirradiated TR30-2 cells were much less evident (Figure 3.5B), which may
reflect the decreased dependence of polη-expressing cells on ATR-Chk1
signalling following exposure to UVA irradiation.
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Figure 3.5 Effect of caffeine on cell cycle distribution in UVA exposed
cells (A) XP30RO and TR30-2 cells were mock-treated or exposed to 100
kJ/m2 UVA-irradiation. Where indicated, caffeine (1 mM) was added to the
culture media immediately post-UVA and remained until the time of
harvest. Cell extracts were prepared 3 hr post-UVA. 20 µg of protein was
separated by SDS-PAGE. The levels of Chk1 and phospho-Chk1 S317 were
analysed by western blotting. β-actin was used as a loading control. (B)
XP30RO and TR30-2 cells were mock-treated or exposed to 100 kJ/m2
UVA-irradiation. Where indicated, caffeine (1 mM) was added to the
culture media immediately post-UVA and remained until the time of
harvest. Cells were incubated with BrdU (10 µM) for 1 hr prior to fixation,
in 70 % ethanol, at 24 hr post-UVA. BrdU was labelled with a FITCconjugated anti-BrdU antibody, and DNA was stained with propidium
iodide (PI). Cells were analysed using a FACS Calibur. Data was analysed
using CellQuest software. Histogram plots showing cell cycle distribution
are representative of three independent experiments. The average percentage
of cells with S-phase DNA content, + one standard deviation, is shown. **
p<0.01, represents statistically significant difference in the percentage of Sphase cells between XP30RO and TR30-2 cells, as determined using oneway ANOVA. Dot plots showing BrdU incorporation are derived from one
experiment. Cells stained positive for BrdU were classed as undergoing
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normal replication, and cells with S-phase DNA content with reduced BrdU
incorporation were classed as undergoing inhibited replication, using the
gates shown. The percentage of cells undergoing normal (norm) or inhibited
(inhib) replication is shown.

Inhibited replication forks can generate stretches of ssDNA, which are
unstable, and can lead to the formation of DNA strand breaks (Feng et al.,
2011). Phosphorylation of the histone H2AX on S139 (γH2AX) and RPA2
on S4S8 are widely used markers of DSBs and replication stress-induced
DNA strand breaks, respectively (Cruet-Hennequart et al., 2006; Liaw et al.,
2011; Redon et al., 2011; Rogakou et al., 1998b). Caffeine increased the
levels of UVA-induced γH2AX and phospho-RPA2-S4S8 (Figure 3.6A).
This effect of caffeine on DNA strand breaks was elevated in polη-deficient
XP30RO cell, compared to polη-expressing TR30-2 cells (Figure 3.6A; lane
4 vs. 8). Moreover, caffeine significantly reduced the percentage of viable
XP30RO cells following UVA irradiation, compared to TR30-2 cells, as
determined 48 hr following UVA irradiation using the trypan blue dyeexclusion assay (Figure 3.6B).
In summary, in polη-deficient cells caffeine reduced UVA-induced Chk1
phosphorylation (Figure 3.5A) and increased UVA-induced accumulation of
cells in S phase (Figure 3.5B). This was associated with an increase in DNA
replication inhibition (Figure 3.5B) and an increase in markers of DNA
strand breaks (Figure 3.6A) and followed by loss of cell viability (Figure
3.6B). The data suggests that in the absence of polη a caffeine-sensitive
pathway, possibly the ATR-Chk1 pathway, plays an important role in UVA
survival.
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Figure 3.6 Effect of caffeine on UVA-induced DNA strand breaks. (A)
XP30RO and TR30-2 cells were mock-treated or exposed to 100 kJ/m2
UVA-irradiation. Where indicated, caffeine (1 mM) was added to the
culture media immediately post-UVA, and remained until the time of
harvest. Cell extracts were prepared 24 hr post-UVA. 20 µg of protein was
separated by SDS-PAGE. The levels of phospho-RPA2-S4S8 and γH2AX
were analysed by western blotting using phospho-specific antibodies. RPA2
was used as a loading control. (B) XP30RO and TR30-2 cells were mocktreated or UVA-irradiated and treated with caffeine as outlined in (A). 48 hr
post-UVA cell viability was assessed using the trypan blue dye-exclusion
assay. The viability of UVA-irradiated cells is expressed as a percentage of
the viability of the appropriate mock-treated control cells. The viability of
UVA-irradiated and caffeine-treated cells is expressed as a percentage of the
viability of the appropriate mock-treated and caffeine-treated control cells.
Data represents the mean of three independent experiments; error bars
represent one standard deviation. * p<0.01 represents a significant
difference between XP30RO and TR30-2 cells, as determined using oneway ANOVA.

3.2.5

Effect of UVA-irradiation on polη localisation

Polη re-localises to nuclear foci following exposure of cells to UVCradiation and cisplatin (Albertella et al., 2005; Kannouche et al., 2001). If
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polη plays a role in replication in UVA-irradiated cells, then polη should
also be localised to nuclear foci following UVA-exposure. The effect of
UVA radiation on polη localisation was investigated in TRG-16 cells, which
express a tetracycline-inducible polη-GFP fusion protein (Figure 3.7A).
Polη-GFP fusion protein has a predicted molecular weight of 105 kDa.
Following incubation of TRG-16 cells with tetracycline for 24 hr, polη-GFP
was detected by western blotting using an anti-polη antibody, as a band of
approximately 105 kDa (Figure 3.7A; lane 2). As a control for polη
expression, extracts from XP30RO and TR30-2 cells were analysed in
parallel. As outlined in Figure 3.1A, XP30RO extracts did not contain polη,
and TR30-2 cells expressed wild type polη, which has a molecular weight of
78 kDa (Figure 3.7; lanes 3 and 4, respectively).
During unperturbed conditions polη was distributed homogenously in the
nucleus of the majority of cells (Figure 3.7B (i); Kannouche et al., 2001). In
approximately 10% of mock-treated cells, polη-GFP foci were observed
(Figure 3.7C and D), consistent with previous reports (Kannouche et al.,
2001). For the purpose of the present analysis, cells with greater than eight
polη-GFP foci per nucleus were scored as polη-GFP foci-positive.
Following UVA-irradiation, polη-GFP rapidly re-localised to nuclear foci
(Figure 3.7C). The peak of polη-GFP localisation to nuclear foci occurred 1
hour following UVA-irradiation, at this time approximately 30% of polηGFP-expressing TRG-16 cells contained polη-GFP foci (Figure 3.7C). After
the initial rapid recruitment of polη-GFP to nuclear foci following UVAirradiation, the percentage of cells with polη-GFP foci decreased, such that 6
hr post-UVA the percentage of cells with polη-GFP foci had returned to
mock-treated levels (Figure 3.7C).
As a positive control for polη-GFP recruitment to nuclear foci, tetracyclineinduced TRG-16 cells were exposed to 20 J/m2 UVC irradiation (Figure
3.7B (iv)). In contrast to UVA, the peak of polη-GFP localisation to nuclear
foci occurred 4 hr following UVC exposure, with approximately 30% of
polη-GFP positive TRG-16 cells containing polη-GFP foci at this time
(Figure 3.7D). Further highlighting the differential response of cells to UVA
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and UVC radiation, polη-GFP foci were still detected in approximately 30%
of cells 6 hr following exposure to UVC radiation (Figure 3.7D). Four hours
following UVC exposure, a small yet reproducible decrease in the
percentage polη-GFP foci-positive TRG-16 cells was observed (Figure
3.7D), this may represent bi-phasic polη recruitment to foci following UVC
exposure, but this was not investigated further here.
To confirm that UVA-induced polη-GFP foci result from tight association
of polη with chromatin, cells were pre-extracted with 1% (v/v) Triton X-100
prior to fixation, as described in Kannouche et al. (2001). Triton X-100 preextraction strongly reduced the diffuse nuclear polη-GFP signal, while
UVA-induced polη-GFP foci were still detectable by fluorescence
microscopy (Figure 3.7B (iii)). UVC-induced polη-GFP foci were also
detectable following Triton X-100 pre-extraction (Figure 3.7B (v)),
consistent with a previous report (Kannouche et al., 2001).
To confirm that polη-GFP localisation to foci is a direct consequence of
UVA exposure, and not due to any possible contaminating short-wavelength
UV radiation, cells were exposed to UVA radiation through shortwavelength UV filters (Supplementary Figure 3.14). Localisation of polηGFP to nuclear foci was significantly induced following exposure to UVA
radiation through both filter 1 and filter 2, which block the transmission of
UV wavelengths less than 315 and 350 nm, respectively (Supplementary
Figure 3.14 and Figure 2.3). This strongly supports the conclusion that polηGFP localisation to foci is a direct consequence of UVA exposure. For these
experiments, cells were exposure to UVA through the filters for an identical
duration; however, addition of filters reduced the UVA dose rate received
by the cells (Table 2.8). Since the percentage of polη-GFP foci-positive cells
reduced

following

the

addition

of

short-wavelength

UV

filters

(Supplementary Figure 3.14), this provides evidence that polη-GFP
localisation to nuclear foci is a dose dependent event.
In summary, the data presented here provides evidence that polη-GFP is
rapidly recruited to nuclear foci following UVA irradiation, and that the foci
reflect chromatin-association of polη-GFP.
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Figure 3.7 Effect of UVA-radiation on polη nuclear localisation. (A)
TRG-16 cells were incubated, or not, with 0.1 µg/ml tetracycline for 24 hr
and cell lysates were prepared. 20 µg of protein was separated by SDSPAGE. The levels of polη and polη-GFP fusion protein were analysed by
western blotting using an anti-polη antibody. Protein extracts from polηdeficient XP30RO and polη-expressing TR30-2 cells were used as controls.
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β-actin was used as a loading control. (B) TRG-16 cells were cultured on
glass coverslips and incubated with tetracycline as outlined in (A). Cells
were mock-treated or exposed to either 100 kJ/m2 UVA or 20 J/m2 UVC
radiation. 1 hr post-UVA (ii) or 3 hr post-UVC (iv), cells were fixed in 4 %
PFA. DNA was stained with DAPI. Images were captured under 100X
magnification using a DeltaVision fluorescence microscope. Where
indicated (+TX), cells were pre-extracted with 1% (v/v) Triton X-100 for
10 min on ice prior to fixation. (C) TRG-16 cells were exposed to UVAirradiation as outlined in (B). Cells were fixed at the indicated the times
following UVA irradiation. Polη-GFP-expressing cells were visualised by
fluorescence microscopy under 60X magnification. The percentage of polηGFP expressing cells containing polη-GFP foci was scored. Cells with
greater than eight polη-GFP foci were scored as polη-GFP foci-positive. At
least 100 polη-GFP expressing cells were scored per condition. Data
represents the average of three independent experiments; error bars
represent one standard deviation. (D) The percentage of polη-GFPexpressing TRG-16 cells with polη-GFP foci at indicated times post-UVC
(20 J/m2) was determined as outlined in (C).

3.2.6

Correlation

of

UVA-induced

polη-GFP

foci

with

DNA

replication
The timing of recovery from UVA-induced replication inhibition (Figure
3.3B), correlates with the timing of UVA-induced polη-GFP localisation to
nuclear foci (Figure 3.7C). Furthermore, polη-deficient cells experience
delayed recovery from UVA-induced replication inhibition (Figure 3.3B).
Taken together, these results suggest that polη plays a role in DNA
replication following UVA exposure.
To directly analyse whether formation of polη-GFP foci correlate with DNA
replication on an individual cell basis, fluorescence microscopy was used
(Figure 3.8). DNA replication was quantified in each cell by measuring the
intensity of fluorescently-labelled EdU incorporated in DNA. In parallel, the
distribution of polη-GFP in each cell was also analysed. Due to the presence
of copper in the Click-iT™ EdU labelling kit, which is known to quench
GFP fluorescence (Bálint et al., 2013), polη-GFP was labelled with an antiGFP antibody and visualised using an Alexa Fluor® 488-conjugated
secondary antibody. Under these conditions, the mean EdU intensity was
approximately 3-fold lower in UVA-irradiated compared to mock-treated
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TRG-16 cells (Figure 3.8B), consistent with UVA-induced replication
inhibition (Figure 3.3). Moreover, the percentage of TRG-16 cells with
polη-GFP foci was 2.7-fold increased in UVA-irradiated cells compared to
mock-treated cells (Figure 3.8C), consistent with Figure 3.7C.
Polη-GFP foci were exclusively observed in cells stained positively for EdU
(Figure 3.8C); this is consistent with a role for polη the replication of DNA.
In addition, some polη-GFP foci were found to co-localise with EdU foci in
UVA-irradiated cells, identified as yellow foci in merged images (Figure
3.8A (v); arrows). This is consistent with a previous report that polη foci colocalise with BrdU and PCNA following UVC-irradiation (Kannouche et
al., 2001). Overall, this data provides direct evidence which supports the
role of polη in the replication of UVA damaged DNA.
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Figure 3.8 Correlation of UVA-induced polη-GFP foci and DNA
replication. TRG-16 cells grown on glass coverslips, incubated with
tetracycline (0.1 µg/ml) for 24 hr to induce polη-GFP protein expression,
and mock-treatment or exposed to 100 kJ/m2 UVA. Cells were incubated
with EdU (10µM) for 30 min prior to fixation in 4% PFA 1 hr post-UVA.
Polη-GFP was visualised by staining with an anti-GFP antibody followed by
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an Alexa Fluor® 488-conjugated secondary antibody. EdU was labelled
using the Click-IT™ EdU Alexa Fluor® 594 imaging kit (Invitrogen). DNA
was stained using DAPI. Cells were mounted in SlowFade and visualised
using a DeltaVision fluorescence microscope. (A) Representative images of
mock-treated or UVA-irradiated TRG-16 cells showing the observed
staining patterns of polη-GFP: pan-nuclear staining (i and iv) or nuclear foci
(ii, iii, and v). Images were captured under 60X magnification. (B) Images
of polη-GFP-expressing cells were captured using the 60X objective. The
EdU fluorescence intensity of each nucleus was quantified as outlined in
Section 2.2.16.7. Box-and-whisker plot shows the distribution of EdU
intensities for each sample. The middle of the boxes represents the median
value of EdU intensity. The top (black) and bottom (grey) boxes represent
the 75th and 25th percentile respectively. The ends of the whiskers represent
the maximum and minimum EdU intensity values measured. (C) The EdU
status of each cell was determined visually. The nuclear distribution of polηGFP was classed as homogeneously distributed (pan-nuclear) or containing
>8 polη-GFP foci (Foci). Quantification of cells in each condition is
expressed as a percentage of the total number of polη-GFP expressing cells
scored in each condition (n). Data is representative at least 130 cells per
condition, derived from two independent experiments.
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3.3

