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Abstract

The general effects of ionising and ultraviolet irradiation (UVA and broadband
UVB) were examined in four different human epithelial cell lines (HTORI-3 (human
thyroid), HACAT (keratinocytes) A431 (vulva carcinoma) and 340-RPE T53 (retinal
pigment epithelial)) using a number of different end points. These included, survival
curves, micronucleus formation, induction of Sister Chromatid Exchanges, formation
of colonies with giant cells and small colony formation. The results indicated that,
following exposure to UV irradiation, HTORI-3 appears to be the most radiosensitive
cell line (in terms of cell survival) whereas the 340-RPE T53 cell line is the most

radioresistant. The relationship between individual cell lines and the other endpoints
used in this study were more complex. The observation that HTORI-3 is more

radiosensitive as compared with the 340-RPE T53 cell line following UV but not
ionising irradiation was investigated using ara-C, a DNA repair inhibitor. The results
obtained indicated that, the difference between the two cell lines probably is due to a

DNA repair defect, not identifiable by the use of ara-C.
The process of genomic instability is a well documented phenomenon,

following exposure of human and murine cell lines to a variety of genotoxic agents.

However, very little is known about the effects of ultraviolet irradiation on the
induction of this process. The experiments described in this thesis were designed to

explore how UVA and broadband UVB irradiation can initiate genome instability in
two human epithelial cell lines (HTORI-3 and 340-RPE T53). A number of different
end points were used including, plating efficiency, growth rate, formation of giant cells
and colony diameter. The results indicated, that broadband UVB but not UVA
irradiation, can induce the delayed lethal damage phenotype, in a dose dependent
manner, for the first twenty population doublings, in both cell lines under investigation.

The process of UV-induced neoplastic transformation has been extensively
studied using the hairless mouse model. However, the number of available models for
studying the process of UV carcinogenesis in vitro are limited. In addition, the process

of immortalisation of cell lines using viral constructs, makes the use of these models
less reliable. That problem was bypassed with the construction of the 340-RPE T53
cell line. This cell line was developed, following the transfection of a human retinal
pigment epithelial cell line with the catalytic unit of the telomerase gene.

Since the frequency of UV-induced transformation is very low, the end point
selected for the study of this process was the acquisition of anchorage independent
colony formation. The parent 340-RPE T53 cell line do not form any colonies in agar.

The experiments presented in this thesis were designed to investigate any existing dose
response relationship, for example the specific dose, the number of doses and the time
following irradiation, which are required in order to induce the anchorage independent
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phenotype. Once this relationship was defined, specific combinations of doses and
time after irradiation were used in order to optimise this relationship. Following the
optimisation of this relationship, a series of cloned lines were established following
isolation of colonies from agar. The cloned cell lines were screened for anchorage
independent growth, growth rate, serum independence, morphology, focus formation,
chromosomal changes, radiosensitivity, tumorigenicity in nude mice, p53 status and
cell cycle arrest following irradiation. The results indicated that while a number of
cloned lines met only one of these criteria (anchorage independent growth) others had
acquired more changes in addition to anchorage independent growth (increased growth
rate, serum independence, high saturation density, differential radiosensitivity).
However, none of the cloned cell lines met the ultimate criterion, that is tumour

formation in nude mice. Since, these cloned lines meet only a number of these criteria,
it can be suggested that they represent a very early step towards UV-induced
carcinogenesis.

The results presented in thesis clearly indicate that, the use of 340-RPE T53 cell
line will prove a very useful model for the study of the process of UV-induced
transformation. The human origin of this particular cell line and the way of its
immortalisation, makes the 340-RPE T53 cell line, currently the best available model
for the study of UV-induced carcinogenesis.
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CHAPTER 1

Introduction
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1.1 General effects of ultraviolet radiation

1.1.1 Sunlight composition
Sunlight originates from nuclear fusion reactions in the sun's core, which

release energy in the form of gamma rays. The propagation of this radiation towards
the sun's outer surface generates heat so that the sun emits radiation characteristic of an
object heated between 5700 and 5800K. However much of the more energetic
radiation is absorbed by the earth's atmosphere so that the shortest wavelengths that
reach the surface of the earth are in the non-ionising UV range (Urbach et al., 1992).

The biologically important output from the sun reaching the earth's surface can

be divided into 5 wavelength regions. UVC (100-280nm), UVB (280-315nm), UVA
(315-400nm), visible light (400-780nm) and infrared (760-106nm) (Fig. 1). UVC is
completely absorbed by molecular oxygen and stratospheric ozone. Visible light does
not appear to be harmful to normal individuals (except in photo drug reactions).
Infrared is essentially heat and currently is uncertain if it has any biological effects on

living organisms. However, UVA and UVB do have the capacity to interact with
various molecules in living cells and they are responsible for the harmful effects of UV
in humans (Peak et al., 1982). It has to be mentioned that the UV component of the
sunlight which comprises wavelengths <400nm accounts for 9% of the total E emitted
by the sun with UVA representing 6.3% whereas UVB only 1.5%. On the earth's
surface, UVA constitutes more than 95% of the terrestrial UV solar energy (E),
whereas UVB accounts for the rest (about 5%) (Diffey et al., 1998) (Fig. 2).

1.1.2 Learning to live with UV
The evolution of life has occurred in an environment exposed to UV and visible

radiation coming from the sun. When the molecules in living cells absorb photons in
this region of the electromagnetic spectrum, they are promoted to excited electronic
states and this phenomenon can have adverse biological effects. Wavelengths of 400-
780nm are associated with processes, which are essential and beneficial to living
organisms, like photosynthesis and vision. Nevertheless, UV photons with wavelengths
<400nm have the ability for damaging cells which becomes enhanced at shorter
wavelengths and higher energies (Tyrell, 1996). So it seems that UV may disturb the
metabolic processes and functioning of an unprotected cell.

1.1.3 Trends in stratospheric ozone

Recently, it has been realized that chlorofluorocarbons (CFCs) and other
chemicals are slowly destroying the ozone layer. The decline in total column ozone

over much of the Earth during 1980 and 1990 is now well documented. The ozone

hole in South Pole, initially noticed in mid 1980s was at its deepest in the Antarctic
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spring of 1993. Satellite data have also shown that in 1992, the global average total
ozone was 3%, lower than for any other year on record (Weinstock et al., 1992).

The continuous erosion of the ozone layer will eventually increased the amount
and the intensity of the biologically important wavelengths UVA and UVB, with severe

consequences for living organisms, especially humans. Skin cancer, one of the most
common forms of cancer world-wide, is reaching epidemic proportions, and the
scientific evidence implicating sun exposure as the main cause of skin cancer is
overwhelming (Tsao et al., 1998).

1.2 DNA damage induced by UV irradiation
1.2.1 DNA and UV induced photo-products

Ultraviolet light damage produces several types of mutagenic deoxyribonucleic
acid (DNA) photo-products. The two major types of mutagenic DNA lesions that are
usually caused by UVB and UVC are the cyclobutane pyrimidine dimers (CPDs) and
pyrimidine-pyrimidone (6-4) photo-products (6-4 PPs), whereas for UVA, the major
lesion induced is the single strand break (ssb) and the 8 hydroxy-guanine molecule.
Other types of damage, such as double strand breaks, DNA cross links, pyrimidine
monoadducts and purine photo-products have also been observed.

1.2.2 Cyclobutane pyrimidine dimers (CPDs)
Upon exposure of DNA to wavelengths approaching its absorption maximum

CPDs can be formed by the covalent interaction of two adjacent pyrimidines in the
same polynucleotide chain. This phenomenon results from the saturation of their
respective 5, 6 double bonds and the subsequent formation of a 4-membered cyclobutyl
ring linking the 2 pyrimidines. The formation of CPDs is not a random phenomenon. It
has been shown that the frequency of base dimer formation is a function of the
quantum yields for the respective dimers and the nature of the nucleotides flanking
potential dimer sites (Fig. 3) (Davies, 1994; Black et al., 1997; Pfeifer et al., 1997).

The formation of CPDs requires an extensive rotation of the neighbouring
pyrimidines from their B-form DNA alignments. In CPDs, the 2, 5, 6 double bonds
must overlap in order for dimerisation to occur efficiently. Therefore, it appears that
the torsional flexibility of the DNA helix at the site of the photo-product plays a

significant role in determining the ability of a given dipyrimidine sequence to form a

CPD. So it seems that unwinding and bending of DNA are very important requirements
for UV-induced DNA damage. On the other hand, increased DNA rigidity may

interfere with photodimerisation by preventing the optimal alignment of the double
bonds involved in dimer formation. Bending of DNA towards the minor groove can

inhibit formation of CPDs. The general conclusion is that both the torsional flexibility
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and bending angle of the DNA double helix are very important parameters that regulate
the ease of the photodimer formation (Pehrson et al., 1992).

The CPDs can occur at DNA sequences containing 5'-TT, 5'TCy, 5'CT or 5'-CC
dipyrimidine sequences. Using DNA sequencing gel technology, it has been found that
the 5'-TT is the preferred sequence for CPD formation and the least common site is
usually at 5-CC. Moreover, CPDs can occur at sequences containing the rare methyl
cytosine that can be found in mammalian DNA only within CpG dinucleotides. CPDs
containing 5-methyl cytosine can be formed within 5'-TmCG and 5'-CmCG sequences

(Mitchell et al., 1992).

1.2.3 6-4 photo-products (6-4 PPs)
6-4 PPs are formed through an oxetane or azetidine 4-membered ring

intermediate between the 5 and 6 carbons of the 5' pyrimidine base and the carbon and
the oxygen or imino group tautomer in position 4 or of the 3' pyrimidine (Fig. 3). This
ring breaks spontaneously and as a result, a hydroxy or an amino group is transferred to
the 5 carbon of the 5' pyrimidine. In this way a stable bond between positions 6 and 4
of the 2 adjacent pyrimidines is established. In addition, it has to be mentioned that
irradiation of UV damaged DNA at 313nm often produces the Dewar isomers of the 6-
4PPs. Studies have shown that the 6-4 PPs are formed at a rate of 20-30% of that of

CPD. However, this ratio is strongly dependent on the DNA sequence and on the
chromatin environment (Sage, 1993).

Several studies suggest that the reactions leading to the 6-4 PP intermediates
require unwinding and base rotation to facilitate dimerisation. So the 6-4 PP may

produce even more significant structural distortions in the DNA double helix than
CPD. This is because the pyrimidine planes, within the 6-4 PP are perpendicular and a

bending angle at 44° has been observed. Nuclear magnetic resonance (NMR) studies
on the Dewar product showed that the TpT bases of the Dewar isomer lack a

complementary hydrogen bonding and that base pairing and stacking of a Dewar
product containing decamer duplex is different from that of a 6-4 PP-containing duplex
(Pfeifer et al., 1991).

1.2.4 Pyrimidine monoadducts
Pyrimidine monoadducts are produced at a much lower frequency in contrast to

CPDs and 6-4 PPs. One of the classic examples of the production of pyrimidine
monoadducts is cytosine photohydrates. 6-4 PPs are generated by the photoaddition of
H-/or OH-/ to the double bonds at position 5 and 6 of pyrimidines. It has been shown
that the UV induced cytosine may persist in DNA for prolonged periods of time and
except that it may also undergo deamination to the relatively stable uracyl hydrate.
However, 5 methyl-substituted pyrimidines in DNA do not undergo photohydration but
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instead can undergo cleavage of their N-glycosylic bonds to yield abasic sites upon UV
radiation.

These monoadducts arise in DNA at a frequency of 1% of that of CPD. It has
been suggested that this ratio is independent of whether UVC or UVB light is used.
However, a recent study estimated that endonuclease III sensitive base damage occurs

at a frequency that is 8-10 times higher than was expected from other studies
(Boorstein et al., 1990; Douki et al., 1994).