Discussion

Exposure to long-wavelength UVA radiation, which accounts for >95% of
the solar UV radiation reaching the earths’ surface, is a risk factor in the
development of skin cancer. While it is now well established that UVA
radiation induces DNA damage, in the form of CPDs (Mouret et al., 2006;
Perdiz et al., 2000), and to a lesser extent 8-oxo-G and 6,4-PP lesions
(Cortat et al., 2013; Kielbassa et al., 1997; Schuch et al., 2009), the cellular
responses to UVA-induced DNA damage are not well characterised.
Recently it was demonstrated that the nucleotide excision repair (NER)
pathway plays a role in the removal of UVA-induced DNA photolesions
(Cortat et al., 2013). Since CPDs are the most common UVA-induced DNA
photoproduct (Mouret et al., 2006; Perdiz et al., 2000), and given the
importance of polη in the bypass of CPDs, we investigated whether polη
plays a role in DNA replication following exposure of cells to UVA
radiation, under conditions where CPDs are induced.
To investigate whether polη plays a role in the response of cells to UVA
radiation, the UVA sensitivity of polη-expressing and -deficient cell lines
was determined. Polη-deficient XP30RO cells were more sensitive to UVA
radiation than polη-expressing TR30-2 cells, particularly at higher UVA
doses (Figure 3.1C; 150 kJ/m2 UVA), suggesting polη plays a role in the
response of cells to UVA. The effect of polη-expression on UVA sensitivity
was directly investigated using TR30-9 cells, which express polη from a
tetracycline-inducible promoter. As untreated TR30-9 cells did not
efficiently form colonies under the conditions used here, cell viability was
determined 48 hr following irradiation, using the trypan blue dye-exclusion
assay. While the effect of polη expression on UVA sensitivity was less
pronounced in TR30-9 cells this may reflect differences in the assays used
to measure viability. It should also be noted that polη-deficient TR30-9
cells were slightly less sensitive to UVC radiation than parental XP30RO
cells (Cruet-Hennequart et al., 2006). Similar to the TR30-9 cells, polηexpression had little effect on the viability of XP30RO and TR30-2 cells,
measured 48 hr following UVA irradiation. These results suggest that short-
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term cell viability following UVA exposure is polη-independent, but that
polη-expression plays a role in determining the long-term clonogenic
survival of cells following UVA irradiation.
It was of interest to investigate the survival of NER-deficient cells to UVA
radiation, given the key role of NER in the repair of UV photolesions. Using
XPA-deficient XP12RO cells and the isogenic XP12RO-C5 cells, which are
derived from XP12RO and constitutively expresses XPA protein from an
XPAC transgene, the role of XPA in UVA survival was analysed (Figure
3.1C). XPA-deficient cells were significantly more sensitive to UVA
radiation than XPA-expressing cells (Figure 3.1C), consistent with a recent
report (Cortat et al., 2013).
The mild reduction in UVA survival of polη-deficient compared to XPAdeficient cells, mirrors the phenotypes observed following exposure of cells
UVC radiation (Figure 3.1D; Cleaver 1975), and is likely to reflect the
relative contribution of TLS-dependent CPD bypass versus XPA-dependent
CPD removal in determining cell survival. If the yield of UVA-induced
CPDs is an important determinant of cell survival following UVA exposure,
then, since 100 kJ/m2 UVA and 1 J/m2 UVC are broadly equivalent in terms
of dimer inducing ability based on immunoblot results, the relative survival
of polη-deficient cells would be expected to be approximately equal at these
doses, which is the case observed here. Overall the data supports a role for
DNA polη in the survival of UVA-irradiated cells.
The selective effect of caffeine on UVA sensitivity toward polη-deficient
cells compared to polη-expressing cells supports the interpretation that polη
plays a role in the response to UVA radiation. Caffeine significantly
sensitised XP30RO polη-deficient cells to UVA, as determined by both
clonogenic cell survival and cell viability 48 hr following UVA. Moreover,
caffeine significantly sensitised polη-deficient TR30-9 cells to UVA
compared to the isogenic polη-expressing TR30-9 cells. It is well
documented that polη-deficient cells are hypersensitive to UVC radiation in
the presence of caffeine (Arlett et al., 1975; Cleaver et al., 1999; CruetHennequart et al., 2006) and (Figure 3.1D and Figure 3.2C). It is proposed
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that caffeine acts as a PIK kinase inhibitor (Sarkaria et al., 1999) and
abrogates UVC-induced S and G2/M checkpoints (Kaufmann et al., 2003).
Since polη-deficient cells have increased UVC-induced PIKK-mediated
DDR activation, compared to polη-expressing cells (Cruet-Hennequart et
al., 2006; Despras et al., 2010), this could explain the decreased UVC
survival of polη-deficient cells by caffeine. The role of caffeine as a PIKK
inhibitor in the UVA response will be discussed in detail below.
Polη plays a key role in the replication of UVC-damaged DNA, and polηdeficient cells experience prolonged DNA replication inhibition following
UVC exposure compared to polη-expressing cells (Cordonnier and Fuchs,
1999; Cruet-Hennequart et al., 2006; Lehmann et al., 1975). Here we
investigated if polη is also involved in replication following exposure to
UVA radiation. UVA induced a rapid decrease in DNA replication in both
XP30RO and TR30-2 cells that was independent of polη-expression.
Consistent with previous reports, UVA-induced inhibition of DNA synthesis
was maximal immediately following UVA exposure (de Laat et al., 1996;
Runger et al., 2012). Importantly, the timing of UVA-induced inhibition of
DNA replication is different to the reported UVC-induced replication
inhibition, which peaks later following UVC (Cruet-Hennequart et al.,
2006). DNA replication inhibition recovered in both XP30RO and TR30-2
cells by 10 hr following UVA irradiation, consistent with previous reports
of replication recovery within 2-7 hr following UVA-irradiation in human
fibroblasts (de Laat et al., 1996; Runger et al., 2012). However, recovery
from DNA replication inhibition after UVA irradiation was delayed in polηdeficient cells between three and six hours following UVA exposure.
Furthermore, the timing of recovery from UVA-induced replication
inhibition in polη-deficient cells corresponds with the time during which
polη-GFP is localised to nuclear foci in TRG-16 cells. This supports the
hypothesis that the delay in replication recovery in polη-deficient XP30RO
cells is due, at least in part, to a defect in polη-mediated replication of UVAdamaged DNA.
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Further supporting a role for polη in the response to UVA radiation, a
significant reduction in the level of polη was observed in UVA irradiated
TR30-2 and TRG-16 cells, 24 and 48 hr following treatment. Polη levels
were previously reported to be reduced following exposure to UVC
radiation (Cruet-Hennequart et al., 2006; Jung et al., 2012). Polη is
monoubiquitinated in unperturbed cells, which prevents the interaction of
polη with PCNA, and TLS activity (Bienko et al., 2010). Moreover, polη is
polyubiquitinated in a Mdm2-dependent manner following UVC irradiation
which targets polη for proteosomal degradation (Jung et al., 2012). Little is
known about the mechanisms controlling polη removal from nuclear foci
following TLS-mediated bypass of the replication blocking lesion. However
it is reasonable to propose that ubiquitin-mediated proteosomal degradation
could play a role in regulating this process. Further studies are required to
elucidate the mechanisms regulating polη protein levels following UVA
exposure.
Since UVA induced DNA replication inhibition, we investigated activation
of the replication checkpoint in UVA-irradiated cells. The replication
checkpoint, activated by RPA-coated ssDNA (Zou and Elledge, 2003),
formed as a result of replication fork stalling, involves ATR-mediated Chk1
phosphorylation on S317 and S345 (Zhao and Piwnica-Worms, 2001). Chk1
phosphorylated on S317 was strongly elevated in polη-deficient XP30RO
cells following UVA irradiation. However, the weak phosphorylation of
Chk1 observed in TR30-2 cells, suggests that UVA-induced inhibition of
replication was independent of Chk1 activation. In fact, it was previously
reported that rapid UVA-induced inhibition of DNA replication is
independent of the ATR-Chk1, ATM-Chk2 and p38α MAPK pathways in
human fibroblasts (Girard et al., 2008). It was proposed that UVA-induced
oxidative damage to proteins, rather than DNA damage, is responsible for
the initial UVA-induced inhibition of replication (Girard et al., 2008), which
may explain the fact that the initial UVA-induced inhibition of replication
occurs to a similar level in XP30RO and TR30-2 cells. However further
investigation into the mechanism of UVA-induced inhibition of DNA
replication is required.
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Consistent with delayed recovery of UVA-induced inhibition of replication
in XP30RO cells, Chk1 is strongly phosphorylated in XP30RO cells
following UVA exposure. However, strong Chk1 phosphorylation is
sustained in XP30RO cells up to 48 hr following UVA irradiation, after
recovery from the initial UVA-induced inhibition of DNA replication
occurs. This suggests that Chk1 plays a role independent of checkpoint
activation under these conditions. It was recently reported that Chk1 is
essential for resumption of replication in UVC-irradiated polη-deficient
cells, and that under these conditions Chk1 plays a role in maintaining
stalled replication fork stability (Despras et al., 2010). If not stabilised,
stalled replication forks can collapse and lead to the formation of DNA
strand breaks (Feng et al., 2011). Replication arrest in XPV cells is
associated with DSB formation, as indirectly analysed by γH2AX foci
formation (Limoli et al., 2002). Caffeine treatment, which reduced UVAinduced Chk1 phosphorylation, also increased the levels of γH2AX and
phospho-RPA2-S4S8, indirect markers of DNA strand breaks, in UVA
irradiated polη-deficient XP30RO cells. It should be noted that following
UVC irradiation γH2AX focal distribution is different to that observed
following IR (Cleaver, 2011). UVC-induced γH2AX foci are reported to
occur at sites of NER, as well as stalled replication forks, and pan-nuclear
γH2AX staining is associated with apoptosis induction (Cleaver, 2011), so
interpretation of UVA-induced γH2AX as a marker of replication-induced
DSBs was made cautiously. However, the data provides indirect evidence
that Chk1 could play a role in maintaining replication fork stability
following UVA-irradiation in XP30RO cells. More specific Chk1 inhibitors,
or siRNA-mediated Chk1 knockdown, are required to definitively
characterise the role for Chk1 in the response of polη-deficient cells to UVA
irradiation. A similar reduction in UVA viability, following treatment of
polη-deficient cells with another PIKK inhibitor wortmannin supports the
role of caffeine as a PIKK inhibitor. Further studies are required to define
the mechanistic basis of the caffeine-mediated UVA sensitivity in polηdeficient cells.
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As mentioned above, polη-GFP localised to nuclear foci following UVA
exposure. Consistent with the UVA-dependence of polη-GFP localisation to
nuclear foci, the timing of polη-GFP localisation to foci following UVA was
different to the observed localisation following UVC, with focal localisation
occurring earlier following UVA than after UVC. Moreover, our analysis of
polη-GFP recruitment to nuclear foci following UVC radiation is consistent
with a previous report (Kannouche et al., 2001). Furthermore, polη-GFP
was recruited to nuclear foci when cells were exposed to UVA irradiation
through short-wavelength UV filters, providing evidence that polη-GFP
localisation to nuclear foci observed following UVA exposure is not due to
contaminating short-wavelength UV radiation. UVA-induced polη-GFP
localisation to foci was observed to occur exclusively in replicating cells,
supporting a role for polη in replication of UVA damaged DNA. In mocktreated cells, the small proportion of polη-GFP foci-positive cells were also
replicating cells, suggesting a role for polη in DNA replication during
unperturbed conditions. Supporting this, polη has been shown to play a role
in maintaining fragile site stability in unperturbed cells (Rey et al., 2009).
Based on the data presented here, we propose that polη plays a role in the
replication of UVA-damaged DNA. This work provides the first direct
evidence that polη is mobilised in response to UVA radiation. While it is
reasonable to suggest that the role of polη in the response to UVA is to carry
out replication past UVA-induced CPDs, polη has also been shown to play a
role in replication past other DNA lesions, including the 8-oxo-G lesions
and clusters of oxidative lesions (Haracska et al., 2000b; Zlatanou et al.,
2011), which are also induced by UVA (Greinert et al., 2012; Kielbassa et
al., 1997). The identification of a role for polη in the replication of UVAdamaged DNA highlights the possible contribution of polη to preventing
UVA-induced skin carcinogenesis, particularly in XPV patients, defective in
polη.
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3.4

Supplementary information

Supplementary Figure 3.9 Effect of caffeine on UVA survival of XPAexpressing and XPA-deficient cells. XP12RO and XP12RO-C5 cells were
mock-treated or exposed to the indicated doses of UVA irradiation. Where
indicated, 1 mM caffeine was added to the culture medium immediately
following irradiation. 24 hr following irradiation, cells were trypsinised, reseeded at 1 x 105 cells per 60 mm Cell+ dish and incubated for 9 days.
Where indicated, 1 mM caffeine was added to the medium following reseeding and remained for the duration of the assay. Cells were fixed and
stained in dimethylene blue solution and the number of colonies was scored.
The survival of the irradiated cells is expressed as a percentage of the
survival of the appropriate mock-treated control cells. The survival of
irradiated and caffeine-treated cells is expressed as a percentage of the
survival of mock-treated and caffeine-treated control cells. Data represents
the average of three independent experiments; error bars represent one
standard deviation. No statistical differences were found between UVAirradiated and UVA-irradiated and caffeine-treated cells, as determined
using one-way ANOVA.
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Supplementary Figure 3.10 Effect of wortmannin on UVA sensitivity of
polη-deficient XP30RO cells. XP30RO cells were mock-treatment or
exposed to the indicated doses of UVA-irradiation. 1 mM caffeine or 10 µM
wortmannin was added to the medium immediately following UV-exposure
and remained for the duration of the experiment. Cells were incubated for
48 hr and cell viability was assessed using the trypan blue dye-exclusion
assay. The viability of UV-irradiated cells is expressed as a percentage of
the viability of the appropriate mock-treated control cells. The viability of
UV-irradiated and drug-treated cells is expressed as a percentage of the
viability of the appropriate mock-treated and drug-treated control cells. Data
represents the mean of three independent experiments; error bars represent
one standard deviation. *p<0.05 represents statistical difference between
UVA-irradiated and UVA-irradiated and drug-treated cells, as determined
using one-way ANOVA.
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Supplementary Figure 3.11 Effect of polη-expression IR sensitivity.
XP30RO and TR30-2 cells were mock-treated or exposed to the indicated
doses of ionising radiation (IR). Where indicated, 1 mM caffeine was added
to the culture medium immediately following irradiation. 24 hr following
irradiation, cells were trypsinised, re-seeded at 1 x 105 cells per 60 mm Cell+
dish and incubated for 9 days. Where indicated, 1 mM caffeine was added to
the medium following re-seeding and remained for the duration of the assay.
Cells were fixed and stained in dimethylene blue solution and the number of
colonies was scored. The survival of the irradiated cells is expressed as a
percentage of the survival of the appropriate mock-treated control cells. The
survival of irradiated and caffeine-treated cells is expressed as a percentage
of the survival of mock-treated and caffeine-treated control cells. Data
represents the average of three independent experiments; error bars
represent one standard deviation. No statistical differences were found
between irradiated and irradiated and caffeine-treated cells, as determined
using one-way ANOVA.

Supplementary Figure 3.12 Effect of BrdU on UVA-induced γH2AX.
XP30RO were incubated, or not, with 10 µM BrdU for 1 hr prior to mocktreatment or exposure to 100 kJ/m2 UVA radiation. Cell lysates were
prepared immediately following irradiation. 20 µg of protein was separated
by SDS-PAGE and the levels of γH2AX were analysed by western blotting.
GAPDH was used as a loading control.
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Supplementary Figure 3.13 Effect of UVA-radiation on polη-GFP
expression in TRG-16 cells. TRG-16 cells were incubated, or not, with 0.1
µg/ml tetracycline (tet) or an equal volume of DMSO. Cells were mocktreated or exposed to 100 kJ/m2 UVA radiation 24 hr following tet addition.
Cells lysates were prepared at the indicated times following tetracycline
addition. 20 µg of protein was separated by SDS-PAGE and polη expression
was analysed by western blotting. Chk1 was used as a loading control. *
non-specific band.
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Supplementary Figure 3.14 Effect of short-wavelength UV filters on
polη recruitment to nuclear foci following UVA irradiation. TRG-16
cells grown on glass coverslips, and incubated with 0.1 µg/ml tetracycline
for 24 hr, to induce polη-GFP expression. Cells were mock-treatment or
exposed UVA irradiation for an 80 min duration. Where indicated cells
were exposed to UVA radiation through short-wavelength UV filters. Filter
1 blocks short-wavelength UV less than 315 nm, and filter 2 blocks the
transmission of the majority of UV radiation less than 350 nm (Section
2.2.5). UV filters reduce the UV fluency reaching the cells (calculated in
Table 2.8); the UVA dose received under each condition is shown in italics.
1 hr following UVA exposure cells were fixed in 4% PFA. DNA was
stained with DAPI. Images were captured under 60X magnification using a
DeltaVision fluorescence microscope. The percentage of polη-GFP
expressing TRG-16 cells containing polη-GFP foci were scored. Cells with
greater than eight polη-GFP foci were scored as polη-GFP foci-positive. At
least 100 polη-GFP expressing cells were scored per condition. Data
represents the average of three independent experiments; error bars
represent one standard deviation. *p<0.05 and **p<0.01 represents
statistical difference between mock-treated and UVA-irradiated cells, as
determined using one-way ANOVA.
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The response of primary normal human epidermal
melanocytes to long-wavelength UVA radiation

Chapter 4
4.1

Characterisation of cultured primary normal human epidermal
melanocytes (NHEM)

Primary neonatal normal human epidermal melanocytes (NHEM), isolated
from a Caucasian male, were purchased from Lonza and routinely cultured
in MGM-4 media (Lonza; Section 2.2.2.4).
4.1.1

Analysis of melanocyte-specific characteristics of NHEM

4.1.1.1 Analysis of TRP1 expression
The melanocytic-specificity of NHEM was characterised by Lonza (see
Section 2.2.2.4). To independently characterise the melanocyte specificity
of NHEM, the expression of the melanosome-specific protein tyrosinaserelated protein 1 (TRP1) was analysed by western blotting and
immunofluorescence (Yavuzer and Goding, 1994). TRP1 was detected by
western blotting as a band of approximately 75 kDa in NHEM lysates, but
was not detected in lysates from a normal fibroblast cell line (NFF; Figure
4.1A), consistent with the melanocytic lineage of NHEM.
The cellular localisation of TRP1 in NHEM was analysed by
immunofluorescence using the same anti-TRP1 antibody and visualised
using an Alexa Fluor® 594-conjugated secondary antibody. Anti-TRP1
stained melanosomes were observed as discrete organelles throughout the
cell body of NHEM (Figure 4.1B (i-iii)). In the majority of NHEM, an
accumulation of TRP1-stained melanosomes was observed at the
extranuclear periphery (Figure 4.1B). This may represent the endoplasmic
reticulum and/or Golgi apparatus, the sites of melanosome biogenesis
(Dell'Angelica, 2003). Consistent with TRP1 being exclusively expressed in
melanocytes (Yavuzer and Goding, 1994), immunofluorescence staining of
TRP1 was not detected in the normal fibroblast cell line, NFF (Figure 4.1B
(iv)).
Anti-TRP1 stained protrusions were observed extending from NHEM cell
bodies, in particular in UVA-irradiated cells (Figure 4.1B (ii-iii)). While the
UVA-dependence of this effect was not investigated further here, these
protrusions were similar in appearance to melanosome-containing
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Figure 4.1 Analysis of TRP1 expression and localisation in NHEM. (A)
Protein extracts (20 µg) from NHEM and NFF were separated by SDSPAGE and analysed by western blotting for the expression of TRP1.
GAPDH was used as a loading control. (B) NHEM were grown on collagencoated coverslips, mock-treated or irradiated with 75 kJ/m2 UVA and fixed
in 4% PFA 6 hr post-irradiation (i-iii). NFF were grown on glass coverslips.
Cell were not treated (NT) and fixed in 4% PFA at 70% confluence (iv).
Immunofluorescence staining for TRP1 was performed as outlined in
Section 2.2.16.5. Bound anti-TRP1 was detected using an Alexa Fluor®
594-conjugated secondary antibody. DNA was stained using DAPI. Images
were captured at 60 X magnification using a Delta Vision fluorescence
microscope. White boxes mark the area of the image shown at 3 times
magnification on the right-hand side of the respective panels.
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protrusions observed between melanocytes and keratinocytes in a
melanocyte/keratinocyte co-culture system (Scott et al., 2002). These
protrusions have been proposed to represent a mechanism of melanosome
transfer between the two cell types (Scott et al., 2002).
4.1.1.2 Analysis of the melanin content
Melanin, the photoprotective pigment responsible for skin colour and
tanning, is selectively synthesised in melanocytes (Abdel-Malek and Swope,
2011). The total melanin content of cultured NHEM was quantified using
the spectrophotometric melanin assay as described in Section 2.2.19. This
assay is based on the absorption of light by melanin at 475 nm, and does not
differentiate between eumelanin and pheomelanin (Friedmann and
Gilchrest, 1987; Smit et al., 2001). Using this assay the total melanin
content of NHEM was determined to be 11.4 µg/106 cells (Figure 4.2B).
This is similar to the total melanin content (9.8 µg/106 cells) previously
reported in melanocytes from type I skin (Wenczl et al., 1998). The melanin
content of the highly pigmented murine melanocyte cells (Section 2.2.1.2)
was 10-fold higher than that of NHEM (Figure 4.2B). The non-pigmented
fibroblast TR30-2 cell line also had a measurable absorbance at 475 nm, 2fold

lower

than

that

of

NHEM

(Figure

4.2B).

However

the

spectrophotometric assay used here does not control for the presence of
other biomolecules which absorb at 475 nm.
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Figure 4.2 Determination of the total melanin content of cells. (A)
Standard curve of synthetic melanin absorbance at 475 nm. The equation of
the linear trend line and R2 statistic are shown. (B) The total melanin
content of cells was measured as outlined in Section 2.2.19. Data represents
the average of two experiments, + one standard deviation.

4.1.2

Normal growth and cell cycle distribution

To determine the growth rate of NHEM, cells were seeded at a density of 8
x 104 cells per 35 mm dish. At 48 hr intervals, the cells were trypsinised,
and the number of cells per dish were counted (Figure 4.3A). Following an
initial lag phase of up to approximately 48 hr post-seeding, the doubling
time of NHEM in culture was calculated to be approximately 96 hr (Figure
4.3A). This is similar to the doubling time of 4-5 days previously reported
for cultured primary human melanocytes (Devi et al., 2009; Im et al., 1992).
To further characterise the normal growth of NHEM in culture, cell cycle
distribution was analysed (Figure 4.3B). NHEM were cultured on 35 mm
dishes and fixed in ethanol at 24 hr intervals. DNA was stained with PI, and
the cell cycle distribution was analysed by flow cytometry (Figure 4.3B). 48
hr post-seeding the majority of NHEM (75%) were in G1 (Figure 4.3C). At
72 hr post-seeding the percentage of S phase cells increased by 14%
compared to 48 hr (Figure 4.3C). This was coupled with a decreased in the
percentage of cells in G1 (Figure 4.3C). By 96 and 120 hr post-seeding the
percentage of S-phase cells was decreased to 8.9% and 6.4%, respectively
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(Figure 4.3C). This was coupled with an increase in the percentage cells in
G2/M-phase (Figure 4.3C). The cell cycle distribution at 144 hr is similar to
that at 48 hr, with the majority of cells being in G1-phase (Figure 4.3C).
This is consistent with the doubling time of approximately 96 hr calculated
from the growth rate analysis (Figure 4.3A).

Figure 4.3 Normal growth and cell cycle distribution of cultured
NHEM. (A) NHEM were seeded at 8 x 104 cells per 35 mm dish. Fresh
media was added every 48 hr. At 48 hr intervals cells were trypsinised and
counted. The total number of cells per dish was calculated. Samples were
analysed in duplicate. Data represents the mean of three independent
experiments; error bars represent one standard deviation. (B) NHEM were
cultured as outlined in (A), and fixed in 70% ethanol at 24 hr intervals. Cells
were stained with PI and cell cycle distribution was analysed by flow
cytometry. Representative graphs of PI staining versus cell counts are
shown. (C) Quantitation of cell cycle distribution as shown in (B), presented
in tabular form. Data is generated from one experiment.

4.1.3

Optimisation of UVA-irradiation conditions for NHEM

Calcium is reported to play an essential role in melanocyte homeostasis,
including maintaining melanocyte morphology and attachment, as well as in
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cellular signalling and melanogenesis (Carsberg et al., 1995; Cook et al.,
2003; Tang et al., 1994; Wicks et al., 2011). UVA irradiation conditions
were optimised by first testing the effect of calcium on the morphology of
mock-treated and UVA-irradiated NHEM (Figure 4.4). UVA irradiation was
carried out in PBS in the presence or absence of 50 µM CaCl 2, a
concentration equal to that in the normal MGM-4 culture medium. Overall
CaCl2 addition protected against the morphological changes observed when
cells were mock-treated in PBS alone (Figure 4.4). Based on this data all
further UVA-irradiation experiments were carried out in PBS containing 50
µM CaCl2.

Figure 4.4 Effect of CaCl2 on NHEM morphology following UVA
exposure. NHEM were mock-treated or exposed to 75 kJ/m2 UVAirradiation in PBS or in PBS containing 50 µM CaCl2. Phase contrast
images of NHEM were taken at indicated times post-treatment under 60X
magnification on an Olympus light microscope attached to an Olympus
digital camera.

4.1.4

Sensitivity of NHEM to UVA-radiation

While the clonogenic cell survival assay is widely accepted as the standard
method to measure cell survival and the ability of cells to divide following
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exposure to a variety of toxic agents (Munshi et al., 2005), preliminary
experiments in which NHEM were seeded at densities from 1 x 103 to 2.5 x
104 cells per 60 mm Cell+-coated dishes (Sarstedt) and incubated for up to
21 days, revealed that following cell division, NHEM moved and spread
apart, such that individual cells rather than colonies were present on the
culture dishes. This spreading phenomenon by cultured primary human
melanocytes was previously reported by Yohn et al. (1992). Thus, the
clonogenic survival assay could not be utilised. Instead, the effect of UVirradiation on NHEM viability, 48 hr following irradiation, was determined
using the trypan blue dye-exclusion assay, as outlined in Section 2.2.9
(Figure 4.5). NHEM viability following UV-exposure was expressed as a
percentage of the viable cells in the appropriate mock-treated controls (see
Section 2.2.9.2). Overall, mock-treatment did not significantly affect cell
viability. The average percentage of non-viable cells in mock-treated
controls was 7.1% + 4.1. For comparison, the viability of NHEM following
UV-exposure was compared to that of TR30-2 cells, a SV40-transformed
fibroblast cell line.
NHEM were relatively resistant to UVA radiation up to 75 kJ/m2 UVA,
where 97% of the cells remain viable (Figure 4.5A). At doses of 150 kJ/m2
and 200 kJ/m2 UVA, NHEM viability was reduced to 79% and 40%,
respectively (Figure 4.5A). This is consistent with a previous report where
the viability of primary human melanocytes was 80% following exposure to
150 kJ/m2 UVA and 50% following exposure to 200 kJ/m2 UVA (Yohn et
al., 1992). No significant difference in cell viability was observed between
NHEM and TR30-2 cells following exposure to UVA-radiation (Figure
4.5A). This is consistent with a previous report that the survival rate
observed for primary human melanocytes and G361 melanoma cells was not
significantly different following UVA-exposure (Kowalczuk et al., 2006).
The effect of UVB and UVC radiation on NHEM cell viability was also
determined (Figure 4.5B and C). Overall, NHEM were found to be more
resistant to UVB and UVC radiation than TR30-2 cells (Figure 4.5B and C).
Following exposure to 50 J/m2 UVB, NHEM viability was 97%, whereas
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TR30-2 viability was <30% (Figure 4.5B). At UVB doses greater than 50
J/m2, NHEM viability decreased in a dose-dependent manner, with 30%
viable cells remaining following exposure to 200 J/m2 UVB (Figure 4.5B).

Figure 4.5 NHEM viability 48 hr following UV-irradiation. NHEM or
TR30-2 cells were mock-treated or exposed to UVA (A), UVB (B) or UVC
(C) radiation. Cells were incubated for 48 hr and cell viability was assessed
using the trypan blue dye-exclusion assay. Viable (transparent) and nonviable (blue) cells were scored; at least 100 cells were counted per
condition. The percentage of viable cells in UV-irradiated samples was
expressed as a percentage of the viable cells in the appropriate mock-treated
control. Data represents the mean of at least three independent experiments;
error bars represent one standard deviation.

Similarly, following exposure to 20 J/m2 UVC, NHEM viability was 96%,
whereas TR30-2 viability was only 20% at the same dose (Figure 4.5C). At
UVC doses greater than 20 J/m2, NHEM viability decreased in a dose146
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dependent manner, with approximately 30% viability observed following
exposure to 80 J/m2 UVC (Figure 4.5). The relatively high resistance of
NHEM to UVB and UVC compared to TR30-2 cells is consistent with a
report that primary human melanocytes were more resistant to UVB and
UVC irradiation than G361 melanoma cells (Kowalczuk et al., 2006).
4.1.5

Summary

Melanocytes are a specialised skin cell and are characterised by the ability
to synthesise the photoprotective pigment melanin. Consistent with a
melanocytic origin, NHEM expressed the melanosome specific protein
TRP1 (Figure 4.1; Bhawan (1997)) and had a melanin content similar to that
previously reported for Caucasian melanocytes (Figure 4.2; Wenczl et al.
1998).
The doubling time of NHEM in culture was approximately 96 hr, under the
normal growth conditions used here (Figure 4.3A). From NHEM cell cycle
distribution analysis, the highest proportion of cells in S phase was observed
72 hr following seeding on culture dishes (Figure 4.3C). Based on these
observations, the experimental outline for treatment of NHEM was
optimised as follows: following seeding, fresh media was added at 48 hr
intervals. NHEM were treated with UVA-irradiation or other agents 72 hr
post-seeding, where the highest proportion of S-phase cells was observed
(Figure 4.3C). Based on morphological analysis (Figure 4.4), NHEM were
mock-treated or exposed to UVA in PBS containing 50 µM CaCl2, which
protected mock-treated cells from morphological changes.
NHEM exhibited a dose-dependent decrease in viability following exposure
to UVA radiation (Figure 4.5A). In the following experiments designed to
characterise the molecular responses of NHEM to UVA radiation, most of
the experiments were carried out at 75 kJ/m2 UVA radiation where cell
viability was 97% (Figure 4.5A). An important consideration when
choosing the UVA dose at which to characterise NHEM responses was to
choose a biologically relevant dose. 75 kJ/m2 UVA-radiation is
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approximately equivalent to 25 minutes of mid-day sun exposure in Paris
(Kuluncsics et al., 1999).
4.2

Analysis of the effect of UVA radiation on cell cycle progression
and DNA replication in NHEM

Exposure of cells to DNA damaging agents, such as UVC radiation,
activates the DDR which can lead to cell cycle arrest (Cruet-Hennequart et
al., 2006). Arrest of the cell cycle is proposed to allow time for the DNA
repair machinery to repair damaged DNA (Elledge, 1996; Kaufmann and
Paules, 1996). Since UVA irradiation induces DNA damage in the form of
CPDs and 8-oxo-G (Cadet et al., 2009; Girard et al., 2011; Mouret et al.,
2006; Perdiz et al., 2000), both of which have been identified in UVAirradiated primary human melanocytes (Mouret et al., 2012), the effect of
UVA-irradiation on NHEM cell cycle progression and DNA synthesis was
investigated.
4.2.1

Analysis of the effect of UVA radiation in NHEM cell cycle
distribution

NHEM cell cycle distribution was analysed as outlined in Section 2.2.10.2.
Briefly, NHEM were mock-treated or exposed to 75 kJ/m2 UVA-irradiation
and fixed at the indicated times post-treatment. Cells were stained with PI
and DNA content was analysed by flow cytometry. Overall, exposure to 75
kJ/m2 UVA irradiation did not result in any significant difference in NHEM
cell cycle distribution compared to mock-treated controls (Figure 4.6).
A time-dependent, but UVA-independent, decrease in the percentage of
cells in S-phase was observed 24 hr post-treatment (Figure 4.6B, middle
panel). 24 hr post-treatment corresponds to 96 hr post-seeding. Thus, the
time-dependent decrease in S-phase population observed here (Figure 4.6B),
is consistent with that observed 96 hr post-seeding when cell cycle
progression was analysed under unperturbed conditions (Figure 4.3C).
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Figure 4.6 Effect of UVA radiation on NHEM cell cycle distribution.
NHEM were mock-treated or exposed to 75 kJ/m2 UVA-irradiation and
fixed in 70% ethanol at the indicated times post-irradiation. Cellular DNA
was stained with PI, samples were analysed using a FACS Calibur, and data
was analysed using CellQuest software. (A) Representative histogram plots
showing cell cycle distribution. (B) The percentage of cells in each cell
cycle phase was calculated from the histograms in (A). Data represents the
mean of at least four independent experiments; error bars represent one
standard deviation.

4.2.2

Analysis of the effect of UVA radiation on DNA synthesis in
NHEM

While cell cycle analysis using the PI staining method as described above
(Section 4.2.1), provides information on the cell cycle phase distribution, it
does not provide any information on the actual percentage of cells actively
undergoing DNA synthesis. Here, the effect of UVA irradiation on DNA
synthesis in NHEM was investigated using two independent techniques.
Both approaches are based on the incorporation of nucleoside analogues that
are subsequently detected using a fluorescent probe. Thus, the percentage of
cells actively incorporating nucleoside analogues (ie. undergoing DNA
replication) can be determined.
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4.2.2.1 Effect of UVA radiation on BrdU incorporation
The effect of UVA radiation on BrdU incorporation was analysed by flow
cytometry (Figure 4.7). NHEM were mock-treated or exposed to 75 kJ/m2
UVA radiation. Cells were incubated with 10 µM BrdU for 1.5 hr, before
fixing in 70% ethanol at the indicated times post-irradiation. BrdU
incorporation was detected using a FITC-conjugated anti-BrdU antibody,
DNA was stained with PI and cells were analysed by flow cytometry. BrdU
positive cells were defined as having a FITC signal above a threshold value,
set by staining cells that had not been incubated with BrdU with the FITCconjugated anti-BrdU antibody (Figure 4.7A negative control). In the
present experiments cells were not incubated with BrdU during the period of
UVA-irradiation, since BrdU is a type I photosensitiser (Sugiyama et al.,
1990) which when exposed to light, can lead to damage of both DNA and
proteins (Cecchini et al., 2005; Manak et al., 1981).
Within 1.5 hr after UVA-irradiation, the percentage of BrdU-positive cells
in UVA-irradiated NHEM was significantly lower than in the mock-treated
controls, with a decrease from 19% to 12% observed (Figure 4.7B,
*p=0.04). This is consistent with UVA-induced inhibition of DNA
synthesis, as observed in XP30RO and TR30-2 cells (Figure 3.3), and
previously in normal human fibroblasts (de Laat et al., 1996; Girard et al.,
2008). Consistent with recovery from the initial UVA-induced inhibition of
DNA synthesis, the percentage of BrdU-positive cells increased by 4% in
UVA-irradiated samples, 3 hr post-irradiation (Figure 4.7B). No significant
difference in the percentage of BrdU-positive cells between mock-treated
and UVA-irradiated NHEM was observed 6 hr post-irradiation (Figure
4.7B). The percentage of BrdU-positive cells in the mock-treated samples
did not change significantly over time up to 6 hr post-UV, with on average
18.5% + 2.7 BrdU-positive cells detected (Figure 4.7B). Overall this data is
consistent with a rapid and transient UVA-induced inhibition of DNA
replication in NHEM.
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Figure 4.7 Effect of UVA radiation on BrdU incorporation in NHEM.
NHEM were mock-treated or exposed to 75 kJ/m2 UVA-irradiation. Cells
were incubated with 10 µM BrdU for 1.5 hr prior to fixing in 70% ethanol at
the indicated times post-irradiation. BrdU was labelled with a FITCconjugated anti-BrdU antibody and DNA was stained with propidium
iodide. Samples were analysed using a FACS Calibur, and data analysed
using CellQuest software. (A) Dot plots are representative of four
independent experiments. (B) The percentage of BrdU-positive cells as
calculated from the dot plots shown in (A). Data represents the average of
four independent experiments; error bars represent one standard deviation. *
p=0.04, as determined using one-way ANOVA.

4.2.2.2 Effect of UVA radiation on EdU incorporation in NHEM
UVA irradiation induced rapid and transient inhibition of DNA synthesis in
NHEM, as determined using the flow cytometry-based BrdU incorporation
assay (Figure 4.7). While this assay is widely used in the field of cell cycle
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analysis (Cruet-Hennequart et al., 2006; Girard et al., 2008; Runger et al.,
2012), it is not without limitations, including the requirement for DNA
denaturation, since the anti-BrdU antibody only recognises BrdU in singlestranded DNA. In the case of NHEM prolonged (1.5 hr) incubation with
BrdU was required to generate sufficient signal for analysis (as determined
from preliminary experiments), which limited the time points that could be
examined. Thus, EdU incorporation was analysed by fluorescence
microscopy, to independently confirm the effects of UVA radiation on DNA
synthesis in NHEM (Figure 4.8).
The advantages of the EdU Click iT™ assay over the BrdU flow cytometry
assay include: (i) the Click iT™ reaction used to label incorporated EdU
does not require DNA denaturation, (ii) incubation of cells with EdU for 30
min is sufficient to detect incorporated EdU by this assay, thus providing a
more concise snapshot of replication capacity, and (iii) the assay allows the
quantification of EdU intensity in individual cells, thus providing
information not only on the percentage of cells undergoing DNA synthesis
but also the relative level of DNA synthesis in individual cells.
Analysis of EdU incorporation by fluorescence microscopy showed rapid
UVA-induced inhibition of DNA synthesis in NHEM (Figure 4.8B). In the
first 30 min after UVA exposure, the percentage of EdU-positive cells in
NHEM was significantly lower than in mock-treated cells, with two-fold
fewer EdU-positive cells in UVA-irradiated samples (Figure 4.8B). This is
consistent with UVA-induced inhibition of DNA synthesis in NHEM
observed in Figure 4.7. In the following 30 min, the percentage of EdUpositive cells in UVA-irradiated samples began to increase, but overall
UVA-irradiated samples had fewer EdU-positive cells (Figure 4.8B). At 3
hr and 6 hr post-irradiation, there was no significant difference between the
percentages of EdU-positive cells in mock-treated or UVA-irradiated
samples (Figure 4.8B). This is consistent with flow cytometric data,
showing that DNA replication had recovered to pre-irradiation levels by 3 hr
post-UVA (Figure 4.7B).
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Figure 4.8 Effect of UVA in EdU incorporation in NHEM. NHEM were
cultured on collagen-coated glass coverslips and mock-treated or exposed to
75 kJ/m2 UVA-radiation. Cells were incubated with 10 µM EdU media for
30 min, prior to fixing in 4% PFA at the indicated times post-irradiation.
EdU was stained using the EdU Alexa Fluor® 594 Click iT® kit
(Invitrogen). DNA was stained using DAPI and cells were mounted in
SlowFade. Images were captured using the 60X objective on a DeltaVision
fluorescence microscope. (A) Representative images of mock-treated or
UVA-irradiated NHEM showing EdU incorporation. Images were captured
under 60X magnification. (B) The percentage of EdU positive cells was
scored manually. At least 100 cells were counted per condition. Data is
representative of three independent experiments; error bars represent one
standard deviation. ** p=0.01, as determined using one-way ANOVA. (C)
The EdU fluorescence intensity of each nucleus was quantified as outlined
in Section 2.2.16.7. Box-and-whisker plot shows the distribution of the EdU
intensities for each sample. The middle of the boxes represents the median
EdU intensity value. The top (black) and bottom (grey) boxes represent the
75th and 25th percentile, respectively. The ends of the whiskers represent the
maximum and minimum EdU intensity values. Data derived from two
independent experiments. At least 100 cells were scored per condition per
experiment.
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Along with the observed decrease in the percentage of EdU-positive cells in
the first 30 min following UVA exposure (Figure 4.8B), the mean EdU
intensity of UVA-irradiated cells was 7-fold lower than that of mock-treated
cells (Figure 4.8C). Consistent with recovery from UVA-induced inhibition
of DNA synthesis, by 3 hr post-irradiation the mean EdU intensity of UVAirradiated cells had returned to approximately the same levels as that of
mock-treated control cells (Figure 4.8C).
4.2.3

Summary

Exposure of NHEM to 75 kJ/m2 UVA-irradiation did not affect overall cell
cycle distribution over a 24 hr period (Figure 4.6). This is consistent with a
previous report that UVB, but not UVA, induced cell cycle arrest in primary
human fibroblasts (Runger et al., 2012). However, exposure of NHEM to 75
kJ/m2 UVA-irradiation induced a rapid but transient inhibition of DNA
replication, determined by two independent approaches (Figure 4.7 and
Figure 4.8). There was a significant reduction in the percentage of NHEM
undergoing DNA replication up to 1.5 hr post-UVA, with recovery from
UVA-induced inhibition of DNA synthesis observed by 3 hr post-UVA
(Figure 4.7B and Figure 4.8B). The rapid transient inhibition of DNA
synthesis by UVA-radiation is consistent with previous reports that UVA
induces inhibition of DNA synthesis in primary human fibroblasts (de Laat
et al., 1996; Runger et al., 2012) and transformed human fibroblasts (Girard
et al., 2008).
4.3

Characterisation UVA-induced DNA damage responses in NHEM

The DNA damage response (DDR), mediated in part by the PIK kinases,
ATR and ATM, is activated in cells in response to DNA damage, and
mediates DNA repair, inhibition of cell cycle progression in the presence of
damage or activates cell death when damage is too severe (see Section 1.7).
It is now well established that UVA induces DNA damage, including CPD
and 8-oxo-G lesions, in a number of cell types including primary human
melanocytes (Girard et al., 2011; Mouret et al., 2006; Mouret et al., 2012;
Perdiz et al., 2000) However, the effects of UVA radiation on DDR
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activation in primary human melanocytes has not been systematically
investigated to date. Thus, the activation of ATR- and ATM-mediated DDR
pathways was analysed in primary normal human epidermal melanocytes.
4.3.1

UVA-induced phosphorylation of cell cycle checkpoint proteins

The effect of UVA radiation on two major DNA damage-activated PIK
kinases, ATR and ATM, in NHEM was analysed by investigating the
phosphorylation status of key substrates by western blotting, using phosphospecific antibodies (Figure 4.9).
Exposure of NHEM to 75 kJ/m2 UVA induced rapid phosphorylation of
Chk1 on S345 and S317, two ATR phosphorylation sites (Liu et al., 2000;
Zhao and Piwnica-Worms, 2001). UVA-induced phosphorylation of Chk1
on both S345 and S317 were transient events, and the extent of
phosphorylation reduced to background levels 3 hr and 6 hr following
irradiation, respectively (Figure 4.9). The level of total Chk1 did not vary
over the time course examined here (Figure 4.9). The rapid transient
phosphorylation of Chk1 on S345 and S317 correlates with the strong
inhibition of DNA synthesis observed in UVA-irradiated NHEM (Figure 4.7
and Figure 4.8).
Chk2 was phosphorylated on T68 following exposure of NHEM to 75 kJ/m2
UVA (Figure 4.9). Phosphorylation of Chk2 on T68 is a well-established
ATM substrate (Matsuoka et al., 2000a). Like Chk1 phosphorylation, UVAinduced Chk2 phosphorylation on T68 was a rapid event. However in
contrast to Chk1 phosphorylation, Chk2 phosphorylation was sustained up
to 6 hr post-UVA (Figure 4.9).
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Figure 4.9 UVA-induced phosphorylation of checkpoint proteins in
NHEM. NHEM were mock-treated or exposed to 75 kJ/m2 UVA-radiation,
and cell lysates were prepared at indicated times post-irradiation. 20 µg of
protein was separated by SDS-PAGE. The phosphorylation status of Chk1
and Chk2 was analysed by western blotting using phospho-specific
antibodies. The levels of total Chk1 were also analysed. GADPH was used
as a loading control.

4.3.2

Characterisation of the role of Chk1 in the response of NHEM to
UVA

Chk1 plays an important role in the DNA replication checkpoint (see
Section 1.8.3.1 and Bartek et al., (2004), Branzei and Foiani, (2010)). Since
UVA-induced Chk1 phosphorylation (Figure 4.9) correlates with UVAinduced inhibition of DNA synthesis (Figure 4.7 and Figure 4.8), the role of
Chk1 in the response of NHEM to UVA radiation was further investigated.
To further analyse UVA-induced phosphorylation of Chk1, NHEM were
exposed to increasing doses of UVA irradiation. Cell lysates were prepared
3 hr post-irradiation and the level of Chk1 phosphorylated on S317 was
analysed by western blotting (Figure 4.10). These was a dose dependent
increase in Chk1 phosphorylation on S317 following exposure to up to 150
kJ/m2 UVA (Figure 4.10).
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Figure 4.10 Dose-dependence of UVA-induced phosphorylation of
Chk1. NHEM were mock-treated or exposed to 75 kJ/m2 UVA-radiation,
and cell lysates were prepared 3 hr post-irradiation. 20 µg of protein was
separated by SDS-PAGE. The phosphorylation status of Chk1 on S317 was
analysed by western blotting using a phospho-specific antibody. The levels
of total Chk1 were also analysed.

Since UVA-induced rapid inhibition of DNA synthesis in NHEM, which is
indicative of replication checkpoint activation, the role of Chk1 in UVAinduced inhibition of DNA replication was analysed. If Chk1 kinase plays a
role in UVA-induced inhibition of DNA synthesis, then inhibition of Chk1
activity should affect this response. Chk1 kinase activity was inhibited using
UCN-01 an established small molecule of Chk1 kinase (Busby et al., 2000;
Graves et al., 2000). UCN-01 is widely used as a Chk1 inhibitor due to its
100-fold specificity for Chk1 over Chk2 (Busby et al., 2000), however, it
should be noted that UCN-01 also inhibits PKC isoforms with an IC50 in the
same nM range as Chk1 (Seynaeve et al., 1994). UVA-induced inhibition of
DNA synthesis, as measured by a reduction in the percentage of BrdUpositive cells, was independent of UCN-01 treatment (Figure 4.11) This
suggests that the observed initial UVA-induced inhibition of DNA synthesis
was Chk1-independent. Consistent with this, siRNA-mediated Chk1
knockdown in transformed human fibroblasts did not prevent UVA-induced
inhibition of DNA synthesis (Girard et al., 2008). DMSO-treated NHEM
recovered from UVA-induced inhibition DNA synthesis by 6 hr postirradiation as previously observed (Figure 4.7). However, UCN-01
treatment abrogated the recovery of BrdU incorporation in UVA-irradiated
NHEM (Figure 4.11). This suggests that while Chk1 activity is not required
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for the initial rapid inhibition of DNA synthesis after UVA, recovery of
DNA replication following UVA-exposure is Chk1-dependent.