1.2.5 DNA damage induced through the process of oxidative stress
If the UV irradiation is first absorbed directly by another cellular molecule, the

DNA molecule can be damaged indirectly after energy or electron transfer. Such a

photosensitiser reaction can be mediated by endogenous or exogenous photosensitisers.
Modifications of the DNA molecule by excited photosensitisers can be direct reactions
or reactions, which could be, mediated through reactive oxygen species (ROS) mainly
singlet oxygen which generates purine base modifications. One of the most important
and mutagenic lesion is the 8-hydroxy-guanine (7,8-dihydro-8-oxoguanosine) which
produces G:C to T:A transversions by pairing with adenine instead of cytosine during
replication (Cheng et al., 1992). This product was shown to increase linearly when
DNA was exposed to UV in the presence of hydrogen peroxide (Carrano et al., 1988).
Furthermore, all OH radical scavengers, particularly mannitol, inhibited to a large
degree its formation. Tyrell et al., (1989, 1990), suggested that these indirect reactions
are the main mechanism of the mutagenic, genotoxic and cytotoxic effects of UVA,
since UVA does not have the ability to excite and damage the DNA molecule directly.

Early work by Setlow et al., (1976) suggested that UV irradiation can induce a

number of lesions which are of the same type with those produced by ionising
radiation. They suggested that oxygen plays a significant role in the damage induced
by ionising radiation and documented that strand breaks which are produced by non-

enzymatic radiochemical reactions were four times greater in oxygen. Therefore, it
appears that oxygen acts as a sensitising agent that results in increased damage but also
has the potential to fix that initial level of damage through influencing repair
mechanisms. Peak et al., (1984) showed that the action spectrum for mutagenesis is
well correlated to the DNA absorption spectrum. Despite the fact that the quantum

efficiency for UVA mutation is much smaller than that for UVB, it is greater than the
level predicted by DNA absorption. Tyrell et al., (1991), showed that UVA which has
the ability to produce ionising radiation like lesions, (ssbs, dsbs and DNA/protein
cross-links) has a limited ability to induce CPDs and therefore its mutagenic effect
should be mediated by non-DNA sensitisers. In addition Peak et al., (1987; 1991)
showed that strand breakage can be increased in the presence of deuterium oxide,
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which favours the transient life of singlet oxygen, implying that a type II
photosensitization mechanism is involved.

In general, hydroxy radicals are one of the most electrophilic radicals of the
reactive oxygen species group. It has been suggested that a wide variety of DNA
damages can be induced by hydroxy radicals. Cadet et al., (1985), showed that about
35 different base modifications can occur from ROS on the DNA molecule. Further

evidence that UVA can produce hydroxy radicals was presented from Roza et al.,
(1985) who showed that ssbs in human fibroblasts irradiated with UVA were

completely inhibited when irradiation was performed in the presence of catalase. Imlay
et al., (1988), suggested that because of its reactivity, the hydrogen peroxide molecule
should be destroyed before can reach the DNA target. However when examining the
effects of hydroxy radicals to E.coli, it was found that the toxicity of hydrogen peroxide
to E.coli was mainly attributed to DNA damage which was mediated via a Fenton
reaction which generated hydroxy radicals from the hydrogen peroxide molecule and
DNA bound iron.

Reid et al., (1993) showed that a high percentage of the so called UV signature
mutations like CC to TT changes can be induced by the direct action of ROS in E.coli.
Induction of these mutations was inhibited by scavengers of ROS. Therefore it appears
that the UV induced signature mutation in humans, reflect the combined effect of the
direct oxygen-independent effects of UVB acting with the oxidative influences of the
complementary dose of UVA received with the solar radiation. However the problem
is that, despite the documented evidence that ROS play a very important role in
inducing photo-carcinogenesis in vitro, the exact contribution of ROS in photo-
carcinogenesis in humans remains controversial.

1.3 Chromosome damage induced by UV
It is widely accepted that chromosome damage plays an important role in the

process of carcinogenesis. Usually, the main cytogenetic changes involve deletions,
translocations and inversions. Deletions can lead to the loss of a tumour suppressor

gene (e.g. p53). Translocations and inversions can be divided into those, which can be
found in certain tumour types and to those observed only in specific isolated cases of
patients. Classic examples of chromosomal abnormalities, which are involved in the
development of various neoplasias, are the c-MYC locus (which is juxtaposed to an

immunoglobulin locus by chromosomal fusion) in Burkitt's lymphoma, or the fusion of
the BCR and c-ABE genes (Philadelphia chromosome) in the case of the chronic
myelogenous leukaemia.
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1.3.1 DNA strand breaks (sbs)
Few DNA sbs can be induced by UVC but they comprise an increasing

proportion of the total lesions at longer wavelengths. Using E.coli as a model, it has
been shown that the ratio of DNA sbs to CPDs is 1:44 at 313nm, whereas at 365nm this
ratio is 1:2 (Miguel and Tyrell, 1983). The action spectrum for the induction of DNA
single strand breaks (ssb) in human skin cells has now been determined. This spectrum
shows that breaks occur throughout UVA and into the near visible light. The level of
ssbs induced by UVB and UVC is 30 times lower than that caused by UVA. This is
because at higher wavelengths non DNA chromophores are involved and may generate
active species of oxygen which may be responsible for increasing frequencies of DNA
strand breaks. However, because the breaks measurements usually involve alkaline
denaturation, 20% of the so-called breaks are due to the fragility of chemical bonds at

apurinic and at pyrimidine sites under denaturing conditions. It is worth noting that in
contrast to the common forms of base damage, the induction of sbs depends on oxygen

throughout UVB and UVA (Peak et al, 1987). It has also been suggested that the
longest wavelengths may involve the generation of singlet oxygen (Peak et al., 1987).

In general, double strand breaks (dsbs) can be formed in the DNA of cells by
cooperation of two single strand breaks induced in the DNA in opposite strands. They
can also be formed by cooperation of base lesions formed in opposite DNA strands if
their repair involves the formation of single strand intermediates (Bryant et al., 1980;
Iliakis, 1991).

Olive (1998), suggested that ssbs and dsbs play very important role in
determining the radiosensitivity of the cells. Radiosensitive cells may view both
closely opposed and more widely spaced opposing lesions as dsb, while in resistant
cells a dsb could be identified only as two closely opposed dsbs. So while resistant
cells might repair more widely spaced dsb as independent ssb, sensitive cells may use

other more prone error repair pathways perhaps involving recombination.
The induction of dsb and ssb following exposure to environmental agents like

UV and their subsequent repair, play a very important role in the maintenance of the
genome and their elimination is of crucial importance. Sax (1940), originally
suggested that chromatid breaks result from a single interaction of ionising irradiation
with chromosomes (one hit model). This model states that, if one or both chromatids
are damaged, there is a possibility that the breakage will be rejoined thus eliminating
the break, or the break will remain non-joined and become visible at the first metaphase
following condensation of the chromosomes. Various forms of chromatid exchange
aberrations can also be produced by mis-rejoining of the ends of the chromatid breaks.
Revell (1959), proposed that chromatid breaks can be formed after irradiation as a

result of a series of failures of recombinational events on the chromosome site where

the damage occurred. Recently, Bryant (1998) suggested the so-called "signal model",
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where the induction of a single dsb will generate a signal which triggers the cell to
initiate a recombinational exchange involving a large loop of chromatin. Exchanges,
which are incomplete, will be observed as chromatid breaks.

1.3.2 Micronucleus (MN) formation
Micronuclei arise from chromosomal material which cannot be incorporated

into the main nuclei during the mitotic anaphase. They usually appear in the cytoplasm
of the daughter cells as small additional nuclei. It has been suggested that micronuclei
that originate from events involving chromosome breakage contain acentric fragments
and they will be centromere negative, whereas those that originated from aneugenic
events will contain whole chromosomes and they usually are centromere positive.

Despite the fact that MN acts as a useful indicator of chromosome damage,
studies on their induction by UV are limited. Berg-Drewniock et al., (1997) used the
MN assay as an endpoint in order to study the radiosensitivity of fibroblasts from first
degree relatives of familial melanoma patients. They concluded that the spontaneous
formation of MN in fibroblasts from these patients was significantly higher in contrast
to 19 healthy donors, however, no enhanced radiosensitivity was evident. They
suggested that chromosome instability might be a hereditary trait and a causative factor
in developing malignant familial melanoma. D'Agostini et al., (1993, 1999) used
human lymphocytes in order to demonstrate the hazards which are posed from the use

of halogen tungsten lamps. In these studies, it was shown that the frequency of MN
induction on lymphocytes was increased in a dose and time related manner. In addition
the authors described other chromosomal lesions such as isochromatid breaks,

exchanges and isochromatid/chromatid interchanges.
Fenech et al., (1992) reported a linear increase of MN in lymphocytes with

dose, using UVC irradiation. In addition, Keuleurs et al., (1998) also showed that
UVB is able to induce MN in human lymphocytes. However, they also showed for the
first time that UVB is able to induce MN, which were centromere negative, indicating
that these MN arose from clastogenic events induced by UVB. Finally, work on human
keratinocytes (SCL-2) revealed an increase on the number of induced MN by UVB
(Weller et al., 1996).

1.3.3 Sister chromatid exchanges (SCE)
A sister chromatid exchange represents the cytological manifestation of a four-

strand exchange in DNA. Formation of SCEs involves breakage of the genetic material
and subsequent recombination of the four DNA strands. SCEs are produced during the
S phase of the cell cycle (Fig. 4). Several mechanisms have been proposed so far in
order to explain the basis of this phenomenon. It has been suggested that the basic
mechanism may involve either a type of recombinational repair, altered replication of

13



DNA past damaged bases or asynchrony in DNA synthesis between adjacent replicon
clusters. However, all the proposed models are suffering from lack of experimental
evidence.

Many publications support the use of SCEs as an indicator of biological
significance in studies involving the use of mutagens and carcinogens. Perry and
Evans (1975) showed, by using CHO cells, that SCEs can be induced by many

mutagens in a dose dependent manner. In general, agents who are able to induce
covalent adducts to the DNA molecule or to distort the DNA bases such as UV light,
mono and bi-functional alkylating agents or the reactive forms of the larger aromatic
hydrocarbons, are good inducers of SCEs.

A plethora of papers has also been published so far using the induction of SCEs
as an endpoint for testing the mutagenic potential of different substances (Ghosh et al.,
1984; Stetka et al., 1976) or examining the radiosensitivity of individuals suffering
from genetic disorders. For example, studies have been performed on cells from
patients suffering from cutaneous malignant melanoma (Roser et al., 1989), first degree
relatives of melanoma patients (Matzen et al., 1990; Knees-Matzen et al., 1991),
patients with Hodgkin's disease (Strom et al., 1997), patients with psoriasis receiving
UVA treatment plus 8-MOP (Bredberg et al., 1983), Bloom's syndrome fibroblasts
(Kurihara et al., 1987), fibroblasts from patients with Gardner's syndrome (Grosovksy
and Little, 1985), human melanoma cells (Miranda et al., 1997), fibroblasts from Basal
Cell Epithelioma patients (Rummelein et al., 1992) and xeroderma pigmentosum (XP)
patients (Fackel et al., 1998).

In addition SCEs have been used as an indicator of chromosomal (DNA)

instability. A number of papers published on the high incidence of SCEs in patients
with various types of neoplasias, including precancerous and cancerous lesions of
cervix uteri (Murty et al., 1986), malignant lymphoma (Slavutsky et al., 1984),
nasopharyngeal carcinoma and breast cancer (Li et al., 1989; Dhillon et al., 1995).

1.4 DNA repair
1.4.1 Repair mechanisms

In general, UV-induced damage to DNA is repaired by mechanisms
characterised by excision repair. There are over 50 enzymes involved in various repair
mechanisms and genetic control of repair in eukaryotes is very complex. There are 3
distinct pathways for the removal of UV induced DNA lesions including nucleotide
excision repair (NER), base excision repair (BER) and enzymatic photo-reactivation.