Figure 4.11 Effect of Chk1 kinase inhibition on UVA-induced decrease
in DNA synthesis. NHEM were incubated with 100 nM UCN-01, or an
equal volume of DMSO vehicle control, for 30 min prior to mock-treatment
or exposure to 75 kJ/m2 UVA radiation. Cells were incubated with 10 µM
BrdU for 1.5 hr prior to fixing in 70% ethanol at the indicated times postUVA. Incorporated BrdU was labelled with a FITC-conjugated anti-BrdU
antibody and DNA was stained with propidium iodide. Samples were
analysed using a FACS Calibur, and data analysed using CellQuest
software. The percentage of BrdU-positive cells was quantified. Data
represents the mean of two independent experiments; error bars represent
one standard deviation.

Abrogation of DNA damage-induced checkpoint activation can result in cell
death (Jackson et al., 2000; Ma et al., 2011). The effect of Chk1 inhibition
on UVA viability of NHEM was analysed 48 hr following UVA irradiation
using the trypan blue dye-exclusion assay (Figure 4.12). Two independent
small molecule inhibitors of Chk1, UCN-01 and Chir-124, were utilised.
Equimolar concentrations of UCN-01 and Chir-124 were previously shown
to abrogate cell cycle checkpoints in response to topoisomerase poisons and
enhance induced cell death in MDA breast cancer cells (Tse et al., 2007).
Incubation of NHEM with 100 nM UCN-01 or 100 nM Chir-124
significantly reduced NHEM viability 48 hr following exposure to 75 kJ/m2
UVA (Figure 4.12). UCN-01- or Chir-124-treatment alone did not have any
significant effect on the viability of mock-treated cells (Figure 4.12). This
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data suggests that Chk1 activity modulates NHEM survival following
exposure to UVA irradiation.

Figure 4.12 Effect of Chk1 kinase inhibition on the sensitivity of NHEM
to UVA radiation. NHEM incubated with 100 nM UCN-01 or Chir-124 or
an equal volume of DMSO vehicle control, for 30 min prior to irradiation.
Cells were mock-treated or exposed to 75 kJ/m2 UVA-irradiation. Media
containing the drug was returned to cells immediately following irradiation
and cells were incubated for 48 hr. Cell viability was determined using the
trypan blue dye-exclusion assay. Viable (transparent) and non-viable (blue)
cells were scored; at least 100 cells were counted per condition. The
percentage viable cells was calculated as a percentage of the total cell count.
Data represents the mean of four independent experiments for UCN-01
treated samples or two independent experiments for Chir-124 treated
samples, error bars represent one standard deviation. ** p<0.01 as
determined using one-way ANOVA.

4.3.3

Summary

The data presented here provides evidence that UVA induces activation of
both the ATR-Chk1 and ATM-Chk2 pathways in NHEM (Figure 4.9). This
is the first report of activation of these DDR pathways in primary human
melanocytes following UVA-irradiation. The relationship between Chk1
activation and UVA-induced inhibition of DNA synthesis was investigated
using small molecule inhibitors of Chk1. While Chk1 is not involved in the
initial UVA-induced inhibition of DNA synthesis, Chk1 plays a role in the
recovery from UVA induced inhibition of DNA synthesis. Furthermore, a
role for Chk1 in modulating NHEM survival following exposure to UVA
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was demonstrated. Overall, the data is consistent with an important role for
Chk1 in the response of NHEM to UVA radiation.
4.4

Characterisation of the effect of Chk1 expression on the response
of murine melanocytes to UVA radiation

In the previous section (Section 4.3.2) an important role for Chk1 in the
response of NHEM to UVA-irradiation was identified. Manipulation of
Chk1 activity using small molecule chemical inhibitors has the disadvantage
of potential off-target effects (Seynaeve et al., 1994). Thus to independently
assess the role of Chk1 in the response of melanocytes to UVA radiation, a
murine melanocyte cell line, generated in the laboratory of Prof. D.
Gillespie (Beatson Institute, Glasgow, UK), in which Chk1 expression can
be abrogated in a 4-hydroxytamoxifen (4-OHT)-dependent manner, was
utilised (see Section 2.2.1.2.2 and Figure 2.1). Murine melanocytes
expressing or lacking Chk1 were then exposed to UVA radiation, and the
effect of Chk1 status on cell viability, cell cycle distribution and apoptosis
induction was determined.
4.4.1

Characterisation of 4-OHT-induced Chk1 knockdown in murine
melanocytes

The efficiency of 4-OHT-mediated Chk1

knockdown in

murine

melanocytes was analysed by western blotting (Figure 4.13). Cells were
treated with 1 mM 4-OHT, or an equal volume of ethanol vehicle control, at
24 hr intervals, as outlined in Figure 4.13A. Chk1 expression was analysed
by western blotting, and the relative intensity of the Chk1 bands was
calculated (Figure 4.13B). 48 hr following 4-OHT addition (T48), the level
of Chk1 in the 4-OHT treated cells was 50% of that in the ethanol-treated
control cells (Figure 4.13B; lane 5 vs 2). By T72, the level of Chk1 in the 4OHT-treated cells was reduced to 10% of the level in the control cells
(Figure 4.13B; lane 6 vs 3). Thus, efficient Chk1 knockdown could be
achieved in the murine melanocytes by the addition of 4-OHT.
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Figure 4.13 4-OHT induced Chk1 knockdown in murine melanocytes.
(A) Experimental outline for optimisation of 4-OHT-mediated Chk1
knockdown in the murine melanocyte cell line. (B) Murine melanocytes
were seeded at 3.5 x 106 cells per 60 mm dish. At 24 hr intervals, fresh
media was added and cells were treated with 1mM 4-OHT, or an equal
volume of ethanol, as vehicle control. Cell lysates were prepared at the
indicated times. 20 µg of protein was separated by SDS-PAGE and Chk1
expression was analysed by western blotting. The relative intensity of Chk1
was determined. The intensity of each band was normalised to the intensity
of the β-actin loading control. Relative band intensities are expressed as a
proportion of the T24 ethanol-treated sample.

4.4.2

UVA-induced Chk1 phosphorylation in murine melanocytes

To determine if Chk1 is activated in murine melanocytes in response to
UVA radiation, cells were mock-treated or exposed to 50 kJ/m2 UVA
irradiation and the phosphorylation status of Chk1 was analysed by western
blotting using an antibody specific for Chk1 phosphorylated on S345, which
is

conserved

between

mouse

and

human

(Figure

4.14).

Chk1

phosphorylation on S345 was already detectable at the end of the irradiation
period (Figure 4.14). By 3 hr post-UVA, phospho-Chk1-S345 levels had
decreased to a level similar to mock-treated controls (Figure 4.14). The level
of total Chk1 did not change significantly over time or with UVA exposure
(Figure 4.14). Overall this data is consistent with data from NHEM (Figure
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4.9), and shows that Chk1 phosphorylation occurs rapidly following UVA
exposure, but the response is transient.

Figure 4.14 UVA-induced phosphorylation of Chk1 in murine
melanocytes. Murine melanocytes were seeded at 3.5 x 106 cells per 60 mm
dish and cultured for 48 hr, fresh media added at 24 hr intervals. Cells were
mock-treated or exposed to 50 kJ/m2 UVA-radiation. Cell lysates were
prepared at the indicated times post-treatment. 20 µg of protein was
separated by SDS-PAGE and the levels of phospho-S345 Chk1 and total
Chk1 were analysed by western blotting. GAPDH was used as a loading
control.

4.4.3

Effect of Chk1 expression on murine melanocyte cell cycle
following UVA

Since UVA induces Chk1 phosphorylation in murine melanocytes (Figure
4.14), the effect of 4-OHT-mediated Chk1 knockdown on cell cycle
distribution in UVA-irradiated murine melanocytes was investigated (Figure
4.15). Exposure to UVA doses up to 100 kJ/m2 had little effect on cell cycle
distribution in ethanol-treated murine melanocytes (Figure 4.15). However,
in 4-OHT treated cells, exposure to 50 kJ/m2 UVA resulted in an
approximately 3-fold increase in the percentage of sub-G1 cells, coupled
with a decrease in the proportion of cells in G2/M phase (Figure 4.15B).
Furthermore, exposure of 4-OHT-treated murine melanocytes to 100 kJ/m2
resulted in a significant alteration in cell cycle distribution compared to
mock-treated cells (Figure 4.15B). Specifically there was a 3-fold decrease
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in the percentage of G1 cells, coupled with an increase in the percentage of
S and G2/M phase cells, and an increase in cells with > 4n DNA content
(Figure 4.15B). This data suggests that Chk1 regulates murine melanocyte
cell cycle progression following exposure to UVA irradiation.

Figure 4.15 Effect of Chk1 expression on cell cycle progression in
murine melanocyte following UVA exposure. Murine melanocytes were
treated with 4-OHT (1 mM), or an equal volume of ethanol, at 24 hr
intervals. 48 hr after the initial 4-OHT treatment, cells were mock-treated or
exposed to the indicated doses of UVA irradiation. 24 hr post-irradiation
cells were fixed in 70% ethanol. Cellular DNA was stained with PI, samples
were analysed using a FACS Calibur, and data was analysed using
CellQuest software. (A) Histogram plots showing cell cycle distribution are
shown. (B) The percentage of cells in each cell cycle phase was calculated
from the histograms in (A). Data is derived from one experiment.
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4.4.4

Effect of Chk1 expression on survival of UVA irradiated murine
melanocytes

Exposure of 4-OHT-treated murine melanocytes to UVA-irradiation lead to
an increased in the percentage of sub-G1 cells (Figure 4.15B), indicative of
cell death (Elmore, 2007). The effect of Chk1 expression on UVA survival
of murine melanocytes was further analysed. In contrast to NHEM (Section
4.1.4), murine melanocytes efficiently formed colonies, with approximately
25% cloning efficiency observed from mock-treated cells (Table 4.1).
However, following 4-OHT-mediated Chk1 knockdown, only about 2% of
murine melanocytes form colonies (Table 4.1). The reduced cloning
efficiency of Chk1-depleted murine melanocytes is consistent with Chk1
being essential for viability (Liu et al., 2000), and required for normal
replication (Syljuåsen et al., 2005). Following exposure to 100 kJ/m2 UVAirradiation, the survival of Chk1-expressing murine melanocyte was
approximately 34% of the mock-treated control cells (Table 4.1). This is
approximately two-fold less than the UVA survival observed for normal
transformed human fibroblasts (NFF; Figure 3.1C) and approximately equal
to the UVA survival of XP30RO cells at this UVA dose (Figure 3.1C).
Table 4.1 Loss of Chk1 clonogenicity in Chk1-deficint murine
melanocyte. Murine melanocytes were treated with 4-OHT, to induce Chk1
knockdown, or ethanol, vehicle control, at 24 hr intervals, up to 48 hr postseeding. Cells were mock-treated or exposed to 100 kJ/m2 UVA irradiation.
Cells were incubated for 24 hr, and then trypsinised and re-seeded at a
density of 1 x 103 cells per 60 mm Cell+-coated dish. Cells were incubated
for 9 days and colonies were then stained with coomassie blue and scored.
Cloning efficiency is expressed as a percentage of the number of colonies
counted relative to the number of cells seeded. Survival is expressed as a
percentage of the colonies in UVA-irradiated relative to the appropriate
mock-treated sample. Data represents the mean of two independent
experiments, +/- one standard deviation.

Cloning
efficiency (%)

Murine melanocytes
Ethanol (+ Chk1)
4-OHT (- Chk1)
Mock
UVA
Mock
UVA
(100 kJ/m2)
(100 kJ/m2)
25.2 +/8.5 +/- 1.2
2.0 +/0
0.1
0.1
100
33.9 +/- 4.6
100
0

Survival (%)
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As 4-OHT-treated murine melanocytes do not efficiently form colonies, the
effect of Chk1 knockdown on UVA viability was assessed using PIexclusion 48 hr following UVA-exposure (Figure 4.16). Due to the high
pigmentation of the murine melanocyte cell line (Figure 4.2), the trypan
blue dye-exclusion assay could not be utilised, as it was difficult to visually
distinguish blue (non-viable) cells, among the black cell population. Thus, a
flow cytometry-based PI-exclusion assay was utilised (see Section 2.2.10.1;
Figure 4.16A). Murine melanocytes were treated as outlined in Figure
4.16A. Chk1 expression at the time of viability assessment (T96), was
analysed by western blotting (Figure 4.16B). As outlined in Figure 4.13, 4OHT-treatment reduced Chk1 levels; at T96 Chk1 expression in 4-OHT
treated cells was below the detectable limits of the assay (Figure 4.16B).
In order to quantify cell viability using PI-exclusion assay, a threshold PI
intensity value was set in the negative control, which contained cells that
were not incubated with PI (Figure 4.16C, negative control). Cells with PI
intensities below the threshold were defined as PI-negative and viable, while
cells with intensities above the threshold were defined as PI-positive and
non-viable (Figure 4.16C). Up to T96, 4-OHT treatment had no significant
effect on the viability of murine melanocytes (Figure 4.16D). However, 4OHT-treated murine melanocytes were significantly more sensitive to
UVA-radiation at doses of 37.5 kJ/m2 UVA and above (Figure 4.16D).
Following exposure to 150 kJ/m2 UVA the viability of 4-OHT-treated
murine melanocytes was reduced by approximately 5-fold, compared to
ethanol-treated cells (Figure 4.16D). This data is consistent with a role for
Chk1 in the survival of murine melanocytes following UVA exposure.
Overall, the sensitivity of murine melanocytes (ethanol-treated) 48 hr postUVA is approximately equal to that observed for NHEM up to doses of 150
kJ/m2 UVA (Figure 4.16D, Figure 4.5A).
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Figure 4.16 Effect of Chk1 expression in UVA-sensitivity of murine
melanocytes. (A) Experimental outline. (B) Murine melanocytes were
treated with 4-OHT (1 mM) or an equivalent volume of ethanol at 24 hr
intervals as outlined in (A). Cell lysates were prepared at T96 and Chk1 was
analysed using western blotting. GAPDH was used as a loading control. (C)
Murine melanocytes were treated with 4-OHT, as outlined in (A). Cells
were mock-treated or exposed to increasing doses of UVA radiation at T48.
Cells were incubated for 48 hr post-UVA and cell viability was assessed
using the flow cytometry-based PI-exclusion assay. Representative
histograms showing PI intensity vs. cell number. The threshold intensity of
PI-negative (viable) cells was set in the PI-negative control. Cells with a PI
intensity above this threshold value were classed as PI-positive (non-viable).
(D) The percentage of viable cells is expressed as a percentage of the total
cell population analysed. Data represents the mean of three independent
experiments; error bars represent one standard deviation. Statistical
differences in viability between Chk1-expressing and Chk1-deficent cells
are shown. * p<0.05 and ** p<0.01, as determined using one-way ANOVA.
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To investigate the cell death pathway responsible for the reduction in
viability

observed

following

exposure

of

4-OHT-treated

murine

melanocytes to UVA (Figure 4.16D), 4-OHT- or ethanol-treated cells were
mock-treated or exposed to 37.5 kJ/m2 UVA and cell lysates were analysed
by western blotting for two well-established markers of apoptosis, the
cleavage fragments of caspase-3 and Poly (ADP-ribose) polymerase
(PARP) (Figure 4.17; Elmore (2007)).

Figure 4.17 Effect of Chk1 down regulation on UVA-induced markers
of apoptosis. Murine melanocytes were seeded at 3.5 x 106 cells per 60 mm
dish and treated with 1 mM 4-OHT at 24 hr intervals to induce Chk1 downregulation. Control cells were incubated with an equivalent volume of
ethanol. Cells were mock-treated or exposed to 37.5 kJ/m2 UVA irradiation,
72 hr post-seeding. 3 hr post-UVA cells, including floating cells, were
harvested for western blotting. As a positive control for apoptosis, cells
were also treated with 10 µg/ml cisplatin for 24 hr and the total cell
population, including floating cells, was then harvested for western blotting.
20 µg of protein was separated by SDS-PAGE and analysed by western
blotting. The 17 kDa cleavage fragment of caspase-3 was detected using an
anti-cleaved caspase-3 antibody. Full length (116 kDa) PARP and the 89
kDa cleavage fragment were detected using an anti-PARP antibody. Chk1
levels were analysed using an anti-Chk1 antibody, and GAPDH was used as
a loading control.

As a positive control for apoptosis induction, murine melanocytes were
treated with 10 µg/ml cisplatin for 24 hr (Figure 4.17, lane 6). As previously
observed (Figure 4.13B), 4-OHT-treatment reduced Chk1 expression in
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murine melanocytes (Figure 4.17; upper panel; lanes 3 and 4). Exposure of
4-OHT-treated cells to 37.5 kJ/m2 UVA-irradiation increased the levels of
caspase-3 and PARP cleavage (Figure 4.17; lane 4), suggesting that in the
absence of Chk1, UVA-induces apoptosis in murine melanocytes.
4.4.5

Summary

Consistent with observations in primary human melanocytes (Section 4.3.2),
Chk1 is phosphorylated in murine melanocytes in response to UVA
exposure (Figure 4.14). 4-OHT-mediated down-regulation of Chk1 in
murine melanocytes, resulted in dysregulation of the cell cycle (Figure
4.15), a reduction in cell viability (Figure 4.16) and the induction of
apoptotic markers (Figure 4.17), following exposure to UVA-radiation. This
suggests that Chk1 plays an important role in modulating the response of
murine melanocyte to UVA radiation. Thus, the murine melanocyte cell
line, in which Chk1 expression can be conditionally down-regulated,
represents a useful model in which to investigate the role of Chk1 in the
response of melanocytes to UVA radiation.
4.5

Characterisation of ATM in UVA irradiated NHEM

Chk2 phosphorylation on T68 was observed in UVA-irradiated NHEM
(Figure 4.6). Phosphorylation of Chk2 on T68 is a well-established ATM
substrate site, readily induced in response to IR-induced DSBs (Matsuoka et
al., 2000a). To investigate whether UVA radiation induces DSBs in NHEM,
the induction of H2AX phosphorylation on S139 (γH2AX), a widely-used
indirect marker of DSBs (Cleaver, 2011; Rogakou et al., 1999; Rogakou et
al., 1998b), was investigated (Figure 4.18). As a positive control for DSB
induction, NHEM were exposed to 10 Gy IR (Figure 4.18). IR-induced
γH2AX was detected in discrete nuclear foci in the majority of NHEM
immediately following IR exposure (Figure 4.18 A). γH2AX staining
decreased over time, but staining was still detected in IR-irradiated NHEM
at 6 hr post-IR (Figure 4.18 A). Consistent with the immunofluorescence
data, γH2AX was detected by western blotting in extracts of IR-exposed
NHEM (Figure 4.18B). In contrast, no significant induction of γH2AX was
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Figure 4.18 Effect of UVA exposure on γH2AX levels in NHEM (A)
NHEM, cultured on collagen-coated glass coverslips, were mock-treated or
exposed to 75 kJ/m2 UVA-irradiation or to 10 Gy IR. Cells were fixed in
4% PFA, at the indicated times post-UVA or IR. Cells were incubated with
an anti-γH2AX antibody, and bound antibody was detected using an Alexa
Fluor® 594-conjugated secondary antibody. Cellular DNA was stained with
DAPI. Cells were mounted in SlowFade and visualised using a DeltaVision
fluorescence microscope. (B) NHEM were mock-treated or exposed to 75
kJ/m2 UVA-irradiation or 10 Gy IR. Whole cell lysates were prepared 1 hr
post-UVA or 30 min post-IR by scraping in RIPA lysis buffer and
sonication was carried out, as outlined in Section 2.2.11. 20 µg of protein
was separated by SDS-PAGE and γH2AX was analysed by western blotting.
GAPDH was used as a loading control.
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detected in UVA-exposed NHEM by immunofluorescence or western
blotting over the time course examined (Figure 4.18A and B). This data is
consistent with previous reports that UVA radiation does not induce
significant DSBs in primary or transformed human fibroblasts (Girard et al.,
2008; Rizzo et al., 2011).
Since phosphorylation of Chk2 on T68 is generally mediated by ATM, but
UVA does not induce detectable DSBs (Figure 4.18), then the question
arises as to what is the activating factor of ATM following UVA exposure
of NHEM. As outlined in Section 1.7.3, ATM is activated in response to
oxidative stress in a DSB-independent manner (Guo et al., 2010b). Using
the DCF oxidative stress assay (outlined in Section 2.2.10.3), induction of
oxidative stress following exposure to UVA radiation was assessed (Figure
4.19). DCF fluorescence intensity was increased in UVA-irradiated NHEM
compared to mock-treated cells (Figure 4.19); supporting the conclusion
that UVA induces oxidative stress in NHEM. This is consistent with UVAinduced oxidative stress in cultured human fibroblasts (Girard et al., 2008).
As a control, NHEM were treated with N-acetyl-cysteine (NAC), a
commonly used antioxidant (Girard et al., 2008). NAC reduced UVAinduced DCF fluorescent intensity to below the levels in mock-treated cells
(Figure 4.19), consistent with the observed UVA-induced increase in DCF
fluorescence intensity (Figure 4.19) resulting from oxidative stress.
Induction of oxidative stress by UVA provides a possible mechanism for
ATM activation in UVA-irradiated NHEM (Guo et al., 2010b), in the
absence of detectable DSBs.
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Figure 4.19 UVA radiation-induced ROS in NHEM. NHEM were
incubated with 10 µM 2’, 7’-dichlorofluroescein diacetate (DCFH-DA) for
30 min prior to mock-treatment or exposure to 75 kJ/m2 UVA irradiation.
Where indicated cells were also pre-incubated with 10 mM N-acetylcysteine (NAC). DCFH-DA and NAC were present in the PBS during
irradiation. The previously removed media containing DCFH-DA and NAC
was returned to the cells immediately post-UVA. Cells were incubated for
30 min before analysis using a FACS Calibur to determine the intensity of
FITC (DCF) staining in each sample. Graph is representative of three
independent experiments.