The NER consists of a multiprotein complex that releases the oligonucleotide
which contains the lesion and thus removes damage which causes helical distortion
(like UV irradiation or adducts from polyaromatic hydrocarbons). NER has two sub-
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Fig. 1.4 Diagrammatic illustration of the mechanism of sister chromatid
exchanges. Solid bars represent the native DNA strand, whereas hatched bars
represent the BrdU-incorporated strand. (Adapted from The ACT Cytogenetics
Lab Manual, 2nd Edition).



pathways: transcription-coupled repair (TCR) which removes certain lesions like CPDs
from the transcribed strand of expressed genes and global genome repair (GGR) which
removes lesions from the entire genome. TCR is more rapid than GGR. The pathway
is divided into 3 steps: lesion recognition, incision at both sites of the lesion and gap

filling. During the first step, the UV induced lesion is recognised by DNA damage
recognition proteins, a process that mainly involves the XPA protein. The XPA and its
yeast homologue RAD14 as well as XPE DNA damage binding protein show a strong

preference for 6-4PPs. However, none of these proteins has a significant affinity for
CPDs, which might partly explain why 6-4 PPs are repaired at a much greater speed
than CPD. It has been suggested that due to the poor recognition of CPDs by NER, a

specific subpathway of NER, transcription-coupled repair has evolved in order to repair
CPD in essential regions of the genome (Balajee and Bohr, 2000).

After lesion recognition, other proteins are recruited into the site of the lesions,
such as TFIIH, which is believed to be involved in unwinding DNA at the lesion site.
Two incisions are made at sites flanking the lesion: the 5' incision, which is made by
the ERCC1/XPF complex and the 3' incision is made by the XPG protein. In human
cells the size of the excised oligonucleotides is 27-29 nucleotides and the 3' incision
occurs 5 bases 3' to a CPD. The excised oligonucleotide is removed and the remaining
gap is filled by DNA polymerases, 8 or 8 or PCNA, replication factor C and DNA
ligase (Lindahl et al., 1997).

Nevertheless, defects in this pathway have been demonstrated in human genetic
disorders XP, Cockayne's syndrome (CS) and tricho-thiodystrophy. The XP patients
have been assigned to 7 complementary groups, and are usually characterised by
extreme photosensitivity and predisposition to skin cancer. The CS patients have no

increased risk for skin cancer but suffer from various developmental defects
(Hoeijmakers et al., 1994).

The second pathway, BER removes damage which introduces small adducts
(ionising radiation or methyl groups). The incision process starts with a DNA
glycosylase which removes the modified base (Yasui et al., 1998).

Enzymatic photo-reactivation is carried out by photolyases through a

mechanism in which the enzyme reverts the covalent bonds formed between 2 adjacent
pyrimidines in a light-catalysed reaction to regenerate the original bases. Photolyases
contain two chromophores: FAB, a photolytically active chromophore and a second
light harvesting chromophore that can be either 510 methylene-trahydifolve or 8-
hydroxy-deazaflavin. However the existence of a photo-reactivating enzyme in human
cells remain controversial. The enzymatic photo-reactivation was thought to be a

mechanism specific for the repair of CPD. However, a similar activity has been found
that can enzymatically revert 6-4PPs back to the original pyrimidine base in a light
catalysed reaction (Sancar et al., 1994).

16



Another repair pathway for the removal of UV photo-products involves the use

of UV endonuclease. It has been demonstrated that M.luteus and phage T4-infected E.
coli contain a CPD specific DNA glycosylase/endonuclease that specifically recognises
CPD and catalyses a two step DNA incision process at the sites of CPD. A similar
activity has also been found in S.cerevisiae.

A different DNA excision repair pathway has been demonstrated in S. pombe.
The enzymatic activity recognises both CPD and 6-4 PPs and incises the damaged
DNA immediately 5' to the UV photo-product. The mechanism which allows further
processing of these incised UV damaged DNA fragments remain unknown but it has
been suggested that involves a 5'-3' exonuclease activity that removes the nucleotides
containing the UV photo-products (Bowman et al., 1994).

1.4.2 Repair heterogeneity
It is well known that UV photo-products are not repaired with the same

efficiency within the genome, for example active genes are repaired faster than inactive
loci. This has been explained as follows: firstly, the chromatin structure of active genes

is less compact than that of inactive genes. Secondly, the transcribed strand of active
genes is repaired preferentially over the non-transcribed strand. Several reasons for the
existence of gene and strand specific DNA repair have been suggested: a) it provides an

efficient mechanism for maintaining transcription of essential genes, a process that may
otherwise be impeded by lesions blocking the progression of RNA polymerase; b) a

permanently blocked RNA polymerase could prevent repair of the lesion and c) the
transcribed strand of active genes may simply be more accessible to repair than any

other regions of the genome (Hanawalt et al., 1994).
Preferential repair of the transcribed strand of active genes is not the only

selective DNA repair process that exists in mammalian genes. In contrast to the slow
repair of CPD found in the upstream promoter region, repair rates were up to 10 times
faster near the transcription initiation site of the human JUN gene. In addition, the area

surrounding the transcription start site appeared to be the fastest DNA repair domain
found along the entire gene. It has been suggested that this rapid repair may rather be
related to an increased local concentration of DNA repair factors, possibly those that
are associated with basal transcription factors (TFs) functioning in transcription
initiation in particular TFIIH (Carell et al., 1995).

The UV photo-products are repaired by NER not only in active genes but also
in inactive regions of the genome. However, although the general repair pathway
operates to some extent on the transcribed strand of the expressed genes, the lesion
recognition process in the inactive chromatin regions and in expressed genes may be
mechanistically different. Maybe the initial lesion recognition process and also the
subsequent steps are influenced by the presence of the UV lesion in an environment of
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folded chromatin. Lesions in inactive regions of the genome are repaired by a pathway
that could require the XPC gene product in mammalian cells (Venema et al., 1991).

The final level of DNA repair heterogeneity has been shown by the sequence-

specific repair of pyrimidine dimers. Studies showed that the repair of CPD varies not

only between genes and chromatin domains but also between neighbouring base
positions. The repair of CPD has been analysed along exon sequences of the p53. It is
well known that p53 contain mutations in many human skin cancers which are

characteristic of sunlight exposure and they occur along the p53 gene. High rates of
photo-product formation did not always coincide with the position of skin cancer

mutation hotspots. In addition, the repair of UV induced CPD has also been
investigated in p53 and it has been shown that the repair rates varied significantly and
depend on sequence position. The sites of skin cancer mutation hotspots were almost
always sites of slow repair (Lindahl et al., 1997).

1.4.3 DNA repair within genes

Sequence selective repair of CPD has been demonstrated along the promoter

sequences of 2 human genes, PGK1 and JUN. Many sequence positions at which CPD
were slowly repaired in the promoter of the PGK1 correspond to transcription factor
binding sites. In addition, CPDs were inefficiently removed along all sequences that
bind sequence specific transcriptional activator proteins along the JUN promoter. UV
induced pyrimidine dimers are not accessible for the DNA repair machinery due to

binding of such sequence specific transcription factors that may form a large
multiprotein complex over the promoter. Promoter regions of many genes can be
targets for increased UV damage, caused by the binding of the same TFs. Because
these lesions within TF binding sites are not repaired efficiently this can easily create
mutations within the same sequence resulting in a mutant sequence that is not longer
recognised by the TF. So it can be suggested that such promoter mutation could result
in heritable changes in the gene expression programme. If growth controlling genes are

included this will form an important component of UV induced carcinogenesis (Pfeifer
et al., 1991; Gao et al., 1994).

1.4.4 DNA repair studies using inhibitors of DNA synthesis
DNA repair can be studied by using a series of substances which can inhibit

DNA repair. These include novobiocin, nalidixic acid, cytosine arabinoside (Ara-C)
aphidicolin and dideoxythymidine. All these chemicals have been used in order to
measure the repair of strand breaks or cell survival after irradiation or treatment with
various mutagenic agents.

1-b-D-Arabinofuranosylcytosin (Ara-C) is one of the most potent anti-tumour
agents for the treatment of acute leukaemias and other haematopoietic malignancies.
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Ara-C is a nucleoside analogue that differs from cytosine in the presence of a hydroxyl
group at the 2'position of the sugar residue. Ara-C is a competitive inhibitor of DNA
polymerase a, and to a lesser extent polymerase (3. It has been shown that at low
concentrations, Ara-C has the potential to be incorporated into the DNA molecule and
partially inhibit DNA synthesis (Fig. 5). However, during this incorporation, a change
in the DNA structure is immediate. The changes include alterations in the backbone
torsion angles and base stacking (Pourquier et al., 2000).

So far two mechanisms have been proposed for this inhibition. The first is that
Ara-C might bind to the DNA polymerase molecule thus halting or slowing its action.
The second mechanism suggested that Ara-C might be incorporated into the growing
chain of the DNA, at the site of DNA synthesis, causing helical distortion and
preventing gap closure.

1.4.5 Studies using Ara-C and UV irradiation
Studies on the effect of Ara-C on DNA repair inhibition, by using as an

endpoint cell survival, are limited. A concentration dependent decrease in survival of
healthy human cells, XP cells or CHO cells after exposure to UVC irradiation has been
reported (Dunn et al., 1979; Collins et al., 1980; Matern et al., 1985). Kufe et al.,
(1980) demonstrated that Ara-C incorporated into the DNA of leukaemic cells and that
this incorporation was significantly correlated with reduction in clonogenic survival.
Using human foreskin diploid fibroblasts and Ara-C followed by UV treatment it has
been demonstrated that Ara-C incorporated specifically into the DNA undergoing
repair of damage induced by UV light, and that this incorporation was significantly
correlated with cell cytotoxicity (Kufe et al., 1983). These findings suggested that
incorporation of Ara-C into the DNA molecule which undergoes a semiconservative or
unscheduled DNA synthesis results in lethal events. Moreover, it has been
demonstrated using ara-A on L-1210 cells and subsequent UV treatment that ara-A has
the same effect on DNA as Ara-C, indicated by the enhanced cell death (Kufe et al.,
1983).

1.5 Oncogenes and tumours suppressor genes in UV induced carcinogenesis
Repeated exposure to sunlight has as a result the induction of skin cancer due to

the mutagenic lesions caused by the solar UV radiation. It was recently demonstrated
that alterations in oncogenes and tumour suppressor genes which are affected by UV
irradiation play a very important role in the process of photo-carcinogenesis (Brash et

al., 1997). Oncogenes act as positive growth regulators and over expression of the
normal protein or the production of a more potent mutant form of the oncogene product
often leads to the transformed phenotype.
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Fig. 1.5. Propose model for the action of ara-C in UV irradiated cells, a) a
double strand of DNA helix in which after UV irradiation pyrimidine dimers are

produced randomly spaced (A), b) after the initial endonucleolytic cleavage at
the dimer site, the DNA polymerase (hatched circle) proceeds down the incised
strand and inserts bases as the damaged strand is either displaced (as it can be
seen from the drawing), or digested by exonucleolysis. When ara-CTP is
present in large amounts in order to compete readily with dCTP, it will become
incorporated (small circles) into the region where repair is taking place.
However, a critical number of ara-C residues can cause helical distortion and
this distortion interferes with the DNA polymerase with the DNA polymerase
which tries to add the next base. At this point the polymerase stops, and c)
remains associated with the site. Only after the addition of exogenous dCTP, the
repair can continue to completion d) with the subsequent release of the DNA
polymerase. (Adapted from Collins et al., 1984).



One of the best examples is the Ras oncogene. The human Ras family consists
of three members, H-ras, K-ras and N-ras. Ras homologues have been identified in the
genome of human and other mammalian species but lack introns. These genes were

identified as processed and inactivated pseudogenes. Functional ras genes differ
greatly in length due to large differences in the size of their introns ranging from about
6 to 50Kb, but they have four coding exons each.

Tumour suppressor genes act as negative growth regulators and mutations or

deletions of such genes abolish their growth regulating properties. One of the best
examples of a tumour suppressor gene is p53. It was initially suggested that p53 acts as

an oncogene, a hyperactive, altered, stimulatory gene for which dominant retroviruses
act as vectors, as it was capable of immortalising cells by itself or capable of
transforming them in conjunction with the ras oncogene. It was later shown that it was
the mutant form of p53 responsible for these effects, while the wild type p53 protein
actually suppressed transformation. This and the observation that p53 is frequently lost
or mutated in human tumours, finally proved that p53 acts as a tumour suppressor gene

(Prives and Hall, 1999).

1.5.1 p53: Basic structure and function
The most frequently encountered genetic event in human malignancy is the

alterations of the p53 gene and its encoded protein. p53 is located on the short arm of
the chromosome 17 and is about 20kb in length. This gene yields a 2.8kb mRNA
transcript and encodes for a 53 KDa nuclear phosphoprotein, which contains 393 amino
acids (Shieh et al., 1997). Nucleotide analysis and amino acid sequencing has revealed
five evolutionary conserved domains from Xenopus to humans, which are contained
within the exons 1, 4, 5, 7, and 8. These conserved domains are very important for the
normal function of the p53 protein. p53 binds DNA (2 sites) as well as, the large T
antigen of the SV40 (two sites). It also has a nuclear localisation signal, an

oligomerisation domain and several phosphorylation sites (Levine, 1997) (Fig. 6).
The p53 protein was initially believed to be a transformation-specific protein, or

tumour antigen because of the observed interaction with the large T antigen of the
SV40 virus. p53 regulates the cell cycle progression as was shown by transfection
experiments and overexpression of p53 in deficient tumour cell lines in G1 arrest

(Mercer et al., 1990). A similar cell cycle arrest was observed when cells carrying a

temperature sensitive mutant form of p53 were shifted to the permissive temperature
where p53 adopted a wild type conformation (Michalovitz et al., 1990).

p53 is involved in DNA repair. Lane (1992) has described p53 as the "guardian
of the genome". Its importance was demonstrated by its involvement in DNA repair.
Via its putative downstream effectors, p53, following DNA damage, can cause the
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Fig.1.6Thestructuralfeatureofthep53tumoursuppressorgene.Thetranscriptionactivationsite(TAS),heatshockproteinbindingsite (HSP),SV40largeTantigenbindingsites(SV40),adenovirus(Elb)andpapillomavirusE6bindingsites,cellularMDM-2bindingsite, nuclearlocalisationsignal(NLS),oligomerisationdomain(OLIGO)andphosphorylationsitesCdc2andCDK.Thefiveevolutionary conserveddomainsarelabelledHCDI-Vandthehotspotregionsare(HSRA-D).(AdaptedfromPriveandHall,1999).



induction of Mdm-2, p21 and Gadd45, although, these genes can also be induced in a

p53-independent manner (Hansen et al., 1997) (Fig. 7).
p53 is also involved in the process of apoptosis, induced after UV irradiation.

Several studies have demonstrated, that p53 is up-regulated after exposure of human
cell lines at various wavelengths and doses of UV and that this up-regulation can be
well correlated with the activation of the apoptotic pathway.

1.5.2 p53 induction by UV
Several studies have shown that wild type p53 can be induced by a wide variety

of DNA damaging agents. Malztman et al., (1984) demonstrated using murine 3T3
fibroblast cell lines that the half life of p53 increases after exposure to UV. A similar
effect was observed in normal human skin (Hall et al., 1993). One of the most

important discoveries is the fact that UVA, UVB and UVC in equally erythemogenic
doses were able to increase dramatically the expression of p53 in a UV wavelength and
epidermal layer specific manner. Induction of p53 by UVA is confined to the
innermost basal layer of the epidermis. UVC caused the induction of p53 in the
granular and stratum spinosum layers, whereas UVB induced p53 expression equally
throughout all layers of the epidermis. These findings suggest that, individual
wavelengths of UV target specific layers of the epidermis and in response to DNA
damage, the p53 expression is increased. Therefore, different UV wavelengths
displayed different degrees of skin penetration (Campbell et al., 1993).

It has been suggested that p53 act as a guardian to maintain genomic stability,
for example, in dividing cells it has been shown that p53 is expressed in very low
levels. When DNA damage takes place, p53 is upregulated and results in growth arrest.
This is usually achieved via the induction of CPPK p21 waf/CiPi, followed by DNA
repair, or apoptosis, if the damage is too significant.

It was recently suggested that p53 can be induced by different pathways
following IR or UV irradiation (Lakin et al., 1999). p53 can be modified following
DNA damage, by phosphorylation. Siliciano et al., (1997) mapped ionising radiation
(IR)-induced phosphorylation to two serine residues of human p53 using phospho-
specific antibodies. Ser 15 was identified as a site on p53 phosphorylation in response

to DNA damage induced by UV or IR. However, the difference between UV and IR is
based on the ATM-mediated phosphorylation. Ser 15 is phosphorylated in an

ATM/ATR dependent manner following IR and an ATR dependent manner following
UV irradiation. This idea was supported by recent studies (Banin et al., 1998; Khanna
et al., 1998) demonstrating that the ATM protein mediates phosphorylation of Ser 15 of
p53 in vitro and that this kinase activity is activated in response to IR but not UV
irradiation. Therefore, it is proposed that p53 following DNA damage after IR
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irradiation, is stabilised through the phosphorylation of Ser 15, thus disrupting the
MDM2/p53 complex and increasing the half life of the protein (Fig. 8).

1.5.3 Mutational spectrum for p53 in human skin cancer

Several studies have shown that p53 is mutated in more than 60% of human
cancers. In skin cancer, p53 mutations seem to predominate throughout the spectrum
of genes that are frequently mutated during the process of UV carcinogenesis. There
are several reports on the analysis of p53 mutations in skin cancer patients. Brash et

al., (1991) studied samples from patients suffering from squamous cell carcinoma
(SSC) and they documented that 58% of the samples harboured a p53 mutation. This
mutation was a C to T and CC to TT transition. In addition, 56% of the samples tested
from basal cell carcinoma (BCC) patients carried a p53 mutation and in 45% of these
carried a second point mutation in the second p53 allele (Ziegler et al., 1993). Rady et

al., (1992) showed that 50% of samples derived from patients with BCC, had
heterozygous mutations. All these mutations were G to C and A to T transitions and
71% of these mutations were transitions at hot spots with CpG sites. Furthermore,
Nelson et al., (1994) confirmed the existence of p53 mutations in 60% of the samples
from patients with aktinic keratosis (AK). XP patients also demonstrate the same

pattern of p53 mutation spectrum, with most of the mutations being CC to TT
transitions (Dumaz et al., 1993; Sato et al., 1993). Finally, it is worth noting that p53
mutations do not seem to be the initiating event in human melanoma since they are

found in less than 10% of the cases (Lassam et al., 1993). However, p53 inactivation
in human melanoma is always accompanied by mdm-2 overexpression thus underlying
the importance of the p53 gene in cell homeostasis. Essner et al., (1997) reported that
overexpression of p53 in cells from patients with melanoma was correlated with higher
chances of survival for these patients. This correlation may be attributable to an

enhanced immune response that prevents tumour progression. Research has located
melanoma susceptibility genes in chromosomes 1, 6 and 9 including the inactivation of
the NF1 tumour suppressor gene and MTS1, which corresponds to pi6 and inhibits cell
cycle progression (Kamb et al., 1994).

However, it has been demonstrated that the pattern of the p53 mutations is not
the same, for example in AK, mutations have been observed between amino acids (aa)
200 and 280. The conserved domain IV is within this region but it does not contain a

disproportionate frequency of mutations. In SCC, hot spots include the residues 241-
280, which again contain most of the conserved domains IV and V. It has been
suggested that because AK is a precursor for SCC, it appears that those AK possessing
mutations in hot spot 241-280 may give a clonal advantage towards the progression to

malignancy. BCC has mutations between residues 241-280 and 161-200. It has also
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been suggested that the advantage in acquisition of mutations at 161-200 may be
specific for the development of BCC. Therefore, the process of the carcinogenic
progression may select for those tumour cells that have mutations between residues
241-280, because mutations in this region may be more effective in disrupting the p53
function. It is worthy noting that UV induced murine skin cancer exhibit hot-spot
regions at 121-160 and at 241-280 aa. However the former region contains the
conserved domain II which appears to be specific for murine UV induced cancer

(Nataraj et al., 1995).

1.5.4 Appearance of p53 with time
p53 mutations appear very early during carcinogenesis by UV in contrast with

colon cancer, where p53 mutations are in general a late event, which marks the
progression from the late adenoma to carcinoma stages. p53 mutations have been
detected in normal sun-exposed skin from skin cancer patients. In these mutations,
there was a high frequency of UV specific alterations in codons 245, 247, 248
(Nakazawa et al., 1994). Kanjilal et al., (1995) reported that p53 mutations found on

the skin, surrounding the skin cancer are quite distinct from those present on the skin
cancer itself. Ziegler et al., (1994) demonstrated that 60% of all the samples from AK
patients had a p53 mutation, whereas 89% of the samples had an UV characteristic p53
mutation. However, the most important finding was that when the skin near the AK site
was examined, the frequency of p53 mutations dropped dramatically, indicating that
UV induced p53 mutation to a single cell, which then expanded and formed a clone. An
increased expression of mutant p53 in patches of hyperplastic lesions in UVB irradiated
mouse skin has been reported (Berg et al., (1996). All these findings lead to the
conclusion that p53 mutations must be a very early event during the process of UV
carcinogenesis.

1.5.5 p53 heterogeneity
Skin cancer induced by UV in both humans and mice contain multiple mutant

p53 alleles, suggesting that these tumours are actually heterogeneous and consist of
cells harbouring very distinct p53 mutations. Ananthaswamy et al., (1996)
demonstrated that p53 mutations can be distributed within a tumour and they could be
separated into clonal cell lines, implying the existence of intratumour heterogeneity of
p53 mutations. However, other authors failed to confirm these findings probably
because of differences in techniques used to identify these mutations. Ananthaswamy
et al., (1996) suggested two models in order to explain this heterogeneity:

1st model: p53 mutations although an early event, may not be the first event
during UV carcinogenesis. The initiating event may take place in other genes. Clonal
expansion of the initiated cell will provide a large target for the induction of different
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p53 mutations, and subsequently, accumulation of multiple mutations in different cell
populations. It is also predicted that because p53 is not able to cause tumour formation
on its own, other genes acquire mutations following repeated exposure to UV.
Furthermore, mutations in the p53 gene which interfere with its ability to arrest cell
cycle can enhance the mutation rate. Therefore, the cells, which have specific p53
mutations in parallel with mutations in other genes, will clonally expand and constitute
a dominant mass within the tumour.

2nd model: in this scenario, p53 is the initiating event during UV
carcinogenesis. The tumour development is the result of the clonal expansion of the
p53 initiated cell which accumulated mutations in the second p53 allele as well as in
other genes due to continued UV exposure. However, at the same time, these events

may take place to a nearby cell, which then may follow the same steps of tumour
progression and create a second focal tumour. Eventually, all these independent
neoplastic foci will converge to form a multifocal tumour mass.

1.5.6 UV-induced p53 signature mutations
As it has already been mentioned, UV causes the formation of CPD and 6-4PPs

at dipyrimidine sites and it is likely that those lesions can create C to T to CC to TT
transitions. These mutations are frequent in non-melanoma skin cancer (NMSC) and
murine skin cancer and are definitely caused by UV. Other changes involving
deletions, insertions or point mutations, may also be due to the effects of UV. However
the major difference between skin cancer caused by UV and other types of human
cancer is that, when examining the mutational spectrum it is apparent that CC to TT
transitions are abundant only in skin cancer (Hussain and Harris, 2000).

Except from the formation of CPDs and 6-4PPs after UV irradiation, other
photo-products, which might equally contribute to the formation of DNA signature
mutations, are the ROS. One of the best examples of base alterations produced by the
singlet oxygen is the oxidation of hydroxyguanine, which induces G to T transversions,
and G to C or G to A substitutions (Cheng et al., 1992). Moraes et al., (1989) showed
that hydrogen peroxide can also induce a variety of substitutions at G:C base pairs. It
has been suggested that alteration of these types of lesions, which are induced by ROS
and UV irradiation, can account for a number of mutations which have been observed
at nonpyrimidine sites in skin cancers and AK (Nataraj et al., 1995).

1.6 Genomic instability
1.6.1 General background

Over the last 20 years, a significant amount of scientific evidence has
accumulated suggesting that radiation and other chemical agents can induce a delayed
effect resulting in the appearance of lethal mutations and chromosomal instability in the
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progeny of the surviving cells. This genomic instability (GI) can be transmitted over

many cell generations, occurs at high frequency among the progeny of survivor cells
and is non-clonal. It has been suggested that this phenomenon increases the probability
that damage or mutations will be expressed during the normal function of the surviving
cell.