The expression of ATM protein in NHEM was analysed by western blotting
(Figure 4.20A). Two bands of >250 kDa were detected using an anti-ATM
antibody in NHEM extracts. These bands was not detected in extracts of
GM05849 cells, an ATM-deficient fibroblast cell line, thus the bands were
considered to represent ATM protein (Figure 4.20A). Melanocytes are a
unique skin cell type, that develop in the neural crest and display
morphological features typical of neuronal cells, including dendritic-like
projections (see Section 1.5). While ATM is mainly localised in the nucleus
of cycling cells, in neuronal cells, ATM is predominantly cytosolic (Barlow
et al., 2000; Boehrs et al., 2007; Li et al., 2009). A proportion of ATM has
also been found to localise to the cytosol in non-neuronal cells, where it
interacts with peroxisomes, sites of oxidative metabolism (Watters et al.,
1999). This suggests that different pools of ATM in various cellular
locations could play diverse roles, independent of the DSB response. ATM
was expressed in NHEM at a relatively high level compared to normal
transformed fibroblasts (NFF), and comparable to the levels observed in the
human neuronal-like neuroblastoma cell line, SH-SY5Y (Figure 4.20A).
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However, when the cellular localisation of ATM in NHEM was analysed by
immunofluorescence (Figure 4.20B). ATM was found to be localised
predominantly in the nucleus of NHEM cells (Figure 4.20B). Consistent
with a previous report (Boehrs et al., 2007), ATM was detected in the
cytosol of SH-SY5Y cells (Figure 4.20B; lower panel). Moreover, no
significant relocalisation of ATM was observed 1 hr following exposure of
NHEM to 75 kJ/m2 UVA (Figure 4.20C).
Phosphorylation of ATM on S1981 is a widely used marker of ATM
activation, and is detected following treatment of cells with either IR or
hydrogen peroxide, which induce DSBs and oxidative stress, respectively
(Bakkenist and Kastan, 2003; Guo et al., 2010b). Phosphorylation of ATM
on S1981 following exposure of NHEM to UVA and IR was investigated by
immunofluorescence using an anti-phospho-ATM S1981 antibody (Figure
4.21A). While phospho-ATM S1981 was detected in discrete nuclear foci
following exposure of NHEM to 10 Gy IR (Figure 4.21A (iv)), no
significant induction of phospho-ATM S1981 was observed following
exposure to 75 kJ/m2 UVA (Figure 4.21A (ii)). The ATM-deficient
fibroblast cell line, GM05849 (Murnane et al., 1985), was used as a negative
control for antibody specificity (Figure 4.21A (v)). This data suggests that
phosphorylation of ATM on S1981 is not induced in NHEM following
UVA exposure, but can be induced following IR exposure. However, it
cannot be ruled out that UVA-induced phosphorylation of ATM on S1981
occurs but is not detectable by the phospho-specific antibody under these
conditions. For example, the presence of ATM binding partners, or other
post-translational modifications on ATM could interfere with antibody
binding to the anti-phospho-ATM S1981 epitope.
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Figure 4.20 (on previous page) Expression and cellular localisation of
ATM in NHEM. (A) Cell lysates were prepared from cultures of NFF,
GM05849, NHEM and SH-SY5Y cells, at approximately 70% confluence.
20 µg of protein from each cell lysate was separated by SDS-PAGE, and
analysed by western blotting using anti-ATM (Millipore) and anti-GAPDH
antibodies, respectively. (B) NHEM and SH-SY5Y cells were cultured on
collagen-coated glass coverslips. NFF and GM05849 cells were cultured on
glass coverslips. Cells were fixed in 4% PFA at 70% confluence. Cells were
stained using an anti-ATM (Millipore) antibody and bound antibody was
detected using an Alexa Fluor® 488-conjugated secondary antibody. DNA
was stained using DAPI. Cells were mounted in SlowFade and visualised
using a DeltaVision fluorescence microscope. (C) NHEM were cultured on
collagen-coated glass coverslips and mock-treated or exposed to 75 kJ/m2
UVA irradiation. Cells were fixed in 4% PFA, 1 hr post-UVA and
processed for immunofluorescence analysis as outlined in (A).

Phosphorylation of ATM on S1981 was also analysed by western blotting
(Figure 4.21B). Consistent with the above immunofluorescence data (Figure
4.21A), phospho-ATM S1981 was not detected in extracts of UVAirradiated NHEM (Figure 4.21B, lane 2). As a positive control for ATM
phosphorylation on S1981, XP30RO cells were exposed to 10 Gy IR.
Phospho-ATM S1981 levels were increased in IR-exposed XP30RO cells,
indicating that this form of ATM can be detected by western blotting under
these conditions (Figure 4.21B; lane 4). Interestingly, the overall levels of
ATM were increased in NHEM following UVA-irradiation (Figure 4.21B;
lane 2 vs. 1), and in IR irradiated XP30RO cells (Figure 4.21B; right panel).
Furthermore, using the anti-ATM antibody, a slower mobility form of ATM
was detected in extracts of UVA-irradiated NHEM (Figure 4.21B; * lane 2),
and following IR-exposure of XP30RO (Figure 4.21B; * lane 4). The gel
migration of slow mobility form of ATM protein (Figure 4.21B; *),
corresponded to that observed for phospho-ATM S1981 detected in
XP30RO cell extracts, by alignment of the molecular weight markers on the
films (Figure 4.21B). This data suggests that ATM levels are modulated in
NHEM in response to UVA irradiation, and that a modified slow mobility
form of the protein is induced.
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Figure 4.21 ATM phosphorylation on S1981 in NHEM. (A) (i-iv) NHEM
cultured on collagen-coated glass coverslips were mock-treated or exposed
to 75 kJ/m2 UVA-irradiation or 10 Gy IR. Cells were fixed 1 hr post-UVA
or 30 min post-IR in 4% PFA. (v) GM05849 (AT fibroblasts), cultured on
glass coverslips, were fixed at 70% confluence in 4% PFA. Cells were
incubated with an anti-phospho-ATM S1981 antibody and bound antibody
was detected using an Alexa Fluor® 594-conjugated secondary antibody.
Cellular DNA was stained with DAPI. Coverslips were mounted in
SlowFade and visualised using a DeltaVision fluorescence microscope. (B)
NHEM were mock-treated or exposed to 75 kJ/m2 UVA-irradiation.
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XP30RO cells were mock-treated or exposed to 10 Gy IR. Cell lysates were
prepared 30 min post-irradiation. 20 µg of protein was separated on an 8%
SDS-PAGE gel, and analysed by western blotting using an anti-phosphoATM S1981 antibody. The membrane was then stripped and re-probed with
an anti-ATM (Millipore) antibody. * marks the slow mobility band.

To further investigate the effect of UVA-irradiation on ATM in NHEM,
ATM protein was analysed by western blotting using two independent antiATM antibodies (Figure 4.22): anti-ATM (N-terminal) (a generous gift
from Dr. D. Delia, Istituto Nazionale Tumori, Milano, Italy), and a
commercially available anti-ATM antibody (raised against the internal Ablinteracting domain of ATM; used in Figure 4.21B) purchased from
Millipore. Consistent with Figure 4.21B, the UVA-induced increase in
ATM protein level was detected using both anti-ATM antibodies (Figure
4.22).
Moreover, a UVA-induced slow mobility form of ATM was detected using
both anti-ATM antibodies (Figure 4.22; *). While exposure to IR does not
affect the levels of ATM protein in NHEM (Figure 4.22; lane 4), a slow
mobility form of ATM was also detected in IR-exposed NHEM (Figure
4.22; lane 4; *). Interestingly, the slower mobility form of ATM was more
readily detected by the N-terminal anti-ATM antibody (Figure 4.22; lanes 2
vs. 4), suggesting that the two slow mobility forms of ATM, induced
following UVA or IR exposure, may represent two distinct modified forms
of ATM. The nature of the post-translational modifications giving rise to the
different mobility forms of ATM detectable by western blotting was not
further analysed, but may reflect multiple post-translational modifications of
ATM (Kinoshita et al., 2009). ATM can be modified by acetylation (Sun et
al., 2005), and phosphorylation on other sites, including S367 and S1893
(Kozlov et al., 2006).
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Figure 4.22 Effect of UVA irradiation on ATM levels in NHEM. NHEM
were mock-treated or exposed to 75 kJ/m2 UVA radiation or 10 Gy IR. Cell
lysates were prepared 1 hr post-UVA or 30 min post IR. 20 µg of protein
was separated on 8% SDS-PAGE gels and western blotting using two
different anti-ATM antibodies was used to analyse the effects of UVA and
IR on ATM levels. Duplicate samples were loaded onto a 12% gel, and
probed with anti-GAPDH as a loading control. * marks the slow mobility
form of ATM.

The data presented above provides evidence that ATM protein is modified
in NHEM following exposure to UVA-irradiation. To investigate the role of
ATM in the response of NHEM to UVA radiation, the effect of ATM kinase
inhibition, using the specific small molecule inhibitor KU-60019 (Golding
et al., 2009), on cell viability was analysed (Figure 4.23). KU-60019
significantly reduced the viability of UVA-irradiated NHEM by
approximately 20% compared to mock-treated control cells 48 hr following
irradiation (Figure 4.23). This suggests that ATM may play a role in
mediating NHEM survival following UVA irradiation.
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Figure 4.23 Effect of ATM inhibition on NHEM viability following
UVA exposure. NHEM were incubated with 10 µM KU-60019 or an equal
volume of DMSO, for 30 min prior to mock-treatment or exposure to 75
kJ/m2 UVA-irradiation. The previously removed media containing drugs
was returned to the cells immediately post-UVA and remained for the
duration of the experiment. Cell viability was assessed by flow cytometry
48 hr post-UVA using the PI exclusion assay. The percentage viable cells
are expressed as a percentage of the total cell population analysed. Data
represents the mean of three independent experiments; error bars represent
one standard deviation. * p<0.05, as determined using one-way ANOVA.

4.5.1

Summary

The effect of UVA-irradiation on ATM in NHEM was investigated. Overall,
NHEM express relatively high levels of ATM compared to normal
transformed human fibroblasts (NFF; Figure 4.20). While DSB-induced
ATM activation is well established, UVA does not induce significant
γH2AX (Figure 4.18), indicating that DSBs are not induced by UVA in
NHEM. ATM can also be activated in response to oxidative stress,
independent of DSB’s. UVA induced oxidative stress in NHEM, as
determined using the DCF oxidative stress assay (Figure 4.19), suggesting
that oxidative stress may contribute to ATM activation in UVA-irradiated
NHEM. Phosphorylation of ATM on S1981, a widely-used as a marker of
ATM activation, was not detected in UVA-irradiated NHEM under the
conditions used here (Figure 4.21). However, ATM levels were elevated in
UVA-irradiated NHEM compared to mock-treated control cells (Figure
4.22). Moreover, a slow-mobility form of ATM was detected in UVAirradiated NHEM, suggesting ATM is modified in the response to UVA in
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NHEM. Moreover, KU-60019, a small molecule inhibitor of ATM kinase
activity, reduced NHEM viability following UVA exposure, further
evidence that ATM is involved in the response of NHEM to UVA radiation.
4.6

Proteomics screen for UVA-induced alterations in protein
phosphorylation

In the previous sections (Sections 4.3-4.5), activation of PIKK-mediated
DDR signalling in UVA-irradiated NHEM was characterised. To investigate
the effect of UVA-irradiation on global cellular signalling in NHEM, a
Kinetworks™ phospho-site broad coverage pathway screen (KPSS 1.3;
Kinexus Corp., Canada) was utilised. Using this approach, it was possible to
analyse the effect of UVA exposure on the phosphorylation status of 36
phospho-epitopes, on 35 different proteins, in parallel. The phospho-sites
examined in the screen represent proteins involved in diverse cellular
signalling pathways, including cell survival, proliferation, apoptosis,
transcription and cytoskeletal dynamics. This approach has been used in a
number of published studies, including comparison of differential cisplatininduced phosphorylation events between apoptotic and non-apoptotic
human cells (O'Meara et al., 2010), and to identify nocodozole-induced
phosphorylations in HeLa cells (Shi et al., 2006).
NHEM cell lysates were prepared 3 hours following mock-treatment or
exposure to 75 kJ/m2 UVA, using the conditions recommended by Kinexus
(Section 2.2.15). Treatment conditions were selected based on observations
that a number of DDR proteins were rapidly phosphorylated in NHEM
exposed to 75 kJ/m2 UVA (Figure 4.9). Lysates from four independent
experiments were pooled to generate 500 µg of protein per sample, as
required for the assay. Lysates were shipped to Kinexus Corporation
(Vancouver, Canada), where proteins from each sample were separated on a
single SDS-PAGE gel and subsequently immunoblotted with a cocktail of
phospho-specific antibodies (Figure 4.24). Phospho-proteins were identified
based on gel mobility using custom-designed software (Kinexus
Corporation). Band intensities were measured and normalised between
individual blots. The percentage change in band intensity between mock179
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treated and UVA-irradiated NHEM cell lysates, for each phospho-site
detected, is presented in Table 4.2. Percentage changes in band intensities
greater than 20% were considered meaningful.

Figure 4.24 Analysis of UVA-induced changes in the phosphorylation
status of signalling proteins in NHEM using Kinexus phospho-site
screen. NHEM were mock-treated or exposed to 75 kJ/m2 UVA-irradiation.
Cell lysates were prepared 3 hr post-irradiation, using conditions
recommended by Kinexus (Section 2.2.15). Lysates from four independent
experiments were combined to generate 500 µg of protein per sample, as
required for the assay. Denatured lysates were shipped to Kinexus
Corporation (Canada) for analysis using the Kinetworks™ phospho-site
broad coverage pathway screen (KPSS 1.3). The resulting immunoblots are
shown. Arrows point to bands identified by western-blotting, while numbers
correspond to the phospho-proteins listed in Table 4.3.

Of the 36 phospho-epitopes analysed using the Kinetworks™ screen, 11
phospho-epitopes were not detected in either mock-treated or UVAirradiated NHEM (Table 4.2, ND). In some cases where more than one
phospho-site on a particular protein was investigated, not all phospho-sites
were detected, for example phosphorylation of PKBα/AKT on S473 was
detected but phosphorylation of T308 was not (Table 4.2). In some cases
multiple forms of a protein having different gel mobilities were detected by
a single antibody, as in the case of phospho-Raf-S259 for which two bands
were detected (Table 4.2 and Figure 4.24; bands 20-21). Post-translational
modification of proteins, including phosphorylation, can result in slower
mobility on SDS-PAGE gels. Many proteins are modified on numerous
sites, and various combinations of modifications can therefore generate
multiple forms of the protein having different gel mobilities. The basis of
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these changes in gel mobility was not further investigated in the present
study.
Table 4.2 List of phospho-sites analysed using the Kinetworks™ screen
(KPSS 1.3). Band numbers correspond to bands numbered in Figure 4.24.
ND=signal not detectable in NHEM extracts under these conditions.
Band
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14

15
16
17
18
19
20
21
22

Kinetworks™ screen (KPSS 1.3)
Protein name (Abbreviation)
Epitope
α-adducin
γ-adducin
Src proto-oncogene encoded protein kinase
(Src)
Cyclin-dependent protein serine kinase 1/2
(CDK1/2)
MAPK/ERK protein serine kinase 1/2
(MEK 1/2)
B23 (nucleophosmin, numatrin, nucleolar
protein NO38)
Protein-serine kinase C α (PKCα)
Protein-serine kinase C α/β2 (PKCα/β2)
MAPK/ERK protein serine kinase 3/6
(MEK 3/6)
Ribosomal protein serine S6 kinase β1
(S6Kβ1)
Ribosomal protein serine S6 kinase β1
(S6Kβ1)
Extracellular regulated protein serine
kinase 1 (ERK1/p44 MAPK)
Extracellular regulated protein serine
kinase 2 (ERK2/p42 MAPK)
SMAand
mothers
against
decapentaplegic
homologs
1/5/8
(Smad1/5/8)
Signal transducer and activator of
transcription 3 (STAT3)
Jun
proto-oncogene-encoded
AP1
transcription factor (Jun)
Jun
proto-oncogene-encoded
AP1
transcription factor (Jun)
Jun
proto-oncogene-encoded
AP1
transcription factor (Jun)
Jun
proto-oncogene-encoded
AP1
transcription factor (Jun)
Raf1 proto-oncogene-encoded protein
serine kinase (Raf1)
Raf1 proto-oncogene-encoded protein
serine kinase (Raf1)
Protein-serine kinase B α (PKBα/AKT1)
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S726
S693
Y530

Band intensity
UVA/mock (%)
52
243
-17

Y15

89

S218+S222

-24

S4

28

S657
T638/T641
S218/S207

-11
-33
-1

T412

-17

T412

-10

T202+Y204

-52

T185+Y187

-56

S463+S465/
S463+S465/
S465+S467
S727

-35

S73

31

S73

-31

S73

16

S73

39

S259

-16

S259

40

S473

-16

-60
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23
24
25
26
27
28
29
30
31
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
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Mitogen and stress-activated protein serine
kinase 1 (Msk1)
Glycogen synthase-serine kinase 3 α
(GSK3α)
Glycogen synthase-serine kinase 3 β
(GSK3β)
Retinoblastoma-associated protein 1 (Rb)
cAMP response element binding protein 1
(CREB1)
Glycogen synthase-serine kinase 3 α
(GSK3α)
Glycogen synthase-serine kinase 3 β
(GSK3β)
Retinoblastoma-associated protein 1 (Rb)
Mitogen-activated protein-serine kinase
p38α p38α (MAPK)
Double-stranded RNA-dependent proteinserine kinase (PKR1)
Jun N-terminus protein-serine kinase
(JNK)
N-methyl-D-aspartate (NDMA) glutamate
receptor 1 subunit zeta (NR1)
Protein-serine kinase B α (PKBα/AKT1)
Protein-serine kinase C δ (PKCδ)
Protein-serine kinase C ε (PKCε)
Ribosomal S6 protein-serine kinase 1/3
(RSK1/3)
Signal transducer and activator of
transcription 1 α (STAT1α)
Signal transducer and activator of
transcription 1 β (STAT1β)
Signal transducer and activator of
transcription 5A (STAT5A)
Src proto-oncogene encoded protein kinase
(Src)