This phenomenon was first documented by Seymour et al., (1986), who
suggested that an enhanced death rate persists for many generations among the progeny

of the cells surviving acute radiation exposure, as compared with that observed in non-

irradiated cells. The endpoint used in this study was the measurement of the cloning
efficiency of the progeny of the irradiated cells after varying numbers of cell divisions.
Subsequent studies, using a variety of human cell lines, suggested that exposure to
irradiation or other agents can induce a type of delayed cell damage. This damage is
usually expressed as a reduction in cloning efficiency in the progeny of the irradiated
cells. This specific endpoint used in order to measure genomic instability has been
given different names like, delayed cell death (DCD) or lethal mutations (Seymour et
al., 1986; 1992; 1997), delayed reproductive death (Gorgojo et al, 1989) or delayed
mutations (Little et al., 1990; Harper et al., 1997). Other end points used for the
measurement of GI include giant cell formation (Chang et al., 1992; Suzuki et al.,
1998), chromosome instability (Pampfer et al., 1989; Kadhim et al., 1992, 1996, 1998;
Holmber et al., 1993, 1995; Martins et al., 1993; Suzuki et al., 1998), micronucleus
formation (Marder et al., 1993; Jamali et al., 1996; Manti et al., 1997; Belyakov et al.,
1999) and increase in the mutation frequency in specific genes (Stamato et al., 1995,
1998).

1.6.2 Proposed models for the induction of genomic instability
Several theories have been published to explain the mechanism of the instability

phenotype. Little (1998), suggested that a persistent increase in oxy-radical generation
was produced in the progeny of irradiated cells leading to oxidative damage and
therefore an increase in cell death, and chromosome aberrations. Stamato et al.,

(1998), suggested that the persistence of DNA lesions like CPDs increased the
probability of base mis-repairing errors during DNA replication leading eventually to
the expression of this phenotype. He also proposed another theory, implying that
instability has developed as a secondary consequence of DNA damage. This damage
could create a mutator phenotype by reducing the ability of the replication machinery
or DNA repair process. The nature of the initial lesion which induced this phenomenon
remains unclear, however, DNA breaks must play a very significant role in the
induction of this instability. This theory is supported by the study of Chang et al.,
(1992), who showed that restriction endonucleases which can cause double strand

breaks, produced DCD in CHO cells whereas UVC did not. The bridge-breakage

29



fusion cycle may be another candidate for inducing delayed chromosomal instability.
It has been suggested that the surviving fraction of the cells after irradiation retain
unusual DNA sequences which are introduced during the DNA repair process and that
these potentially fragile regions can be transmitted through generations. In addition,
when these DNA sequences are expressed can randomly activate recombination or

signal transduction pathways which might result in chromosome instability or

expression of a variety of delayed effects (Suzuki, 1997). Murname et al., (1994)
suggested that altered gene expression triggered by activation of signal transduction
pathways that were initiated by DNA double strand breaks, might be maintained by
epigenetic mechanisms such as methylation of gene promoters.

The predominant mechanism by which genetic instability can induce DCD has
been shown to be apoptosis. The majority of the colonies which are produced from the
survivors of irradiated cells contain apoptotic bodies. BCL-2 it has been found to be
expressed post-irradiation in primary normal human epithelial cells, in head and neck,
bladder and oesopharegeal tumours (Mothersill et al., 1997a). When BCL-2 is induced,
it remains induced for 10-15 population doublings after which its induction falls to
about 50% of the immediate post-irradiation levels but it never returned to the pre-

irradiation level. As an apoptosis inhibitor BCL-2 supports the survival of a proportion
of irradiated cells which may carry unrepaired damage. However, these damaged
progeny will die later possibly due to the expression of mutation damage which only
become lethal when the protein is required. Alternatively, the chromosomal damage
could be incompatible with cell survival and is taking place as a result of weak or

abnormal DNA structure. Finally, cell death may occur because BCL-2 levels reduce
and delayed apoptosis of cells with unrepaired damage is taking place.

The level of unrepaired damage in surviving cells may be related to DNA repair
activity. Alper et al., (1988), demonstrated that DCD was not observed in DNA repair
deficient cell lines. DNA breaks must play a very significant role in the expression of
DCD. It has been suggested that although DNA breaks on there own are unlikely to

trigger this phenomenon, DNA breaks combined with oxidative stress might be able to
induce DCD.

1.6.3 Studies on the phenomenon of genomic instability using UV irradiation
The induction of genomic instability after exposure to UV irradiation is poorly

understood. CHO-K1 cells irradiated with UVC did not exhibit DCD, when reduction
in plating efficiency and giant cell formation were used as endpoints (Chang et al.,
1992). However, Stamato et al., (1995; 1998), concluded that UVC can induce

instability in the CHO cell line when mutational events on the G6PD and the HPRT
locus were analysed. It is suggested that, a portion of the DNA adducts produced by
the UV light are repaired by a mechanism which produces an initial DNA
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rearrangement. Change in the DNA structure of a replicon by a DNA rearrangement
will generate a stable lesion, which will be replicated with the cell population.
However, this lesion has an increased probability to produce a secondary
rearrangement in one of the daughter cells at each replication cycle. So, as the number
of daughter cells rises, the chance that at least one of the daughter cells will have a

secondary rearrangement also is rising.
O'Reilly et al., (1997), has shown that DCD is taking place in the HACAT cell

line following UVA or UVB irradiation. The phenomenon was found to be expressed
up to 30 population doublings, after which it was diminished. It was suggested that
UVA, which is known to induce DNA damage by oxidative stress, can induce the DCD
phenotype in the human HACAT cells. Similarly, UVB which causes DNA damage by
the formation of CPDs and the 6-4 photo-products, was also found to be able to induce
DCD in the HACAT cell line. Interestingly, in the same study, a fish cell line (EPC)
did not express DCD after UVA or UVB treatment. It is unclear if this result implies a

genuine difference between the human and the fish cell lines in terms of the expression
of the DCD phenotype. It is known that fish cells have a very efficient photo-
reactivation system at UVB wavelengths >304nm and this reverses cytotoxicity and
dimer formation after exposure to a shorter wavelength. Moreover, it has been
documented that UVB wavelengths <304nm are more effective in photoreversal than
longer wavelengths.

It has been suggested that GI is expressed independently of the p53 status of the
human cell line under investigation. Kadhim et al., (1996) showed that there is no

association between p53 status and a-particle induced chromosomal instability in
human lymphoblastoid cell lines. p53-mutant human keratinocytes or CHO-K1 cells
show the same effect at a similar level to that found in p53 null HPV transfected cells
or wild type expressing epithelial cells (Mothersill et al., 1996; O'Reilly et al., 1994).

1.7 Apoptosis
1.7.1 Historical background and fundamental principles

Apoptosis was originally defined and distinguished from necrosis on the basis
of its morphology and incidence by Kerr (1972). Ultrastructure studies suggested that
an active intrinsically controlled phenomenon was taking place that occurs under
physiological as well as experimental conditions. In contrast necrosis is degenerative
in nature and is always an outcome of severe injury. Apoptosis or programmed cell
death (PCD) is an active physiological process which plays significant roles in
embryonic development and tissue homeostasis. The Greek name "apoptosis" describes
the discrete image of leaves falling from a tree (apo, meaning from and ptosis meaning
a fall).
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Apoptosis is a form of cell death which is characterised by morphological and
biochemical criteria (Majno et al., 1995): first the cell shrinks and becomes denser, the
chromatin becomes pyknotic and packed into smooth masses applied against the
nuclear membrane (the so called margination of chromatin), creating curve profiles
(half moons). The nucleus may also break up and the cell emits processes (budding
phenomenon) that often contain pyknotic nuclear fragments. These processes will
break off and become apoptotic bodies which may be phagocytosed by macrophages or

remain free. However, usually the cell will shrink into a dense, rounded mass as a

single apoptotic body with no swelling of mitochondria or other organelles. The DNA
is broken into segments that are multiples of 185bp. The whole process is under
genetic control and it can be initiated by an internal clock, or by extracellular agents
like cytokines, hormones, or chemical, physical and viral agents. Apoptosis can run its
course very rapidly even in minutes. For this reason, apoptosis is normally unobtrusive
in tissue sections.

Necrosis on the other hand presents with different characteristics (Kerr et al.,
1995). There is a significant swelling of the cell sap and surface blebbing with
dilatation of the cisternae of the endoplasmic reticulum and shrinkage followed by
swelling of the inner compartment of mitochondria. There is dispersal of ribosomes
and mild clumping of the nuclear chromatin. It has to be noted that when necrosis is
taking place in cell cultures, the cells degenerate and disintegrate, and their remainings
are dispersed in the culture medium. This phenomenon is evident in cell cultures
which have been confluent for a period of time. The situation is rather different in
tissues, because the necrotic cells will retain their configuration. These cells will be
engulfed my monocytes or macrophages which have been diverted from the main
bloodstream into the area of the inflammatory response.

1.7.2 Apoptotic pathways
It is well established that UV irradiation has the potential to induce apoptosis in

both human and rodent cells. UVA is mainly absorbed by cellular chromophores that
are excited, and during this excitation they generate active oxygen species. These
species have the ability to cause DNA strand breaks, membrane damage, or DNA base
alterations. DNA absorbs UVB and UVC which results in the production of CPDs and
6-4 PPs at dipyrimidine sites (Fig. 3) (Nishigaki et al., 1999).

The apoptotic pathway can be divided into immediate, intermediate, and
programmed cell death (delayed apoptosis). Immediate apoptosis is very rapid (<30
min), intermediate can last between 30min to 4h, whereas delayed apoptosis is taking
place after 4h (Godar et al., 1996).

A feature, which is shared by many cells undergoing apoptosis, is the activation
of caspases. Caspases constitute a group of intracellular proteases that are responsible
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for the deliberate disassembly of the cell into apoptotic bodies during apoptosis.
Caspases lie in a latent state as inactive zymogens but they become activated when the
cell receives signals which trigger the apoptotic pathway. Individual caspases can work
at different points in the apoptotic pathway (Pourzand et al., 1999).

Mitochondria play also a very significant role in the apoptotic pathway. It has
been shown that they regulate ion homeostasis, redox status, and of course energy

metabolism. Kroemer et al., (1997) showed that mitochondrial damage is linked to cell
death due to the release of two mitochondrial proteins, the cytochrome c and the
apoptosis inducing factor (AIF).

The BCL-2 family members are the most important regulators of apoptosis.
This family comprises of two sets of proteins, the pro-apoptotic set contains BAX,
BAD, BID, BAK, BCL-XS, BIK, BIM, HRK and the anti-apoptotic set contains BCL-
2, BCL-Xl, BCL-W, MCL-1 and Al (Farrow et al., 1996) (Fig. 9). It has been shown
that the final response of the cell to a death signal is determined by the ratio of the anti-
to pro-apoptotic molecules. Overexpression of Bcl-2 blocks cell death, the reduction in
mitochondrial transmembrane potential and the release of cytochrome c and AIF.
Evidence suggests that BCL-2 may prevent apoptosis by regulating an antioxidant
pathway (Kane et al., 1993). More specifically, it has been shown that BCL-2 inhibits
lipid peroxidation and accumulation of various reactive oxygen species in cells
undergoing apoptosis. Other data support the notion that BCL-2 inhibits apoptosis by

++

interfering with Ca fluxes, following deprivation of growth factors (Baffy et al.,
1993).

1.7.3 Apoptosis and oxidative stress
UVA and UVB act in different ways as far as the induction of apoptosis is

concerned. UVA causes damage to various chromophores, through an oxidative
process. Godar et al., (1994), showed that UVA, UVB and UVC were able to induce
apoptosis. UVA induced immediate apoptosis, whereas UVB and UVC induced
delayed apoptosis. The membrane changes observed only after the administration of
UVA suggested that the immediate apoptotic mechanism involves membrane damage.
Godar et al., (1995) showed that in murine lymphoma cell lines, apoptosis and
membrane permeability were increased in a dose dependent manner. Vile et al., (1995)
documented that singlet oxygen is involved in the oxidative damage to membrane
lipids in vitro, and it appears also to be the primary effector molecule in UVA-induced
transcription of the HO-1 gene in human fibroblasts. Therefore, it can be suggested
that Bcl-2 can inhibit the UVA-mediated apoptosis through the suppression of the
formation or the effects of reactive oxygen species like the singlet oxygen (Pourzand et

al., 1999). Further evidence has been provided by Morita et al., (1997), who showed
that UVA induced apoptosis in human T-helper cells was mediated through the Fas/Fas
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ligand system that was activated in irradiated T cells as a consequence of singlet
oxygen generation. Therefore, it appears that UVA-induced singlet oxygen plays a very

important role in the oxidative damage caused to cellular compartments and apoptosis.
However, recently Pourzand et al., (1999) reported that human primary skin fibroblasts
were very resistant to the morphological changes associated with the process of
apoptosis, even at very high doses of UVA. The same observation was also made by
Shindo et al., (1998), who used primary foreskin fibroblasts and UVB. A possible
explanation for this phenomenon could be the high level of superoxide dismutase,
because Majima et al., (1998) documented that overexpression of Mn-superoxide
dismutase can prevent apoptosis by reducing the level of the intracellular reactive
oxygen species and restoring the mitochondrial transmembrane potential. Another
theory suggests that UVA has the ability to induce the nuclear factor kappa B (NF-kB)
in primary fibroblasts (Ville et al., 1995). This factor is known to mediate a survival
pathway in many cells.

1.8 The multistage process of cancer
Photo-carcinogenesis, the disease process, represents a complex of

simultaneous and sequential events that ultimately result in the appearance of skin
cancer. Experiments that demonstrate that chronic exposure to UV light results in skin
cancer in albino mice were first published in 1928. Since then, a great number of
researchers have examined the relationship between wavelength, mechanism and
biological effects. The model that has been developed for the analysis of the UV
induced carcinogenesis is the so-called multistage model, which consists of 3 stages

(Fig. 10).
Firstly, initiation which occurs via mutations in cellular protoncogenes and

growth suppressor genes following DNA damage and repair and is characterised by
major changes in the structure of the DNA molecule. This process is irreversible.
Results from various studies which involve the use of chemicals for tumour initiation

and activation of the H-ras, indicated that the type of mutation induced can be
correlated with the metabolism and DNA binding properties of the initiating agent
used.

Secondly, promotion that includes the specific expansion of initiated cells.
This step is characterised by a long period of time and it is reversible, when it is in the
very early stages. Once this step has begun to accelerate, the process of promotion is
irreversible and usually involves the clonal expansion of initiated cells to give rise to a

tumour. A tumour promoter is one that alters gene expression within the cell (Pitot et
al., 1981). They do not have the ability to covalently bind DNA and they are not

mutagenic. They have the ability to induce a number of important epigenetic changes
including membrane and differentiation alterations, increase in protease activity, cAMP
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independent protein kinase activity and phospholipid synthesis levels. Although the
mechanism of tumour promotion is not well understood it has been suggested that the
primary target of the tumour promoter is the cell membrane (Mukhtar et al., 1996).

Lastly is the tumour progression step. This process is irreversible and usually
cumulates in the formation of carcinomas. Several studies have shown that tumour

progression in mice is characterized by a high level of genetic instability that leads to a

great number of chromosomal and gene alterations. It is largely unknown how many

genetic alterations are involved in tumour progression. Insertional mutagenesis by
retroviruses and point mutations induced in proto-oncogenes by chemical carcinogens
can be used as examples of the initial steps in tumour progression (Varmus et al., 1983;
Brown et al., 1986).

Chemical agents such as dimethylbenz( a)anthracene (DMBA) and benzo( a)-
pyrene (BAP) are classic examples of tumour initiators, while 12-O-tetrade-
canoylphorbol-13-acetate (TPA), act as a tumour promoting compound. UV irradiation
is a complete carcinogen due to its ability to induce tumourigenesis in the absence of
any other agents. It can also act as a tumour promoter in mouse skin painted with a

subtumourigenic dose of chemical initiators. Matsui et al., (1991) proposed a model for
the induction of UV carcinogenesis. According to this model, UVB acts to initiate
tumourigenesis through DNA damage and may also be an effective agent during the
progression stage, whereas UVA is believed to act almost exclusively as a tumour

promoter. In other models, like the one suggested for hereditary non-polyposis cancer

(HNPPC) it was shown that at least four steps are required for the production of the full
malignant phenotype (Fearon et al., 1990), whereas Namba et al., (1988) proposed
another multistep model for the transformation of human fibroblasts. He suggested that
y rays act as an initiator and H-ras played a major role in the progression process.

1.8.4 Experimental UV carcinogenesis in vivo
The first experimental proof that UV irradiation is carcinogenic stems from the

experiments with mice carried out by Findlay in the 1920s. It was later shown that
sunlight can induce skin cancer in rats and that this carcinogenic action could be
blocked by coloured and colourless glass, which commonly filters out UVB (Roffo,
1930). Research in this area started and remained almost totally concentrated on the
use of mice because the establishment of human models in order to study UV induced
carcinogenesis has proven to be very difficult.

When these experiments were further developed during 1960s, the hairless
mouse proved to be a very good model, because they showed a consistent UV
induction of SSC with AK as a precursor lesion. This was very similar to that observed
in the human skin which had been exposed to the sun. This model was later fully
developed and characterized further (deGruijl et al., 1993). Based on this model, an
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action spectrum for the induction of photo-carcinogenesis for humans has been
constructed, and named as SCUP (Skin Cancer Utrecht Philadelphia).

Animal experimentation with various carcinogens over the last 30 years,

demonstrated that the occurrence of tumours depends on the nature of the carcinogenic
agent to the target organ, the dosage, the distribution of dosage in time (dose
fractionation) and the lapse of time (tumour latency period). Therefore, photo-
carcinogenesis should be characterized by three physical dimensions, namely, time,
dose and wavelength (Fig. 11) (Black et al., 1997).

1.8.5 Wavelength dependence
UVC and UVB are known to be photochemically active and potent genotoxic

agents they are absorbed by DNA and cause lesions like CPDs and 6-4 PPs. The
absorption by DNA drops off steeply for wavelengths >300nm and becomes very small
in the UVA region (>340nm). The induction of DNA damage also drops for
wavelengths >300nm because in the UVA region molecules other than DNA absorb the
UV radiation and radicals, especially reactive oxygen species, are generated. Similarly,
cell killing and mutation induction show a continuous increase from 280 to 300nm and
then both parameters are reduced significantly at longer wavelengths. Therefore,
someone would expect carcinogenicity to reach a maximum somewhere below 300nm.
Indeed, 293nm was found to be the maximum for tumour induction in the hairless
mouse model, according to the SCUPm spectrum (m stands for murine). This spectrum

drops steeply at longer wavelengths in the UVA region (Black et al., 1997).
Skin cancer can be caused by various wavelengths in the UV region. UVB is

by far the most effective, whereas UVA turned out to be also carcinogenic although
approximately 1000-10,000 times less than UVB (J/m2). It has been shown that the
combined carcinogenic effects of broadband UVB and UVA sources, on experiments
conducted using hairless mice, relate to the added carcinogenic doses from the separate

sources, meaning that there is no deviation from photoadditivity (Berg et al., 1993).
However, this photoadditivity may fail if long wave UVA sources are included in the
experiment. In all, the SCUPm spectrum is very reliable for UV sources, where the
carcinogenicity stems from UVB and UVA (<340nm) for which photoadditivity holds.

Finally, it is worth mentioning that the SCUPm spectrum can be adjusted to the
SCUPh (h stands for humans) spectrum by correcting for optical differences between
the human and the murine epidermis. As it is shown in Fig. 12, there is a very good
correlation between the two spectra. In addition, it has been demonstrated that the
action spectrum for the formation of CPDs is in very good agreement with both action
spectra for humans and mice, and in particular, it shows a very good correlation around
290-320nm.
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1.8.6 Dose dependence
The second physical dimension in the process of photo-carcinogenesis, is the

dose of irradiation. De Gruijl et al., (1983), demonstrated that if the daily carcinogenic
dose of UV irradiation on hairless mice is increased, the time required for tumour
induction will be reduced and the number of tumours will be increased. However, it

was suggested that if the increase in UV irradiation is 2-fold in daily basis, this cannot
be translated into a 2-fold decrease of tumour induction time. This is because, photo-
carcinogenesis is regarded as a process with rate limiting steps with some of them
being UV-dependent and some UV-independent. Therefore, the probability for the
occurrence of a UV independent step will increase during the course of time and the
process of tumour formation will become less UV-dose dependent (de Gruijl et al.,
1996).

Tumour induction and measurement following repeated doses of UVA and
UVB on hairless mice can be described following a mathematical expression derived
from the study of de Gruijl et al., (1995). Following induction of tumours, the tumour

response on the specific group can be measured either, by the prevalence P (the % of
tumour bearing mice) or the yield Y (the mean number of tumours per mice) for
tumours of a certain minimum size. P is expected to equal (1-e ) at every point. Y is a

function of the daily exposure H and the treatment time t (in days) can form the
following equation

Y=(H/Ho)pl (t/to)p
Where p=7.2±0.8, pl=4.3±0.5. Ho and to are constants depending on the spectral
output of the UV source. So, for example if Ho = H and t = to will get Y = 1,which
means that there is an average of one tumour per mouse. However, with very high
daily UV exposure 100% of the experimental mice will develop tumours. If the daily
UV exposure is reduced, tumour development requires longer period and at very low
UV exposure the tumour induction time will be too long and probably the mice will die
without developing tumours.

The above equation implies that the appearance of the tumour agrees with the
Weibull statistics. The power of time, p, is proportional to the steepness of the increase
in P and Y with time. The slope of this line, p, is proportional to the number of the rate

limiting steps towards the progression of a carcinoma, but need not to be equal to this
number. The parameter pi is also proportional to the number of UV driven steps which
would leave p-pl = p2 to be related to the number of non-UV related steps. This
simple interpretation has been substantiated by experiments in which the daily
exposures were discontinued after a few weeks, long before the occurrence of tumours.
In addition, the constants 1/to and 1/Ho depend on the mutability of the epidermal cells
and on the chance for these cells to expand to a detectable size.
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1.8.7 Time dependence
The third and final physical dimension of photo-carcinogenesis is time. Time,

in this context, relates to the time that elapses from the first exposure to UV, until the
final appearance of a tumour. Black et al., (1997), suggested that since UV can be
regarded as a "complete" carcinogen, someone can examine the sequence of all the
biochemical events which can be caused by a complete carcinogen, by adjusting the
dose, and thus increasing the latent period. Following this technique, predictions about
the initiation/promotion action can be made through the evaluation of the resulting
tumour incidence curve.

1.8.8 Experimental carcinogenesis in vitro: availability of model systems
Carcinogenesis is a multistep process with accumulation of genetic events

governing the phenotypic expression of a series of transformation events leading to the
development of neoplasia. The neoplastic transformation of human cells in vitro is also
a very complex, multistep process, by which normal cells acquire the various
phenotypic characteristics including morphological change, immortality, anchorage
independent growth, and tumourigenicity (Rhim et al, 1989). While the majority of
studies on transformation are based on the use of rodent cell lines, experimental models
to define the role of various carcinogens in human cells are limited. This is because,
normal human cells, in contrast with rodent cells, do not undergo spontaneous
transformation in culture and in general they are very refractory to neoplastic
transformation by carcinogens. The number of transformation studies with human cell
lines, in particular epithelial, is very limited.

Despite all the problems, mentioned above, the process of neoplastic
transformation in human cells has been achieved in culture, following immortalisation
and conversion of the immortalised cells to tumourigenic cells. One of the key events
in the progress of normal human cells, to fully transformed malignant cells, is their
escape from the rate-limiting step of senescence. This can be achieved only through
the immortalisation of the cell line using a viral construct. Viruses like SV40, HPVE6
or E7 have been used extensively in cell immortalisation. Unfortunately, the viruses
have the ability to interfere with basic checkpoint controls within the cell thus
deregulating the cell cycle. One of the best examples is the binding of p53 to the large
T antigen of SV40, which inhibits p53 to function as a transcription factor. If p53
cannot respond properly to a genotoxic insult, the cell does not have the ability to repair
DNA damage and thus, it will accumulate very quickly a large number of mutations.