S376

-30

S21

-27

S9

-11

S780
S133

-15
3

Y279

-27

Y216

-6

S807+S811
T180+Y182

7
-51

T451
T183+Y185
S896
T308
T507
S729
T359+S363/
T356+S360
Y701
Y701
Y694
Y419

UVA-induced alterations in cellular signalling pathways in
NHEM

Using the approach outlined above, a number of cellular signalling
pathways were found to be differentially regulated in UVA-irradiated
NHEM, including the CDK-mediated cell cycle pathway, the mitogenactivated Raf-MEK-ERK pathway and the membrane skeletal-associated
PKC-adducin pathway (Figure 4.29). It should be noted that this data is
derived from a single Kinexus screening experiment; however, the data
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represents four independent UVA-irradiation experiments that were
combined to generate protein for the Kinexus screen.
4.6.1.1 UVA-induced alterations in cell cycle-related proteins
Phosphorylation of CDK1/2 on Y15 was increased by 89% in UVA
irradiated NHEM compared to mock-treated control cells (Figure 4.25A).
CDK activity regulates cell cycle progression (Section 1.8). Phosphorylation
of CDK1 on Y15 by Wee1 kinase inhibits CDK1 activity and prevents
mitotic entry (Parker and Piwnica-Worms, 1992). Moreover Wee1 activity
is activated by Chk1-mediated phosphorylation (O'Connell et al., 1997),
consistent with the observed Chk1 phosphorylation in UVA-irradiated
NHEM (Figure 4.9). Furthermore, phosphorylation of Rb on S807 was
reduced by 15% in UVA irradiated NHEM compared to mock-treated
control cells (Figure 4.25A). Hyper-phosphorylation of Rb, including CDKmediated S807 phosphorylation, promotes the G1 to S-phase cell cycle
transition, by releasing E2F transcription factor, sequestered inactive by
hypophosphorylated Rb (Harbour et al., 1999). Both the increase in
inhibitory phosphorylation of CDK1/2 on Y15 and decrease in Rb
phosphorylation on S807 are consistent with UVA-induced inhibition of cell
cycle progression in NHEM.
4.6.1.2 UVA-induced alterations in Raf-MEK-ERK pathway
The phosphorylation status of a number of members of the Raf-MEK-ERK
pathway was found to be modulated by UVA exposure in NHEM (Figure
4.25C). The Raf-MEK-ERK pathway is of particular interest in the context
of melanocytes as activating mutations in B-Raf are found in >60% of
melanomas (Davies et al., 2002). Overall, following UVA-exposure the
phosphorylation changes observed were consistent with down regulation of
the pathway. As noted above, two mobility forms of Raf1 were detected
using the anti-phospho-S259-Raf1 antibody (Figure 4.24; bands 20 and 21).
Phosphorylation of S259 inhibits Raf1 kinase activity (Zimmermann and
Moelling, 1999). The slow mobility form of phospho-Raf1-S259 (Figure
4.25C; band 20) was reduced by 16% and the faster mobility form (Figure
4.25C; band 21) was increased by 40% in UVA-irradiated NHEM. By
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combining the intensities of phospho-Raf1-S259 bands overall UVAinduced an increase in the inhibitory phosphorylation of Raf1 on S259 in
NHEM. During mitogen-activated signalling Raf1 phosphorylates and
activates downstream kinases MEK1 and MEK2 (Kyriakis et al., 1992).
Consistent with UVA-induced inhibition of Raf1, overall MEK1
phosphorylation on S217 and MEK2 phosphorylation on S221 was
decreased by 24% in UVA irradiated NHEM (Figure 4.25; band 5).
MEK1/2 mediate signal transduction through phosphorylation and
activation of ERK1 and ERK2 kinases (Boulton et al., 1991). Consistent
with UVA-induced inhibition of the Raf-MEK-ERK pathway in NHEM,
activating phosphorylation of ERK1 on T202+Y204 was reduced by 52%
and phosphorylation of ERK2 on T185+Y187 was reduced by 56% in
UVA-irradiated NHEM compared to mock-treated controls (Figure 4.25C).
While further mechanistic studies are required to uncover the link between
Raf1 phosphorylation and MEK/ERK signalling in UVA-irradiated NHEM,
the present data provides initial evidence that UVA modulates this pathway
in NHEM.
4.6.1.3 UVA-induced alterations in the PKC-adducin membrane skeletonassociated pathway
UVA exposure resulted in a 243% increase in phosphorylation of the
cytoskeleton protein γ-adducin on S693 and a 52% increase in α-adducin
phosphorylation on S726 in NHEM (Figure 4.25B). Adducin heterodimers
cap the fast-growing ends of F-actin filaments and promote spectrin-actin
binding at the plasma membrane (Matsuoka et al., 2000b). PKC-mediated
phosphorylation of α-adducin on S726 inhibits adducin function (Matsuoka
et al., 1998), and is associated with increased migration of MDCK cells
(Chen et al., 2007). UVA-induced α-adducin phosphorylation on S726 in
NHEM is characterised in detail below (Section 4.7). Phosphorylation of
PKCα/β2 on T638/T641, which inhibits PKC kinase activity (Parekh et al.,
2000), was reduced by 33% in UVA-irradiated NHEM (Figure 4.25B).
Moreover, phosphorylation of PKCα on S657 (Figure 4.25B), another
inactivating phosphorylation (Parekh et al., 2000), was also slightly (11%)
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reduced in UVA-irradiated NHEM. Collectively this data suggests that
UVA-modulates PKC activity in NHEM.

Figure 4.25 UVA-induced alterations in NHEM cellular signalling
pathways. NHEM were mock-treated or exposed to 75 kJ/m2 UVAirradiation and cell lysates were prepared 3 hr post-UVA. Protein
phosphorylation was analysed using the Kinetworks™ KPSS 1.3 screen as
outlined in Section 2.2.15. Quantification of selected band intensities of
phosphoproteins involved in (A) cell cycle, (B) membrane skeleton, and (C)
Raf-MEK-ERK signalling pathways are shown. Numbers in brackets refer
to the band numbers in Figure 4.24 and Table 4.2.

4.6.2

Summary

The results of the Kinetworks™ multi-immunoblot screen, provide evidence
that UVA radiation can modulate diverse signalling pathways in NHEM,
including pathways involved in cell cycle regulation, cell proliferation and
survival, and membrane skeleton-dynamics (Figure 4.25). Since the results
are based on a single screening experiment, further validation of the
observations is required to determine if the observations are true and
reproducible.
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UVA-induced negative regulation of cell cycle progression in NHEM is
supported by the changes in CDK1/2 and Rb phosphorylation, identified in
the screen (Figure 4.25B). This is consistent with the observation that UVA
induced phosphorylation of the checkpoint kinases Chk1 and Chk2 (Figure
4.9), which can inhibit cell cycle progression following DNA damage
(Section 1.8). Moreover, changes in the phosphorylation status of key
components of the Raf-MEK-ERK pathway in UVA-irradiated NHEM
(Figure 4.25C), which regulates cell proliferation and survival, suggests
multiple signalling pathways mediate the response of NHEM to UVA
exposure. Furthermore, a striking increase in the phosphorylation of the
membrane skeleton proteins, α-adducin and γ-adducin, was observed in
UVA-irradiated NHEM (Figure 4.25B). Overall the data derived from the
Kinetworks screen highlights the diverse signalling pathways modulated in
UVA-irradiated NHEM.
4.7

Characterisation of UVA-induced phosphorylation of α-adducin

Phosphorylation of the cytoskeletal proteins α- and γ-adducin on S726 and
S693, respectively, was significantly increased in the Kinetworks™ multiimmunoblot screen (Figure 4.24; lanes 1 and 2). It was of interest to further
investigate this UVA-induced effect, in particular since S726 on α-adducin
was recently identified as a potential substrate of the checkpoint kinase
Chk1 (Blasius et al., 2011), which is strongly activated in UVA-irradiated
NHEM (Figure 4.6).
The adducin family of cytoskeletal proteins is composed of three members:
α-, β- and γ-adducin. Adducin family members share a conserved structure;
composed of an amino terminal head domain, a central neck domain and
carboxyl tail domain (Matsuoka et al., 2000b). Adducin heterodimers,
composed of α-β or α-γ dimers, function to cap the fast-growing ends of Factin filaments and promote spectrin-actin binding at the plasma membrane
(Matsuoka et al., 2000b). Within the tail domain is a 22-residue
myristoylated alanine-rich C kinase substrate (MARCKS)-like domain,
which

contains

multiple

phosphorylation

sites.

PKC-mediated

phosphorylation of α-adducin on S726, within the MARCKS-like domain,
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inhibits adducin function (Matsuoka et al., 1998), and is associated with
increased migration of MDCK cells (Chen et al., 2007).
4.7.1

Characterisation of UVA-induced phosphorylation of α-adducin
on S726

To independently validate the UVA-induced increase in α-adducin
phosphorylation on S726 observed in the Kinetworks™ screen (Figure
4.24), the effect of UVA-irradiation on phosphorylation of α-adducin on
S726 in NHEM was analysed by western blotting using a phospho-specific
antibody (Figure 4.26). UVA-exposure induced rapid phosphorylation of αadducin on S726, detectable immediately following irradiation (Figure 4.26;
lane 6). UVA-induced phosphorylation of α-adducin on S726 peaked
between 1 and 3 hr following exposure of cells to 75 kJ/m2 UVA (Figure
4.26; lanes 7 and 8). At later time’s post-UVA, the levels of phosphorylation
decreased to a level comparable to that of mock-treated cells (Figure 4.26).
This data supports the novel observation identified in the Kinetworks™
screen, that exposure to long-wavelength UVA radiation induces
phosphorylation of α-adducin on S726 in NHEM.

Figure 4.26 Effect of UVA on α-adducin phosphorylation in NHEM.
NHEM were mock-treated or exposed to 75 kJ/m2 UVA and cell lysates
were prepared at indicated times post-irradiation. 20 µg of protein was
separated by SDS-PAGE and the levels of phospho-α-adducin-S726 and
total α-adducin were analysed by western blotting. Blot is representative of
at least three independent experiments.
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4.7.2

Characterisation of the Chk1-dependence of UVA-induced αadducin phosphorylation on S726

UVA induces phosphorylation of α-adducin on S726 in NHEM (Figure
4.26). Phosphorylation of α-adducin on S726 was previously identified as a
novel potential Chk1 substrate in a chemical genetics screen carried out in
HeLa cells (Blasius et al., 2011). Since Chk1 is strongly phosphorylated in
NHEM following UVA exposure (Figure 4.9), the Chk1-dependence of
UVA-induced α-adducin phosphorylation on S726 was investigated. If
Chk1 kinase is responsible for UVA-induced phosphorylation of α-adducin
on S726, then inhibition of Chk1 kinase should abrogate UVA-induced αadducin phosphorylation. To test this hypothesis, NHEM were incubated
with two separate small molecule inhibitors of Chk1: UCN-01, see Section
4.3.2 (Busby et al., 2000; Graves et al., 2000), and Chir-124 (Tse et al.,
2007), and then exposed to UVA irradiation. Phospho-α-adducin S726 was
analysed by western blotting using a phospho-specific antibody (Figure
4.27).
Incubation with UCN-01 reduced UVA-induced phosphorylation of αadducin on S726 by approximately 7.5-fold compared to DMSO-treated
controls (Figure 4.27A; lane 2 versus 4), suggesting that UVA-induced
phosphorylation of α-adducin on S726 is dependent on a UCN-01inhibitable kinase. UVA-induced phosphorylation of Chk1 on S317 was still
detected under these conditions (Figure 4.27A; lane 2), consistent with
previously observed UVA-induced phosphorylation of Chk1 on NHEM
(Figure 4.9). Chk1 phosphorylation on S317 was increased in UCN-01
treated cells (Figure 4.27A; lanes 3 and 4). This is consistent with a previous
report that Chk1 inhibition, using small molecule inhibitors, results in
increased Chk1 phosphorylation on S317 and S345 (Leung-Pineda et al.,
2006).

Chk1

kinase

activity

is

required

for

PP2A-mediated

dephosphorylation of Chk1, required to keep basal levels of Chk1 activity
low under unperturbed conditions (Leung-Pineda et al., 2006).
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Figure 4.27 Effect of Chk1 inhibition on UVA-induced phosphorylation
of α-adducin on S726 in NHEM. (A) NHEM were pre-incubated with 100
nM UCN-01 or an equal volume of DMSO, for 30 min prior to mocktreatment or exposure to 75 kJ/m2 UVA-irradiation. The previously removed
media containing drugs was returned to the cells immediately post-UVA,
and remained for the duration of the experiment. Cell lysates were prepared
1 hr post-UVA. 20 µg of protein was separated by SDS-PAGE.
Phosphorylation of α-adducin on S726 and phosphorylation of Chk1 on
S317 was analysed by western blotting using phospho-specific antibodies.
Total α-adducin and total Chk1 levels were also analysed. The relative P-αadducin-S726 band intensities were quantified using Multi Gauge software,
normalised to total α-adducin levels and the mean intensity of three
independent experiments is expressed as a fraction of mock-treated and
DMSO treated samples (lane 1). (B) NHEM were pre-incubated with 100
nM Chir-124 or an equal volume of DMSO for 30 min and treated as
outlined in (A). All samples were run on one gel, exposed for identical time
periods and cropped for presentation purposes. Blots are representative of at
least three independent experiments.
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Incubation of NHEM with 100 nM Chir-124, followed by exposure to 75
kJ/m2 UVA-radiation, did not reduce the level of UVA-induced phospho-αadducin-S726 compared to UVA-irradiation alone (Figure 4.27B; lane 4 vs.
2). The level of Chk1 phosphorylation on S317 was increased in Chir-124treated samples, even in the absence of UVA exposure (Figure 4.27B; lane
3). Providing indirect evidence supporting Chk1 inhibition by Chir-124, on
the basis of the negative feedback loop outlined above (Leung-Pineda et al.,
2006). This data indicates that a kinase targeted by UCN-01, other than
Chk1, is responsible for UVA-induced phosphorylation of Chk1. However,
the levels of total α-adducin were reduced in Chir-124-treated cells
following UVA-irradiation (Figure 4.27B; lane 4), suggesting that inhibition
of Chk1, using Chir-124, can modulate the levels of α-adducin protein.
To independently investigate the Chk1-dependence of UVA-induced αadducin phosphorylation on S726, Chk1 was down-regulated in murine
melanocytes by the addition of 4-OHT (Figure 4.13). Cells were then
exposed to 25 kJ/m2, a dose at which >75% of Chk1-depleted cells were
viable (Figure 4.16B). Phospho-α-adducin-S726 was analysed by western
blotting using the same anti-phospho-α-adducin S726 antibody which
recognises the conserved C-terminal phosphorylated site in both human and
mouse α-adducin (Figure 4.28A). However, UVA-irradiation did not induce
phosphorylation of α-adducin on S726 in murine melanocytes, but in fact
reduced the levels of α-adducin on S726 compared to mock-treated control
cells (Figure 4.28A; lanes 2 and 4 vs. 1 and 3). Similarly, UVA-irradiation
did not induce phosphorylation of α-adducin on S726 in normal transformed
fibroblasts

(NFF;

Figure

4.28B),

suggesting

that

UVA-induced

phosphorylation of α-adducin on S726 may be cell type-specific. However,
consistent with the effect of Chir-124 on total α-adducin levels in UVAirradiated NHEM (Figure 4.27B; lane 4), total α-adducin levels were also
reduced in Chk1-depleted murine melanocytes following UVA exposure
(Figure 4.28A; lane 4). Whether Chk1 inhibition or depletion directly
modulates the levels of α-adducin following UVA-exposure remains
undetermined. It was reported that α-adducin was cleaved by caspase-3
during cisplatin-induced apoptosis in renal epithelial cells (van de Water et
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al., 2000). Since Chir-124-treatment of NHEM, and Chk1-depletion in
murine melanocytes, resulted in decreased viability following UVA
exposure (Figure 4.12 and Figure 4.16), this may account for the reduced αadducin levels observed under these conditions. However, the role of
caspase-3-mediated cleavage of α-adducin was not analysed here.

Figure 4.28 Effect of Chk1 down-regulation on α-adducin
phosphorylation. (A) Murine melanocytes were treated with 1 µM 4-OHT,
or an equal volume of ethanol, at 24 hr intervals. 48 hr after the initial 4OHT treatment, cells were mock-treated or exposed to 25 kJ/m2 UVAirradiation. Cell lysates were prepared 2 hr post-UVA. 30 µg of protein was
separated by SDS-PAGE, and analysed by western blotting for the
expression of phospho-α-adducin-S726, total α-adducin and Chk1. β-actin
was used as a loading control. Blot is representative of at least three
independent experiments. (B) Normal transformed human fibroblasts (NFF)
were mock-treated or exposed to 75 kJ/m2 UVA. Cell lysates were prepared
at the indicated times post-irradiation. 20 µg of protein was separated by
SDS-PAGE and analysed by western blotting for phospho-α-adducin-S726
and total α-adducin.
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The data outlined above suggests that a UCN-01-inhibitable kinase, other
than Chk1, is responsible for UVA-induced phosphorylation of α-adducin
on S726 in NHEM (Figure 4.27). Since S726 of α-adducin is a known PKCδ
substrate (Chen, Hsieh et al. 2007), the role of PKCδ in UVA-induced
phosphorylation of α-adducin on S726 in NHEM was examined using
rottlerin, a specific small molecule inhibitor of PKCδ (Gschwendt et al.,
1994). Incubation of NHEM with 10 µM rottlerin did not reduce UVAinduced phospho-α-adducin-S726 (Figure 4.29A; lane 6 vs. 2), but rather
increased the levels of phospho-α-adducin-S726 in both mock-treated and
UVA-irradiated cells (Figure 4.29A; lanes 5 and 6). Consistent with Figure
4.27A, UCN-01 reduced UVA-induced phosphorylation of α-adducin on
S716 in NHEM under these conditions (Figure 4.29A; lane 4 vs 2).
PKCδ-mediated phosphorylation of α-adducin on S726 was elevated in
Masin-Darby Canine Kidney (MDCK) cells in response to treatment with
phorbol 12-myristate 13-acetate (PMA; Chen et al., 2007). To investigate
the role of PKCδ in PMA-induced phosphorylation of α-adducin on S726 in
NHEM, cells were treated with 100 nM PMA in the presence or absence of
rottlerin, and phospho-α-adducin-S726 was analysed by western blotting
(Figure 4.29B). PMA treatment induced phospho-α-adducin-S726 in NHEM
(Figure 4.29B; lane 2). However, incubation with rottlerin had little effect
on PMA-induced phospho-α-adducin-S726 in NHEM (Figure 4.29B; lane 6
vs 2), and overall rottlerin treatment increased the basal levels of phosphoα-adducin S726 (Figure 4.29B; lanes 5 and 6). UCN-01 treatment reduced
PMA-induced phospho-α-adducin-S726 in NHEM (Figure 4.29B; lane 4 vs
2). Interestingly, UCN-01 can inhibit certain PKC isoforms, including PKC
α, β and γ, in in vitro kinase assays, with an IC50 value of approximately 30
nM (Seynaeve, Kazanietz et al. 1994), in the same range as UCN-01
inhibition of Chk1, which has an IC50 of 11nM in in vitro kinase assays
(Busby et al., 2000).
The effect of another PKC inhibitor, Gö-6983, on UVA-induced phospho-αadducin-S726 in NHEM was analysed (Figure 4.29C). Gö-6983 is a panPKC inhibitor, inhibiting the classical PKC isoforms α, β and γ, as well as
PKCδ, in the low nM range in in vitro kinase assays (Gschwendt et al.,
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1996). Incubation with 10µM Gö-6983 reduced UVA-induced phospho-αadducin-S726 in NHEM (Figure 4.29C; lane 4 vs. 2). Overall, this data,
along with the observation that UCN-01-treatment reduced the levels of αadducin S726 phosphorylation, supports the conclusion that kinases targeted
by both UCN-01 and Gö 6983, possibly a PKC isoform, but not Chk1, is
responsible for phosphorylation of α-adducin on S726 following exposure
of NHEM to UVA irradiation.

Figure 4.29 Effect of PKC inhibitors on UVA-induced phosphorylation
of α-adducin on S726 in NHEM. (A) NHEM were pre-treated with 100
nM UCN-01, 10 µM Rottlerin or an equal volume of DMSO, for 30 min
prior to mock-treatment or exposure to 75 kJ/m2 UVA-irradiation. The
previously removed media containing drugs was returned to the cells
immediately post-UVA and remained for the duration of the experiment.
Cell lysates were prepared 1 hr post-UVA. (B) NHEM were pre-treated with
100 nM UCN-01 or 10 µM Rottlerin for 30 min prior to treatment with 100
nM PMA or an equal volume of DMSO. Cell lysates were prepared 15 min
following the addition of PMA. (C) NHEM were pre-treated with 10 µM
Gö 6983 or an equal volume of DMSO, for 30 min prior to mock-treatment
or exposure to 75 kJ/m2 UVA-irradiation. Previously removed media
containing drugs was returned to the cells immediately post-UVA and
remained for the duration of the experiment. Cell lysates were prepared 1 hr
post-UVA. (A-C) 20 µg of protein was separated by SDS-PAGE and the
levels of indicated proteins were analysed by western blotting using specific
antibodies. (C) Samples were run on one gel, and exposed for identical time
periods; blots were cropped for presentation purposes.
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4.7.3

Summary

The novel observation identified in the Kinetworks™ screen, that
phosphorylation of α-adducin on S726 was significantly increased in UVAirradiated NHEM, was validated using western blotting (Figure 4.26).
Moreover, this UVA-induced phosphorylation event may be specific to
primary human melanocytes, as phospho-α-adducin-S726 was not induced
by UVA in murine melanocytes or human normal transformed fibroblasts
(NFF) cells (Figure 4.28). However, further investigation of this event in
other cell types is required.
While a recent chemical genetics screen identified S726 of α-adducin as a
potential novel Chk1 substrate (Blasius et al., 2011), the evidence provided
above suggests that Chk1 is not the kinase directly responsible for UVAinduced phosphorylation of α-adducin on S726 in NHEM (Figure 4.27).
Instead, a kinase targeted by both UCN-01 and Gö-6983, likely a PKC
isoform, may be the kinase responsible for UVA-induced phosphorylation
of α-adducin on S726 in NHEM (Figure 4.27A and Figure 4.29C).
Abrogation of Chk1 in NHEM and murine melanocytes, using either the
Chk1

inhibitor

Chir-124,

or

4-OHT-mediated

Chk1

knockdown,

respectively, reduced the levels of total α-adducin in UVA-irradiated cells
(Figure 4.27B and Figure 4.28A), suggesting Chk1 may modulate α-adducin
levels. However, this may be an indirect effect, due to loss of cell viability
under these conditions which may result in caspase-3-mediated α-adducin
cleavage and degradation, further investigation into this effect are required.
Overall, the data provides evidence that exposure of primary human
melanocytes to long-wavelength UVA radiation induces phosphorylation of
the cytoskeletal protein α-adducin on S726. However further mechanistic
studies are required to elucidate the relationship between α-adducin, PKC
and Chk1 in the response of NHEM to UVA radiation.
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4.8

Discussion

Despite the increasing evidence that exposure to UVA radiation is a risk
factor in the development of melanoma (Mitchell, 2012; Moan et al., 1999;
Wang et al., 2001), the cellular responses to UVA-induced DNA damage in
primary human melanocytes are not well characterised on a molecular level.
Melanoma arises from the malignant transformation of melanocytes,
specialised pigment-producing cells located in the basal epidermis of the
skin. Long-wavelength UVA radiation can penetrate deep into the basal
layers of the epidermis meaning melanocytes are a target cell for UVA
exposure in vivo (Bruls et al., 1984; Meinhardt et al., 2008). UVA radiationinduced DNA damage, including CPDs and 8-oxo-G lesions, has been
detected in UVA-exposed human melanocytes, both in culture and in the
skin (Mouret et al., 2006; Mouret et al., 2012). In the present study the
effects of UVA radiation on cell viability, cell cycle progression and DNA
damage response activation were assessed in cultured primary normal
human epidermal melanocytes.
There was a dose-dependent decrease in NHEM cell viability following
exposure to UVA radiation as determined using the trypan blue dyeexclusion assay 48 hr after irradiation. At a dose of 150 kJ/m2 UVA viability
was reduced to 79%, consistent with a previous report where approximately
80% viability was observed 24 hr following exposure of primary human
melanocytes to 150 kJ/m2 UVA (Yohn et al., 1992). The effect of UVA on
the viability of NHEM was compared to that of TR30-2 cells, a SV40transformed human fibroblast cell line. No significant difference in viability
was observed between NHEM and TR30-2 cells following UVA-radiation.
A previous report observed no significant difference in UVA survival
between primary human melanocytes and G361 melanoma cells
(Kowalczuk et al., 2006). It has been reported that primary human
melanocytes are more resistant to UVA radiation than normal keratinocytes
(de Leeuw et al., 1994; Larsson et al., 2005; Mouret et al., 2012).
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In contrast to the response to UVA, NHEM were more resistant to short
wavelength UVB- and UVC-irradiation compared to the TR30-2 fibroblast
cell line. It is proposed that UVB- and UVC-induced cell death results as a
consequence of cells attempting to replicate DNA in the presence of UVinduced DNA damage, resulting in replication fork collapse and DSB
formation, leading to cell death (Kaufmann, 2010). The molecular basis of
the differential sensitivity of primary melanocytes and transformed
fibroblasts to different wavelengths of UV radiation was not further
investigated in this present study. However a number of factors could
contribute to the relative resistance of NHEM to UVB and UVC radiation.
Since the melanin content of human skin inversely correlated with the
amount of UV induced DNA photolesions (Tadokoro et al., 2003), the
melanin content of NHEM could result in less UVB- and UVC-induced
DNA damage than in TR30-2 cells, which may account for the increased
resistance of NHEM to UVB- and UVC- irradiation. However, it was
recently reported that UVB-induces similar levels of CPDs in cultured
primary melanocyte and keratinocytes (Mouret et al., 2012). The different
distributions of melanin in cultured melanocytes and whole human skin was
proposed to account for the differential protective effects of melanin against
UV-induced DNA damage, observed in the two experimental systems
(Mouret et al., 2012). In cultured melanocytes melanin is located within
melanosomes in the cytosol affording little protection to melanocyte DNA,
while in the skin melanin is also located in supranuclear caps in
keratinocytes protecting the DNA (Kobayashi et al., 1998b). Since S-phase
arrest is a common consequence of UVC- and UVB-radiation (Kowalczuk
et al., 2006), the high percentage of TR30-2 cells in S-phase, approximately
35% (Figure 3.3), compared to only approximately 15% of NHEM may
contribute to the increased resistance of NHEM to UVC- and UVBirradiations. Reports regarding the relative sensitivity of human melanocytes
and keratinocytes to short-wavelength UV radiation are conflicting, one
report showed melanocytes to be greatly sensitised to UVB compared to
keratinocytes (Mouret et al., 2012), while other reports have shown little
difference in the UVB survival of melanocyte and keratinocytes (de Leeuw
et al., 1994; Larsson et al., 2005)
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Based on the viability studies, UVA-induced DNA damage responses in
NHEM were characterised at 75 kJ/m2 UVA, following which, viability was
97% 48 hr after exposure. This dose is biologically relevant and is
approximately equivalent to 25 minutes of mid-day sun exposure in Paris
(Kuluncsics et al., 1999).
While exposure of NHEM to 75 kJ/m2 UVA-exposure did not affect overall
NHEM cell cycle distribution, over the time course analysed, UVA induced
a rapid but transient inhibition of DNA synthesis. A rapid decrease in DNA
synthesis has been previously observed in UVA-irradiated primary human
fibroblasts (de Laat et al., 1996; Runger et al., 2012), but has not been
reported in primary melanocytes. A previous report showed that exposure of
primary human melanocyte to UVA radiation induced prolonged G1/G0
arrest (Kowalczuk et al., 2006). However, this effect was obtained using
much higher doses of UVA (400-1,000 kJ/m2) than were used in this study.
In Kowalczuk et al., (2006), the survival of primary human melanocyte
exposed to 800 kJ/m2 was reported to be approximately 40% (Kowalczuk et
al., 2006), whereas in this study NHEM viability was reported to be
approximately 40% following exposure to 200 kJ/m2 UVA. It has been
reported that the survival of HaCaT keratinocytes following UVA exposure
decreases with decreasing dose rate (Shorrocks et al., 2007). The dose rate
of the UVA source used in this study is approximately 30-times less than
that used in Kowalczuk et al., (2006), this could explain the reduced
survival of melanocytes used in this study. The effect of higher doses of
UVA radiation on NHEM cell cycle distribution was not investigated here.
The lack of a detectable effect of UVA on NHEM overall cell cycle
distribution, in this study, is likely due to the transient nature of the
observed DNA replication arrest. In primary human fibroblasts it has been
reported that at equitoxic doses, of 200 kJ/m2 UVA and 200 J/m2 UVB,
UVA is less efficient at inducing cell cycle arrest than UVB, possibly due to
reduced UVA-induced p53 phosphorylation (Runger et al., 2012). This
reduced cell cycle arrest following UVA has been proposed to explain why
at equitoxic does UVA is 3.5-fold more mutagenic than UVB, even though
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at the same dose UVA-induced 103 times less CPDs than UVB on a per
joule basis (Perdiz et al., 2000; Runger et al., 2012).
Consistent with UVA-induced inhibition of DNA synthesis, exposure of
NHEM to UVA induced a rapid and transient phosphorylation of Chk1 on
S345 and S317. DNA damage-induced Chk1 activation normally results in
phosphorylation of the Cdc25 family of phosphatases, which inhibits cell
cycle progression by preventing CDK activation (Section 1.8). Furthermore,
Chk1 slows the rate of replication fork progression and inhibits the firing of
new origins in response to DNA damage (Section 1.8.3.1 and Section
Error! Reference source not found.). While the observed rapid transient
VA-induced phosphorylation of Chk1 correlated with the UVA-induced
inhibition of DNA synthesis in NHEM, it was found that inhibition of Chk1,
using UCN-01, did not abrogate UVA-induced inhibition of DNA synthesis.
Thus Chk1 is not responsible for the initial UVA-induced inhibition of DNA
synthesis in NHEM. This conclusion was also reached by Girard et al.,
(2008), where siRNA-mediated Chk1 knockdown in human transformed
fibroblast cell lines did not abrogate UVA-induced inhibition of DNA
synthesis. Furthermore, UVA-induced inhibition of DNA synthesis was
independent of ATM, ATR and p38α in human fibroblasts (Girard et al.,
2008). However, incubation with the antioxidant NAC resulted in partial
rescue of UVA-induced inhibition of DNA synthesis (Girard et al., 2008),
supporting a role for oxidative stress in UVA-induced inhibition of
replication in human fibroblasts. ROS-mediated damage to proteins, rather
than DNA, was proposed to be responsible for the UVA-induced inhibition
of DNA synthesis, but direct experimental evidence for this is currently
lacking (Girard et al., 2008).
A role for CPDs in rapid UVA-induced replication inhibition has been
argued against, in particular since UVB, which induces approximately 103
times more CPDs per J/m2 than UVA (Perdiz et al., 2000), does not result in
rapid and transient inhibition of DNA synthesis, but instead induces a
delayed and sustained inhibition of DNA synthesis and accumulation of
cells in S-phase (de Laat et al., 1996; Runger et al., 2012). UVA also

198

Chapter 4
induces single stranded breaks (SSBs) in DNA (Douki et al., 2003). The
rapid induction and fast repair of these lesions have implicated SSBs as a
causative factor in UVA-induced inhibition of DNA synthesis. UVAinduced SSBs are repaired rapidly in human fibroblasts with 90% removal
15 min post-exposure to UVA (Roza et al., 1985), which could account for
the transient UVA-induced DNA synthesis arrest observed. However, SSB
induction was not directly analysed in NHEM, and the proximal inducer of
the observed rapid UVA-induced decrease in DNA synthesis in NHEM
remains to be determined.
DNA synthesis recovered in NHEM to the level in untreated cells by 3 hr
post-irradiation. Treatment with the Chk1 inhibitor UCN-01 delayed this
recovery of DNA replication following UVA exposure. Mechanistically, it
has been proposed that Chk1 stabilises stalled replication forks, for example
following UVC irradiation in polη-deficient fibroblasts (Despras et al.,
2010). Inhibition of Chk1 could therefore impair recovery from replication
inhibition by leading to fork collapse. Furthermore, Chk1 may have a role in
NHEM survival following UVA exposure, as treatment with two separate
Chk1 inhibitors, UCN-01 and Chir-124, significantly reduced cell viability
48 hr following UVA exposure.
To directly investigate the role of Chk1 in the response of melanocytes to
UVA exposure, a murine melanocyte cell line in which Chk1 expression can
be conditionally down-regulated by the addition of 4-OHT, was utilised.
Chk1-depleted murine melanocytes were significantly more sensitive to
UVA radiation than Chk1-expressing cells. Moreover, the decrease in
viability of Chk1-deficient cells following exposure to UVA radiation was
accompanied by an increase in caspase-3 and PARP cleavage, providing
evidence that apoptosis is induced in murine melanocytes under these
conditions (Elmore, 2007; Los et al., 2002; Nicholson et al., 1995).
Moreover, following exposure to 100 kJ/m2 UVA Chk1-depleted murine
melanocytes showed significant alterations in cell cycle distribution,
including a reduction in the percentage of G1 cells, and an increase in cells
in the S and G2/M phases, and in the number of cells with >4n DNA
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content. The data obtained using the murine melanocyte cell line supports
an important role for Chk1 in regulating cell cycle progression following
UVA exposure.
The importance of the replication stress response in UVA-irradiated primary
melanocytes is highlighted by the fact that a recently identified protein in
the replication stress response, F-box DNA helicase 1 (FBH1), was found to
be down-regulated in melanomas (Jeong et al., 2013a). Of a panel of 19
melanoma cell lines, 55% were found to have deletions in the FBH1 gene,
and FBH1 protein levels were found to be low in four out of nine melanoma
cell lines tested (Jeong et al., 2013a). FBH1 is a member of the UvrD family
of DNA helicase, which is required for the generation of DSBs at arrested
replication forks in response to UVC and HU (Jeong et al., 2013b). DSB
formation promotes apoptosis and elimination of excessively damaged cells
(Jeong et al., 2013b). By acting to prevent the survival of UV-damaged
cells, FBH1 plays an anti-carcinogenic role. Down-regulation of FBH1 in
SK-MEL2 melanoma cells was associated with decreased DDR activation in
response to HU-treatment, including decreased phospho-p53-S15, γH2AX
and phospho-RPA2-S4S8 (Jeong et al., 2013a). Interestingly FBH1
depletion did not abrogate Chk1 phosphorylation on S317 in response to HU
or UVC in U2OS cells. Furthermore FBH1-depleted cells were less
sensitive to UVC irradiation (Jeong et al., 2013b). Down regulation of
FBH1 in melanoma is proposed to promote melanoma survival in the
presence of chronic replication stress, such as that induced by UV exposure.
It would be of interest to investigate the expression of FBH1 in primary
human melanocytes, specifically in response to UVA irradiation, and to
determine the effect of siRNA mediated FBH1-down regulation on NHEM
survival post-UVA.
UVA-irradiation also induced phosphorylation of Chk2 on T68, known to
be phosphorylated by ATM in response to IR-induced DSBs (Matsuoka et
al., 2000a). Since ATM is primarily activated in response to DSBs, effect of
UVA radiation on the induction of γH2AX, a widely-used indirect marker
of DSBs, was investigated (Cleaver, 2011; Rogakou et al., 1999; Rogakou et
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al., 1998b). However, significant UVA-induced γH2AX was not detected in
NHEM. This is consistent with a number of reports where DSBs were not
detected in UVA-irradiated primary and transformed human fibroblasts,
using γH2AX or the neutral comet assay to detect DSBs (Girard et al., 2008;
Rizzo et al., 2011). ATM can also be activated by ROS, in a DSBindependent manner (Guo et al., 2010b). UVA exposure induced oxidative
stress in NHEM, as determined using the DCF oxidative stress assay. While
phosphorylation of ATM on S1981 is widely-used readout of ATM kinase
activation (Bakkenist and Kastan, 2003; Guo et al., 2010b), no significant
induction of phospho-ATM-S1981 was detectible in UVA-irradiated NHEM
using either western blotting or immunofluorescence. UVA-induced
activation of ATM kinase activity cannot be ruled out since it is reported
that phosphorylation on S1981 is dispensable for ATM kinase activity in
vitro (Lee and Paull, 2005). Moreover, phosphorylation of the murine
equivalent of S1981, S1897, is dispensable for murine ATM activation
(Pellegrini et al., 2006). It is also possible that a combination of UVAinduced ATM modifications could interfere with antibody binding to the
S1981 epitope, since ATM can also be modified by phosphorylation on
S376 and S1893 and acetylation on K3016 (Kozlov et al., 2006; Sun et al.,
2007). In a recent study of UVA-irradiated primary human fibroblasts
phosphorylation of ATM on S1981 was detected in a portion of cells by
immunofluorescence (Runger et al., 2012). The authors suggest that in
contrast to IR-induced ATM phosphorylation which is observed in all IRexposed cells, UVA-induced ATM phosphorylation may occur in a cell
cycle phase dependent manner (Runger et al., 2012).
ATM protein levels were observed to be increased in UVA-irradiated cells
compared to mock-treated NHEM. Moreover, a slow-mobility form of ATM
was detected in extracts from UVA-exposed NHEM. This may represent a
post-translationally modified form of the protein. The preferential detection
of UVA-modified ATM by an N-terminal anti-ATM antibody supports the
conclusion that ATM is differentially modified in response to UVA and IR
in NHEM. Further studies, for example using mass spectrometry, are
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required to identify the sites that are modified on the slow-mobility form of
ATM detectable in UVA-irradiated NHEM.
The rapid increase in ATM levels in UVA-irradiated NHEM, observed 1 hr
following irradiation, suggests that a transcription-independent mechanism
regulates ATM levels in NHEM. A PIKK interacting protein, Tel2, has been
shown to regulate ATM levels in MEFs (Takai et al., 2007). Although the
exact mechanism of action of Tel2 in regulating ATM levels has not been
elucidated, the authors suggest interaction of ATM with Tel2 could prevent
proteasome-mediated ATM degradation (Takai et al., 2007). It would
therefore be of interest to investigate Tel2 levels, and the interaction of Tel2
with ATM following UVA exposure in NHEM. It has also been reported
that the 5’untranslated regions (UTR) of ATM mRNA is subject to
extensive alternative splicing which could contribute to the rapid
modulation of ATM protein levels in response to stimuli (Savitsky et al.,
1997).
Evidence is accumulating that DNA damage-independent ATM functions
during the oxidative stress response are important in regulating cell survival
and proliferation (Ito et al., 2004; Kim and Wong, 2009; Okuno et al.,
2012). This is highlighted by progressive neuronal degradation observed in
ATM-deficient individuals, in particular the Purkinje cells, which are known
to be susceptible to high levels of oxidative stress (Kastan and Lim, 2000;
Shiloh and Ziv, 2013). Moreover, the function of ATM in promoting the
anti-oxidant defence is associated with ATM-mediated production of the
anti-oxidant co-factor nicotinamide adenine dinucleotide phosphate
(NAPDH) and the synthesis of nucleotides (Cosentino et al., 2011), which
may be required for DNA repair or the recovery from UVA-induced
inhibition of DNA synthesis. Overall the data suggests that primary human
melanocytes express a relatively high level of ATM, and that both the levels
and post-translational modification status of ATM is modulated in response
to UVA-irradiation. Treatment of NHEM with KU-60019, a specific ATM
inhibitor (Golding et al., 2009), significantly reduced cell viability, further
supporting a role for ATM in the response of NHEM to UVA radiation.
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The data presented above provides evidence that UVA-exposure activates
PIKK-mediated