1.8.9 Immortalisation of cell lines using a SV40 viral construct
The majority of the cell lines, which have been used so far for transformation

studies, have been immortalised with the SV40 viral construct. SV40 belongs to the
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papova family of viruses. These are non-enveloped DNA tumour viruses. The early
region of this small DNA tumour virus (5234 bp long) codes for at least two
polypeptides, the t and T antigens (small t and large T). Both of these polypeptides are

expressed in cells transformed by the virus and the T antigen have been shown to be
essential for both the initiation and the maintenance of the transformed phenotype
(Lane et al., 1979).

The process of immortalisation is usually carried out by two techniques, the
infection method and the transfection method. Small et al., (1982), suggested that the
transfection method is more efficient for the process of transformation, especially in the
case of mutant variants of the SV40 virus.

The cellular phosphoprotein p53 was initially identified by its association with
large T antigen in SV40 transformed cells. Subsequently, the transforming proteins of
other DNA tumour viruses, such as the Elb 55KDa protein of adenovirus and the E6
protein of papilloma virus were also shown to form complexes with p53 (Sturzbecher
et al., 1988). Results from studies on wild type p53 transfection and on mutations of
p53 genes commonly found in human tumours have provided evidence that the
complex p53-SV40-T inactivates wild type p53 and thereby permits the transformed
phenotype to be expressed. In fact, Fukasawa et al., (1991), showed that the complex
formation between large T antigen and p53 enhances the transformation frequency.
Bargonetti et al., (1991) suggested two ways by which the specific interaction can

influence the cell as a whole. Firstly, p53 binding to viral DNA might strongly
interfere with the viral cycle. This might be reflected in either deregulated and/or late
viral transcription or repressed DNA synthesis. By this mode the inactivation of p53 by
T antigen would be beneficial for the viral cell cycle. Secondly, the T antigen might be
able to repress or alter the interactions of p53 with cellular DNA sequences. As a

tumour suppressor gene, p53 helps to maintain cells in a resting state, something that is
not favorable for viral replication.

1.8.10 Experimental models for carcinogenesis
Several cell culture assays has been devised for studying various aspects of

transformation in vitro. Typically, the agent under investigation was tested in infinite
life-span rodent fibroblasts (C3H10T1/2) (Reznikoff et al., 1973) or BALB/3T3 mouse

cells, (Kakunaga et al., 1978), or finite life-span Syrian hamster embryo cells (Berwald
et al., 1965). With the C3H10T1/2 and the BALB 3T3 cell lines, induction of distinct
foci after the treatment of the carcinogen was examined on a confluent monolayer of
non-transformed cells. The induction of morphologically distinct colonies was tested in
the Syrian hamster cells. The C3H10T1/2 cells isolated from type III foci were found
to be highly tumourigenic in nude mice after injection, whereas the Syrian hamster
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cells, isolated from morphologically distinct colonies, had acquired an infinite life span,

and then became tumourigenic.
The development of new molecular methods enabled many researchers to

identify new genes that play a very significant role in the process of transformation.
One of the best examples is the transfection system, which allows the identification of
dominant transforming genes in the DNA of transformed human cells. Transfection of
NIH3T3 mouse fibroblast cell line with DNA from transformed human cells

(transformed either with chemicals or irradiation) led to the induction and further
identification of foci. Cells from these foci were isolated and injected into nude mice.
DNA analysis, showed the presence of human transfected DNA, in the DNA of the
isolated transformants (Blair et al., 1981). Freyer et al., (1993), used a similar
transfection system that employed the process of fusion between irradiated transformed
human cells with NIH3T3 cells in the presence of polyethylene glycol (PEG). Flasks
that contained a significant number of fused cells gave rise to foci. Shih et al., (1979),
also used a similar in vitro system to transfect the mouse 3T3 cell line with DNA
derived from human transformed cells. Following a period of approximately three
weeks foci of transformed cells were scored. It was later shown that dominant

transforming genes could cross species and tissue barriers (Shih et al., 1981).

1.8.11 Experimental carcinogenesis in vitro using chemicals and ionising radiation
in human cells

Carcinogenesis is a stepwise progressive process involving multiple mutational
events, and each mutation confers additional growth advantage for the clonal expansion
of genotypically altered cells. Human cells have been proven to be very resistant to
transformation following treatment with various kinds of irradiation or chemicals.
Therefore, the number of reports in the scientific literature for transformation studies
using human cells is limited.

The initial work on transformation was performed using human diploid
fibroblast cell lines. Kakunaga et al., (1977) was the first to report neoplastic
transformation by chemical carcinogens. Namba et al., (1988) reported the
immortalisation of a human diploid fibroblast cell line by exposure to multiple doses of
X-rays and 4NQO. However, this was proven to be a very rare coincidence since only
two immortalised cell lines were fully developed after a long series of experiments.
Furthermore, Little et al., (1991) was unable to induce immortalisation by exposure to

single or multiple doses of X-irradiation in a total of 46 different experiments,
suggesting that immortalisation is a rate limiting step in the process of transformation
in human cells. Namba et al., (1986; 1988) demonstrated that the non-tumourigenic
human fibroblast cell line KMST-6, can be immortalised by exposure to multiple doses
of 60Co y-rays and be converted to neoplastic cells by H-ras oncogene infection and
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transfection. The H-ras oncogene alone was unable to convert the normal human
fibroblasts either to immortal or tumourigenic cells, indicating that the immortalisation
process could be indispensable for their tumourigenic transformation. Similarly, they
showed that Ki-MSV treatment of immortalised non-tumourigenic cell lines expressing
SV40 antigen led to consistent formation of tumours in nude mice (O'Brien et al.,
1986). Mihara et al., (1992) demonstrated that, after an extensive in vitro passaging for
2,800 days of human fibroblasts KMST-6, which were previously immortalised by y-

irradiation, resulted in cells with tumourigenic potential. Interestingly, the induction of
the malignant phenotype was not associated with the activation of the ras oncogene.

The majority of human cancers are epithelial in origin, therefore it is quite
important to establish models that will allow the dissection of the multiple steps leading
towards carcinogenesis. Work on human epithelial cell lines using chemicals and
various kinds of irradiation has been extensively reported over the last 50 years.

Thraves et al., (1990) reported the neoplastic transformation of non-tumourigenic
human epidermal keratinocytes (RHEK-1) (immortalised with the adenovirus type 12
and SV40) following fractionated doses to X-rays. Similarly, Rhim et al., (1986; 1990)
also used primary human epidermal keratinocytes, which have been infected with the
hybrid SV40-adenovirus 12, in order to demonstrate that these cells can be
neoplastically transformed following infection with the Kirstemn murine sarcoma

virus, human ras oncogenes or chemicals like N-methyl-N-nitrosoguanidine (MNNG)
or 4-nitroquinoline-l-oxide (4NQO). In a different study, SV40-immortalised human
urinary truct epithelial cells were chemically transformed by 3-methylcholanthrene
(MCA) and after a period of 6 weeks of continuous passaging the cells were injected
into athymic mice. Tumours developed in a period of less than 5 weeks showed a

marked heterogeneity with respect to histopathology and growth properties in mice and
karyotypes. Ras mutations were not reported (Reznikoff et al., 1988).

Hei et al., (1994) exposed human bronchial epithelial cells to radon simulated
a-particles. BE2D cells were transformed following a single exposure to 30cGy and
continuous passaging for a period of 3 months. The derived cells had a fully
transformed phenotype, including tumourigenicity upon injection to nude mice. In
addition, a low grade uroepithelial tumour (MC-T11) was transformed to a fully
neoplastic cell line by a single dose of X-ray (6Gy). In contrast, the SV-HUC cells
showed a very refractory nature towards transformation following exposure to X-ray
irradiation (Pazzaglia et al., 1994) .

Multiple exposures of ionising irradiation are required in order to fully
transform the human prostate epithelial cell line 267B1 (Kuettel et al., 1996). The
group was able to demonstrate the carcinogenic progression of cells from immortal
growth to anchorage independent growth (AIG), to tumourigenicity after a cumulative
dose of 30Gy. In contrast, Riches et al., (1994) demonstrated that single and multiple
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exposures of ionising radiation could induce neoplastic transformation of the HTORI-3
cell line. The cells were irradiated, passaged for a minimum of 6 weeks and then
injected into nude mice. The derived tumours appeared to be undifferentiated
carcinomas and they were also tumourigenic upon re-injection in nude mice. Single
exposure to plutonium alpha particles was also shown by the same group to induce
transformation in the HTORI-3 cell line (Riches et al., 1997). Repeated exposure of
human cell lines in high linear energy transfer (LET) heavy particles also proved to
cause transformation. Yang et al., (1991) irradiated the human epidermal keratinocytes
RHEK and human mammary epithelial cells H185B5 with various doses of high LET.
Following completion of the irradiation regime, the cells were able to demonstrate
AIG, but following isolation of agar colonies the derived cell clones were not

tumourigenic to mice. However, following further irradiation these clones became
tumourigenic. Finally, Redpath et al., (1987), used a hybrid system (HeLaX skin
fibroblasts) in order to study the process of neoplastic transformation. The cells were

exposed to various single doses of y-irradiation and they were successfully transformed
into a fully neoplastic form. In addition, a radiation dose response relationship was also
demonstrated.

1.8.12 Experimental models in carcinogenesis in vitro using chemicals and
ionising radiation in rodent cells
The best approach to study the process of transformation is the use of human

cell lines because they have the obvious advantage of being of human origin, and
therefore, the results obtained from these studies can be applied to humans with a

greater degree of certainty. However, as discussed above transformation of human cell
lines is difficult. This is the reason, the first experimental steps in the area of
transformation were conducted using rodent cell lines.

Experiments conducted on murine cell lines (3T3 and 10T1/2 most widely
used) formed the basis for all the experimental work which was then applied to human
cell lines. For example, Colburn et al., (1978) demonstrated the mutagenic potential of
chemical substances like TPA or MNNG, by inducing neoplastic transformation of the
BALB/c mouse cell line. It was later demonstrated that the process of transformation in
mouse cell lines is cell cycle dependent (Cao et al., 1992; Miller et al., 1992). The
effects of dose rate to transformation were also examined. Low LET radiation has the

ability to increase the number of transformants per irradiated cell with increasing doses
which do not reduce the survival to a great extent (Little et al., 1979). However, when
the cell killing was increased, the transformation frequency dropped dramatically.

Fractionation of irradiation was reported to enhance the transformation
frequency in some experiments. Borek et al., (1974) demonstrated that irradiation of
cells from hamster embryos resulted in very high transformation frequencies. Han et
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al., (1980) observed that, the transformation frequency was reduced when the dose rate
of irradiation 6°Co y-rays was also reduced. However, it was later reported that the
reduction of the dose rate of irradiation with neutrons or fractionated doses of neutrons

had as a result a dramatic increase in the transformation frequency (Hill et al., 1982;
1985). The same phenomenon was observed when X-rays (Miller et al., 1978) or a-

particles (Bettega et al., 1992) were used. It was later demonstrated that irradiation of
the C3H 10T1/2 cell line with fractionated low doses of neutrons had as a result the

enhancement of transformation (Miller et al., 1988, 1989). It is worth noting that high
LET radiation has the ability to damage the genome of the irradiated cells to a greater
extent than the low LET radiation, and this is likely the main reason why high LET
radiation has better ability to induce neoplastic transformation (Hei et al., 1997; Miller
et al., 1988).

Work on the ability of fractionated doses of irradiation with a-particles, to
induce transformation, also demonstrated the complex mechanisms which underlie the
carcinogenic continuum. Thomassen et al., (1990) treated rat tracheal epithelial cells
with three different agents (X-rays, a-particles and MNNG) at doses which reduce the
survival of the cell line to the same extent and they concluded that, at equally toxic
doses, all three agents induced similar frequencies of preneoplastic transformation. On
the other hand Lehane et al., (1999), showed that, foci formed by the C3H10T1/2 cell
line which have been induced following irradiation with a-particles and X-rays had
different tumourigenic potential. It was found that, while a high proportion of X-ray
induced transformants were tumourigenic, most of the a-particle-induced transformants
were non-tumourigenic. It was suggested that the low tumourigenicity of the a-particle
induced foci is due to an increase in the genomic instability of progeny focus cells
compared with X-ray induced foci.