DDR

signalling

pathways

in

NHEM,

including

phosphorylation of the key PIKK-substrates Chk1 and Chk2. The effect of
UVA radiation on the phosphorylation status of proteins involved in other
signalling pathways, including pathways regulating cell cycle progression,
cell survival and proliferation, and cytoskeleton dynamics, were analysed a
Kinexus phospho-site screen (Section 4.6). It should be noted that the results
discussed below are derived from a single Kinexus screening experiment;
which represents four independent UVA-irradiation experiments as cell
lysates were pooled to generate sufficient protein for the Kinexus screen.
Further experiments are required to validate the Kinexus screen results.
In the Kinexus screen the inhibitory phosphorylation of CDK1/2 on Y15
(Parker and Piwnica-Worms, 1992) was found be increased in UVAirradiated NHEM. Activated CDK1/2 promotes cell cycle progression (see
Section 1.8), while wee1-mediated phosphorylation of CDK1 on Y15
inactivates CDK1s activity, thus preventing cell cycle progression (Parker
and Piwnica-Worms, 1992). It would be of interest to further investigate
CDK regulation in response to UVA radiation, particularly as significant
UVA-induced cell cycle arrest was not observed in NHEM under these
conditions. Inhibitory phosphorylation of CDK may represent a rapid and
transient event in the cellular response of NHEM to UVA radiation, similar
to that observed for UVA-induced Chk1 and Chk2 phosphorylation.
Interestingly, a number of studies have shown that both CDK1 and CDK2
are overexpressed in melanomas, especially in advanced metastatic
melanoma, which may contribute to melanoma cell survival and
proliferation (Abdullah et al., 2011; Jaeger et al., 2007; Tang et al., 1999).
The Kinexus phospho-site screen also revealed alterations in the mitogenactivated Raf-MEK-ERK signalling pathway in UVA-irradiated NHEM.
UVA-induced regulation of this signalling pathway is of particular interest
since activating mutations in BRAF are found in more than 60% of
melanomas (Davies et al., 2002). Furthermore, in those melanomas carrying
wild-type BRAF, alterations in other components of the MAPK kinase
pathway have been reported, including the presence of activating mutations
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in NRAS, and down-regulation of Raf-1 kinase inhibitory protein (RKIP)
(Alsina et al., 2003; Schuierer et al., 2004). The results of the screen
indicate that overall UVA down-regulates the Raf-MEK-ERK signalling
pathway. Activation of the Raf-MEK-ERK pathway is generally considered
to promote cell survival and proliferation, although opposing outcomes,
including a role in cell cycle inhibition, have also been described
(McCubrey et al., 2007). Thus, it would be important to investigate the
functional consequence of the UVA-induced changes in the phosphorylation
status of Raf-MEK-ERK pathway proteins in primary human melanocytes.
The Kinexus phospho-site screen also identified a 2-fold increase in
phosphorylation of the cytoskeletal protein α-adducin on S726 in UVAirradiated NHEM. UVA-induced phosphorylation of α-adducin on S726 in
NHEM was independently validated by western blotting using a phosphospecific antibody. Validation of UVA-induced α-adducin phosphorylation
may suggest that the changes in phosphorylation identified using the
Kinexus screen represent true UVA-induced phosphorylation events.
S726 of α-adducin was recently identified in a chemical genetics screen as a
novel potential Chk1 substrate (Blasius et al., 2011). Since Chk1 is strongly
phosphorylated in UVA-irradiated NHEM, the Chk1 dependence of UVAinduced α-adducin phosphorylation on S726 was investigated, using small
molecule inhibitors of Chk1. UCN-01 is a widely-used as a Chk1 inhibitor
as it shows 100-fold specificity for Chk1 over Chk2, based on IC50 values
from in vitro kinase assays (Busby et al., 2000). While UCN-01 inhibited
UVA-induced phosphorylation of α-adducin on S726, Chir-124 another
Chk1 inhibitor (Tse et al., 2007), did not affect UVA-induced
phosphorylation of α-adducin, suggesting that a UCN-01-targeted kinase,
other than Chk1, is responsible for UVA-induced phosphorylation of αadducin on S726 in NHEM. S726 of α-adducin is also known to be
phosphorylated by PKCδ in response to PMA treatment in Madin-Darby
canine kidney (MDCK) cells (Chen et al., 2007). While a PKCδ-specific
inhibitor, rottlerin (Gschwendt et al., 1994), did not reduce UVA-induced
phospho-α-adducin-S726, another PKC inhibitor Gö-6983 (Gschwendt et
al., 1996), which inhibits PKCα, β, γ, δ and ζ in the low nM range, reduced
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UVA-induced phospho-α-adducin-S726. Interestingly some studies have
shown that PKCδ levels are reduced in cultured primary human melanocytes
(Oka et al., 1995; Selzer et al., 2002). Moreover, UCN-01 has been reported
to inhibit PKC isoforms α, β, and γ with IC50 values similar to Chk1, in in
vitro kinase assays (Seynaeve et al., 1994). Consistent with our observation
that UCN-01 specifically reduces phospho-α-adducin-S726 in NHEM, a
phase I trial of UCN-01 for the treatment of refractory neoplasms reported a
reduction in phospho-α-adducin-S726 in the plasma of individuals treated
with UCN-01 (Sausville et al., 2001). Further investigation is required to
identify the exact kinase responsible for UVA-induced phospho-α-adducinS726 in NHEM.
It was observed that incubation of NHEM with Chir-124 or Chk1-depletion
in the murine melanocytes resulted in a reduction of α-adducin protein
following UVA irradiation. Whether this effect is a direct effect of Chk1
inhibition or deletion remains to be deciphered. However, α-adducin can be
cleaved by caspase-3 during cisplatin-induced apoptosis in renal epithelial
cells (van de Water et al., 2000). Thus the reduced viability under these
conditions

may account

for

the

reduction

of

α-adducin

levels.

Phosphorylation of α-adducin on S726 was found to precede caspase-3
mediated cleavage, it was not reported if phospho-α-adducin on S726 was
required for caspase-3 mediated cleavage (van de Water et al., 2000),
however if this is the case it may explain why a reduction in α-adducin
levels were not observed following UCN-01 treatment, where NHEM cell
viability was by the same percentage as with Chir-124 treatment.
Although not directly investigated here, it would be of interest to investigate
the functional consequences of UVA-induced phospho-α-adducin-S726 in
NHEM. Phosphorylation of α-adducin on S726 reduced adducin function in
capping the fast growing ends of F-actin and recruiting spectrin (Matsuoka
et al., 1998). Moreover, phosphorylation of α-adducin on S726 in MDCK
cells promotes cell mobility (Chen et al., 2007). It was previously reported
that UVA irradiation of murine melanoma cells enhanced metastasis, which
correlated with UVA-induced changes in cell adhesion molecules (Pastila et
al., 2011; Pastila and Leszczynski, 2005). It would be of interest to
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investigate the role of UVA-induced phosphorylation of α-adducin with
regards to its effect on NHEM cell mobility. As mentioned above,
phosphorylation of α-adducin on S726 was also identified as an early event
in cisplatin-induced apoptosis (van de Water et al., 2000). However, since
NHEM retained 97% viability following exposure to 75 kJ/m2 UVA,
adducin phosphorylation may not be involved in apoptosis under these
conditions.
Overall the data presented here provides novel insights into the cellular
signalling pathways modulated in primary human melanocytes following
exposure to long-wavelength UVA radiation.
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5.1

General discussion

Exposure to solar UV radiation, which is composed of approximately 95%
UVA radiation and 5% UVB radiation, is the major risk factor in the
development of skin cancer (de Gruijl, 1999; Runger, 2007). The molecular
mechanisms linking exposure to short-wavelength UVB radiation with skin
carcinogenesis are relatively well defined (see Section 1.2), and are
mediated through the induction of pre-mutagenic DNA photolesions,
including CPDs and 6,4-PPs. While UVA-irradiation also induces CPDs,
albeit 103 times less efficiently than UVB, on a per joule basis (Mouret et
al., 2006; Perdiz et al., 2000), the contribution of UVA exposure to skin
carcinogenesis has only recently been elucidated (see Section 1.4).
Understanding the molecular events that mediate the response of cells to
UVA radiation could provide novel insights into how UVA exposure leads
to skin cancer. Here we provide evidence, for the first time, that DNA
polymerase η (polη) plays a role in the replication of UVA-damaged DNA
in human cells (Chapter 3). Since polη carries out error-free replication past
dithymidine CPDs in vitro and in vivo (Johnson et al., 1999b; Masutani et
al., 1999a; Masutani et al., 2000), this may indicate that polη contributes to
the prevention of UVA-induced skin carcinogenesis, by reducing the
mutagenic consequences of replication of DNA containing UVA-induced
dithymidine CPDs, the most common UVA-induced DNA lesions (Mouret
et al., 2006). A role for polη in the bypass of UVA-induced CPDs may be of
particular importance since it is reported that UVA-induced CPDs persist
for longer than UVB-induced CPDs in human skin (Mouret et al., 2006).
Thus the likelihood that the replication machinery will encounter a CPD that
requires polη for bypass may be higher following UVA exposure. However,
further studies are required to identify the UVA-induced lesion(s) that are
bypassed by polη. Moreover, although not directly investigated here, polη
may play an important role in the bypass of UVA-induced CPDs in
melanocytes, since melanocytes were reported to be defective in the repair
of UVA-induced DNA photolesions (Wang et al., 2010). As noted above,
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this could increase the likelihood that a replication fork will encounter a
CPD in the template.
Our novel observation that polη is involved in the replication of UVAdamaged DNA, as well as the recent report that repair of UVA-induced
DNA damage requires XPA, a key protein in the nucleotide excision repair
pathway (Cortat et al., 2013), highlights the possible contribution of UVAinduced DNA damage to skin carcinogenesis. This is particularly important
in XPV individuals lacking polη and in XP individuals with defects in NER.
Although not investigated here, replication of UVA-damaged DNA in XPV
cells by other more error-prone TLS polymerases, including polι (Tissier et
al., 2000), could contribute to skin carcinogenesis. Together this data
highlights the importance of UVA-protection in the prevention of skin
cancer, which is particularly important in XPV and XP individuals who lack
key components of the normal UVA response.
While exposure to UVA radiation is a risk factor in the development of
melanoma (Section 1.6.1), the molecular mechanisms linking UVA
exposure and melanoma development remain unclear. It is important to
characterise the cellular pathways that mediate the initial response of
primary melanocytes to UVA radiation, as this could provide insight into
how changes in these pathways could contribute to UVA-induced
melanoma.
Here we provide evidence that the normal response of primary human
melanocytes to UVA radiation involves PIKK-mediated DNA damage
response (DDR) signalling, involving activation of both ATR-Chk1 and
ATM-Chk2 pathways. DDR signalling plays an important role in protecting
genomic integrity (see Section 1.7), thus these pathways may normally play
a role in protecting the melanocyte genome from the deleterious effects of
UVA exposure. While this present study focused on characterising UVAinduced DNA damage response signalling pathways, the response of
melanocytes to UVA radiation is more complex. We provide evidence that
multiple cellular signalling pathways, including the mitogen-activated RafMEK-ERK pathway and the cytoskeleton-associated PKC-adducin pathway,
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are differentially regulated in primary melanocytes following UVA
irradiation, however functional analysis of the roles of these pathways in the
response of primary melanocytes to UVA exposure requires further study.
Moreover, although not studied here, melanocytes also respond to UVA
irradiation by stimulating melanogenesis, and the tanning response (Wicks
et al., 2011).
While the evidence supporting a link between UVA exposure and
melanoma development is outlined in Section 1.6.1, a number of issues
complicate

the

association

between

UV-exposure

and

melanoma

development. These include the fact that melanoma frequently occurs on
non-sun exposed areas of the body (Whiteman and Green, 2011), and that
the oncogenic drivers of melanoma, including BRAF, do not normally
harbour UV signature mutations (Davies et al., 2002). It has also been
proposed that melanin itself contributes to melanoma development through
an oxidative stress-dependent pathway (Wittgen and van Kempen, 2007).
Recently a UV-independent pathway to melanoma, specifically associated
with elevated levels of pheomelanin was described, in a transgenic mouse
strain that mimics the human red hair/light skin phenotype (Mitra et al.,
2012). In this study, introduction of the melanoma-associated activating
BRAFV600E mutation, in the absence of other genetic alterations or UVexposure, was sufficient to promote melanoma development in this mouse
strain (Mitra et al., 2012). A role for pheomelanin in melanoma
development is supported by the fact that fair-skinned individuals have an
elevated risk of melanoma development compared to dark-skinned
individuals, where the primary pigment is eumelanin (Neugut et al., 1994).
Given the biologically and genetically distinct types of melanoma which can
arise, the cell of origin of melanoma remains unclear (Whiteman et al.,
2011). As well as the epidermis, melanocytes are found at other anatomical
locations, including the hair follicle, eye, brain and heart. Hair follicle
melanocytes are responsible for hair colour, and this melanocyte population
is maintained by the melanocyte stem cells (MSCs) located in the hair bulge
(Kauser et al., 2011). MSCs also function to repopulate the epidermis
following UVB irradiation (Chou et al., 2013). Interestingly MSCs were
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shown to migrate to the epidermis in an undifferentiated state following
UVB (Chou et al., 2013). MSCs in the epidermis represent another
melanocyte population which are potentially exposed to solar UV radiation.
Given the requirement for B-Raf signalling for MSC entry into the cell
cycle (Valluet et al., 2012), and the fact that B-Raf signalling is commonly
activated in melanomas (Davies et al., 2002), MSCs could be implicated in
melanoma development. Thus it would be of interest to investigate the
response of MSCs to solar UV-radiation; in particular the effect of solar UV
radiation on MSC survival and differentiation would be informative.
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5.2

Summary

Accumulating evidence indicates that exposure to long-wavelength UVA
radiation, which accounts for >95% of solar UV radiation reaching the
earth’s surface, is a significant risk factor for the development of skin
cancer, particularly melanoma (Mitchell, 2012; Runger, 2007). In line with
this, UVA radiation was defined as a class I carcinogen by the IARC (El
Ghissassi et al., 2009). It is now well established that UVA radiation
induces DNA damage, with CPDs being to most common UVA-induced
DNA lesion (Mouret et al., 2006; Mouret et al., 2012; Perdiz et al., 2000).
Here we provide evidence that DNA polymerase eta (polη), a specialised
TLS polymerase which carries out error-free replication past dithymidine
dimers in vitro (Johnson et al., 1999b; Masutani et al., 1999a), plays a role
in the replication of UVA damaged DNA in human cells. We show that polη
is mobilised to discrete nuclear foci following UVA exposure, and that these
foci occur exclusively in cells undergoing DNA replication. Furthermore,
we provide evidence that polη-deficient cells rely on a caffeine-sensitive,
ATR-Chk1-mediated, pathway for survival following UVA irradiation.
Overall, the data provides evidence that UVA-induced DNA damage
tolerance is mediated, at least in part, by polη. The identification of a role
for polη in the replication of UVA-damaged DNA highlights the possible
contribution of polη to preventing UVA-induced skin carcinogenesis, which
is of particular relevance to XPV individuals lacking polη.
Exposure to UVA radiation is a risk factor in the development of melanoma
(Mitchell and Fernandez, 2012; Moan et al., 1999; Wang et al., 2001).
However, the molecular mechanisms linking UVA exposure and melanoma
remain unclear. While melanocytes represent a target cell for UVA exposure
in vivo, as UVA can penetrate deeply into the basal layers of the epidermis
where the melanocytes are located (Bruls et al., 1984), and UVA induces
DNA damage in UVA-exposed melanocytes (Mouret et al., 2012), the effect
of UVA irradiation on DNA damage response signalling in primary human
melanocytes is not well studied. It is important to characterise the cellular
pathways that mediate the normal response of primary melanocytes to UVA
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radiation, as this could provide insight into how changes in these pathways
could contribute to UVA-induced melanoma. Here we provide evidence that
UVA induces a PIKK-mediated DNA damage response in primary normal
human epidermal melanocytes (NHEM), involving both the ATR-Chk1 and
the ATM-Chk2 pathways. Moreover, an important role for Chk1 in the
response to UVA-irradiation in primary human melanocytes was identified,
particularly in the recovery from UVA-induced inhibition of DNA
synthesis. Using a phospho-proteomic screen, UVA-induced changes were
identified in the phosphorylation status of proteins involved in a number of
signalling pathways, including the CDK cell cycle pathway, the mitogen
activated Raf-MEK-ERK pathway and the cytoskeleton-associated PKCadducin pathway.
Collectively, the results presented here provide information, at a molecular
level, on the early responses of human skin cells to long-wavelength UVA
radiation. In particular we identify for the first time a role for polη in the
replication of UVA-damaged DNA in human fibroblasts. Furthermore, we
provide novel insights into the cellular signalling pathways activated in
primary human melanocytes following exposure to UVA radiation.
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5.3

Future directions

The present study identified a novel role for polη in replication of UVAdamaged DNA. Since polη is known to bypass dithymidine CPDs in vitro
and in vivo (Johnson et al., 1999b; Masutani et al., 1999a; Masutani et al.,
2000), and CPDs are the most common UVA-induced DNA lesion (Mouret
et al., 2006), we propose that polη is involved in the bypass of UVAinduced CPDs. However, this hypothesis was not directly tested here. Since
polη is also involved in the bypass of other DNA lesions, including 8-oxo-G
(Haracska et al., 2000b; Zlatanou et al., 2011), it would be of interest to
directly identify the major UVA-induced DNA lesion(s) bypassed by pol.
Immunofluorescence investigation of the recruitment of polη to sites of
UVA-induced DNA lesions in individual cells, using commercially
available antibodies specifically recognising either CPD and 8-oxo-G
lesions (Mitchell and Brooks, 2010) could be informative.
The mechanisms regulating polη localisation to nuclear foci following UVA
exposure were not analysed here. Monoubiquitination of PCNA is
considered a key regulator of polη recruitment to nuclear foci following
UVC radiation, since polη specifically interacts with monoubiquitinated
PCNA (Kannouche et al., 2004). It would be of interest to analyse the effect
of UVA radiation on PCNA monoubiquitination. More recently, other key
regulators of polη recruitment to foci following UVC irradiation have been
identified, including Nbs1 (Yanagihara et al., 2011), FANCD2 (Fu et al.,
2013), and BRCA1 (Tian et al., 2013). Polη protein was observed to be
reduced at later times following UVA exposure (Figure 3.4). Polη levels
were previously shown to be down-regulated following UVC radiation, in a
proteasome-dependent manner (Cruet-Hennequart et al., 2006; Jung et al.,
2012). The effect of proteasome inhibition, for example using MG-132, on
polη levels following UVA exposure would be informative as to whether
the UVA-mediated polη turnover is proteasome-dependent.
Polη-deficient cells were not greatly sensitised to UVA radiation compared
to polη-expressing cells at the doses used in this study. However, the
evidence provided suggests that polη plays an important role in the
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replication of UVA-damaged DNA. This leads to the question of the
mechanism of UVA-induced DNA damage tolerance in polη-deficient cells.
It is suggested that in the absence of polη, other error-prone polymerases,
including polι, could contribute to bypass of DNA photolesions (Tissier et
al., 2000). siRNA-mediated knockdown of other TLS polymerases in polηdeficient XP30RO cells, and analysis of cell survival would address whether
these other polymerases are involved in the response to UVA irradiation.
Another important question not addressed here is whether polη plays a role
in the response of biologically-relevant cell types, including primary
melanocytes, to UVA radiation. Expression of GFP-tagged polη in NHEM
and analysis of nuclear localisation following UVA exposure would address
whether polη is localised to foci in melanocytes following UVA exposure.
Furthermore, it would be of interest to analyse the effects of polη
knockdown, using shRNA, in primary melanocytes, including the effect on
UVA survival in the presence of caffeine, which is indicative of a polηdependent process. It should be noted that genetic variations in the POLH
gene, are associated with increased melanoma risk (Di Lucca et al., 2009),
suggesting polη may play a role in the normal function of primary
melanocytes.
It would be of interest to further validate the results of the Kinexus screen,
especially the UVA-induced effects on Raf-MEK-ERK signalling pathway,
since this pathway if so frequently deregulated in melanoma (Davies et al.,
2002). Analysis of the functional consequences of UVA-induced
phosphorylation of Raf-MEK-ERK signalling proteins, using small
molecule inhibitors of the kinases or phosphatases involved in regulation of
UVA-induced phosphorylation events, on the cellular outcomes to UVA
exposure, including cell viability would be informative.
As mentioned above, functional characterisation of UVA-induced
phosphorylation of α-adducin on S726 would be of interest. Phosphorylation
of α-adducin on S726 reduced adducin function in capping the fast growing
ends of F-actin and recruiting spectrin (Matsuoka et al., 1998), and in
MDCK cells promoted cell motility (Chen et al., 2007). It was previously
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reported that UVA irradiation of murine melanoma cells enhanced
metastasis, and correlated with UVA-induced changes in cell adhesion
molecules (Pastila et al., 2011; Pastila and Leszczynski, 2005). It would be
interesting to investigate the role of UVA-induced phosphorylation of αadducin on S726 in the context of NHEM cell motility, especially due to the
highly metastatic nature of melanomas.
The primary normal human epidermal melanocyte (NHEM) cell system
utilised in this study represents an important model in which to study the
normal cellular responses of a biologically relevant cell type to UVA
irradiation. As mentioned above, investigation of the response of
melanocyte stem cells (MSCs) to UVA radiation would also be of interest. It
was recently shown that IR-induced DNA damage resulted in premature
differentiation of MSCs (Inomata et al., 2009), and that ATM played an
important role in the process. Differentiation and survival of damaged
MSCs could have implications in melanoma development. Since we provide
evidence that ATM is modulated in the response of NHEM to UVA
irradiation, the functional consequence of ATM knockdown on NHEM cell
viability would be of interest.
In this study the effect of UVA radiation on NHEM was investigated by
exposing NHEM to UVA radiation from a broadband UVA source through
the plastic lids of the tissue culture dishes. The purpose of the plastic lid was
to act as a short-wavelength UV filter, however this significantly decreased
the UVA irradiance reaching the cells and resulted in increased exposure
times (Table 2.8). It would be of interest to investigate if the effects of UVA
radiation observed in this study, such as the induction of Chk1
phosphorylation, were observed when cells were exposed to UVA radiation
with the lids removed, which would significantly reduce the exposure time.
Moreover, to further investigate the wavelength-dependence on UVAinduced changes in NHEM cell signalling, exposure of NHEM to
narrowband UVA sources would be informative.
While characterisation of the response of primary melanocytes to specific
defined wavelengths of UV radiation is required to decipher the contribution
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of the particular UV wavelengths to skin carcinogenesis, in reality cells are
exposed to a combination of UVA and UVB radiation. Thus characterisation
of the response of primary melanocytes to a combination of UVA and UVB,
as well as exposure to UVA and UVB wavelengths individually, would
allow an even more biologically-relevant response to be characterised.
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