1.8.13 Ultraviolet induced transformation using human cell lines
The number of publications using human cell line models to study UV induced

transformation is very limited. Sutherland et al., (1980; 1981; 1988) were the first to
report an action spectrum for UV induced transformation using as an endpoint the AIG.
Human embryonic skin and muscle fibroblasts were treated with single or multiple
irradiations with isolated wavelengths ranging from 248nm to 297nm, and then
passaged for a period of time. Agar colonies formed following irradiation were

isolated and cell lines were established in order to characterize any phenotypic changes
that they might have taken place. AIG was not correlated with tumourigenicity in nude
mice in this study. In contrast, Maher et al., (1982) and Milo et al., (1981) showed a

clear correlation between AIG and tumour formation in nude mice. A possible
explanation for the interpretation of these results could be the use of different protocols
for irradiation and the transformation assays. For example, irradiation of normal
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human fibroblasts and fibroblasts from XP patients suggested that in order to obtain
equal cell killing and equal transformation frequencies, normal cells have to be
irradiated with an 8-fold higher dose of UVC in comparison to that required for the XP
cells (Maher et al., 1982). In addition, normal cells irradiated shortly before the onset
of DNA synthesis exhibited a high frequency of AIG cells, whereas cells irradiated in
early G1 showed no change over background level. These results were in agreement
with those obtained for UV induction of 6-thioguanine-resistant mutants in the same

cells. However, Milo et al., (1981) using UVC irradiation and normal human
fibroblasts, reported that, to induce transformation a) the cells had to be irradiated in
the beginning of the S phase b) the cell killing cannot exceed 50% if a dose response is
to be obtained, c) growth medium which selects for transformed cells must be used and
d) an expression of 20-25 doublings must be allowed.

The results obtained from these studies clearly showed that the DNA molecule
is the primary target for induction of AIG. This notion is clearly supported by
Sutherland et al., (1980), who observed transformation frequencies at low doses, lower
than predicted from those observed at high doses. This suggests that DNA excision
repair might be acting to decrease the frequency of such transformation.

1.8.14 Ultraviolet induced transformation using mouse cell lines
The first studies on UV transformation used rodent cell lines as experimental

models because they can be transformed much easier in comparison to the human cell
lines. A dose dependent induced transformation in Syrian hamster cells with UVC
was demonstrated through the formation of foci in confluent cultures (Di Paolo et al.,
1976; Doniger et al., 1981). Using isolated wavelengths an action spectrum for cell
lethality, pyrimidine dimer formation and transformation was determined. A
relationship between the % of the transformed colonies and pyrimidine dimer
formation was also demonstrated. The sensitivity of the cells to transformation and
pyrimidine dimer formation was lower at 290-313 nm than in the range of 240-280nm.
Moreover, the ratio of the transformation frequency to pyrimidine dimer yield was

similar at each wavelength.
Mondal et al., (1976) reported the transformation of mouse embryo fibroblasts

by exposure to UVC and a phorbol ester by using also focus formation as an endpoint,
whereas Withrow et al., (1980) demonstrated the induction of focus formation and

anchorage independent growth following UVC irradiation in BALB 3T3 cells. In
addition, Herschman et al., (1986), Chen et al., (1988) and Papadopoulo et al., (1991)
also demonstrated UVC induced transformation by using C3H10T1/2 mouse cells.
Furthermore, Chan et al., (1979) was the first to correlate focus formation and AIG
with tumourigenicity in nude mice, after successfully transforming the 10T1/2 mouse

cell line using UVC irradiation. Furthermore, Chan et al., (1982a) exposed CHO and
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10T1/2 cells in caffeine for 2 days and documented that the treatment induced
transformation in a dose dependent manner. When the same treatment was repeated
following UV irradiation, the transformation frequency was either potentiated or

unaltered depending on the UV dose and caffeine concentration.
The effect of retinoids, (3-carotene and canthaxanthin on UV induced

transformation was investigated by Kennedy et al., (1994). Retinoids and carotenoids
which include all natural and synthetic analogues of vitamin A, have been extensively
studied as modifiers of the carcinogenic process. It is still not clear whether this anti-
carcinogenic activity is due to an intrinsic property of these substances, or through
metabolism to a biologically active retinoid. C3H10T1/2 cells were irradiated with
various doses of UVC and then treated with various concentrations of retinoids, (3-
carotene and canthaxanthin. This treatment reduced significantly the transformation
frequency when compared to that induced by UV alone. Therefore, it was concluded
that the use of these substances can suppress the UV induced transformation in vitro,
implying that their use may help prevent or reduce the carcinogenic process in humans.

The expression of transforming viruses and of cellular mutator functions maybe
regulated by partially independent mechanisms. This theory was suggested by Dinsart
et al., (1985), who demonstrated that UV irradiation of the SV40 transformed human
cells, induced them to express a mutator phenotype and to produce SV40. The mutator
could also be activated indirectly by transfecting non-irradiated cells with UV damaged
calf thymus DNA. In contrast, UV-damaged exogenous DNA failed to rescue SV40
from non-irradiated transformed cells. Therefore, it could be suggested that unlike the
activation of a cellular mutator phenotype, the rescue of SV40 from virus-transformed
mammalian cells by UV light might require that the integrated viral DNA and/or
specific cellular sequences are directly damaged.

1.8.15 Use of different end points for the study of UV-induced transformation
Other studies on UV-induced transformation using different end points have

been performed. Paquette et al., (1992), showed that UVC is able to induce genomic
rearrangements in mouse C3H/10T 1/2 cells by using a DNA fingerprinting assay along
with AIG and foci formation. It was concluded that UVC irradiation can induce

changes in the integrity of the DNA molecule as these are depicted by the loss or gain
of bands in DNA fingerprinting analysis. It was observed that UVC had the ability to
cause the loss of a particular band, and it was speculated that this kind of irradiation
can induce signature mutations. Northern blot analyses of UV-transformed
C3H10T1/2 mouse cell samples indicated that five of the oncogenes analysed (ERB-A,
ERB-B, MOS, MYB and N-ras) were not expressed in detectable levels whereas
increased mRNA levels of raf, myc and H-ras where observed (Thomas et al., 1991). In
addition. Southern blot analysis revealed that H-ras had undergone methylation
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changes. More extensive analysis of the H-ras locus demonstrated a deletion of the 3'
end of the gene that may involve two separate mutated alleles. Pierceall and
Ananthaswamy, (1991), investigated whether the H-ras oncogene could be activated in
vitro by UV irradiation of pEC plasmid DNA, which contained the 6.6kb BamHl
fragment of the human H-ras proto-oncogene. Focus formation and nude mouse

tumourigenicity showed that in contrast to non-irradiated pEC DNA, UV irradiated
pEC DNA induced morphological and tumourigenic transformation of NIH3T3 cells in
multiples cycles of transfection.

One of the major problems encountered in UV photobiology is the
standardisation of UV sources between different laboratories, and therefore the results
obtained cannot be compared directly. Another major problem is the complete isolation
of wavelengths, for example only UVA or UVB. Many labs usually are forced to use

very expensive filters in order to eliminate the unwanted contaminating wavelengths.
However, Ananthaswamy et al, (1984) was the first group to report the transformation
of primary cultures of neonatal BALB/c mouse epidermal cells by using a broad-
spectrum lamp (290-400nm). According to their definition the transforming agent in
this case was UVB. Focus formation and tumourigenicity in nude mice were used as

endpoints for this particular study. Suzuki et al., (1981) documented the transformation
process of the V79 Chinese hamster cells by using UVB and UVC sources. Based on

the observation that the biological action in shifting the spectrum from 290nm to
300nm effectively eliminates lethality over dose ranges in which cells are mutated and
transformed with relatively high probability it was suggested that the mechanism of cell
killing must be different from that of mutation and transformation. Moreover, if a very
effective repair process is invoked to account for the inefficiency of cell killing due to

light of wavelength longer than 300nm then clearly this process must be error prone.

Again the endpoints used for transformation were mutations detected in the HPRT
locus and focus formation.

Recently, Zhang et al., (1997) showed a very interesting relationship between
p53 status and UV transformation in C57L mouse pre-crisis cells. A series of mouse
cells that contained one, two or multiple copies of the wild type p53 gene were used,
and the levels of p53 expression that influenced the transformation frequency were

examined. The results indicated an inverse relationship between the UV-induced
transformation frequency and gene dosage of p53, that is, cells with high levels of p53
expression had the lowest frequency of morphologically transformed cells. Further
analysis of the isolated transformed clones with immunoprecipitation and RT-PCR
showed that p53 status of the clones was normal and not mutated.
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1.8.16 The mutagenic potential of CPDs and 6-4 PPs
The mechanisms by which UV irradiation can generate point mutations or other

genetic changes are only partially understood. The UV-induced mutation spectrum in
bacterial and mammalian cells shows generally great similarity. There are usually three
approaches to analyse the mutagenic potential of UV induced lesions: shuttle vectors,

analysis of chromosomal genes and replication of constructs containing site-specific
UV photo-products.

The occurrence of UV-induced mutations predominantly at dypirimidine sites
has been shown to be compatible with dimeric pyrimidine photo-products like CPDs or

6-4 PPs, being the most mutagenic lesions (Pfeifer, 1997). However, there is a

controversy, as to which of these two lesions is the more mutagenic.
Using a variety of photo-reactivation experiments in which CPDs were removed

from shuttle vectors before transfection it was shown that CPDs may be the more

mutagenic (Armstrong et al., 1992; Carty et al., 1993). In contrast, Zdzienicka et al.,
(1992) showed that the 6-4 PP is more mutagenic. However, Bourre et al., (1989) and
Parris et al., (1993) showed that both photo-products are equally mutagenic. By taking
into consideration all the published data, and considering the fact that 6-4PPs are

repaired much more efficiently than the CPDs, it can be concluded that CPDs is the
most mutagenic lesion at least in mammalian cells (Pfeifer et al., 1997).

1.9 The association between telomerase activation and the process of
carcinogenesis

1.9.1 The phenomenon of replicative senescence

The higher eukaryotic cells do not have the ability to divide indefinitely in vivo,
therefore it can be suggested that these cells have a finite replicative span. The
biological process which has the potential to limit the proliferative capacity of these
cells has been defined as cellular or replicative senescence. This phenomenon was

reported for the first time by Hayflick et al., (1961) who was also the first to report the
in vivo growth of human embryonic cells explanted from various tissues. It was

reported that the cells established from a number of tissues completed a specific
number of cell divisions, after which they senesced and eventually died. Therefore, it
was concluded that senescence is a function of the cumulative number of cell division

cycles.
The number of cell divisions before entering senescence in vitro depends on

the cell type. For example, foetal or neonatal human cells can complete between 60-80
divisions. However, at this point an interesting question arose: what is the mechanism,
which allows the cells to "count" the number of divisions? This question remained a

mystery for a long period of time, until Olovnikov proposed the telomere hypothesis of
ageing in 1973. According to this theory, the telomeres (specialised structures at the
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ends of chromosomes) are progressively shortened after each cell division. Once a

critical telomere length has been reached, the cell exits the cell cycle. Other candidate
cell clock mechanisms include, progressive loss of DNA methylation that occurs with
increasing number of cell divisions (Matsumura et al., 1989) and the progressive
decrease in the stability of heterochromatin domains (Howard et al., 1996). Sinclair et
al., (1997) described an inverse relationship between the proliferative potential of
yeast and the accumulation of circular DNA molecules.

1.9.2 Telomeres and telomerase

Telomeres are specialised heterochromatin structures that define the ends of
linear chromosomes and play a number of different roles for the individual
chromosome. For example, they stabilise and protect the chromosomes, they prevent
fusions and recombinations between different chromosomes, they have the ability to
attach the chromosomes within the nucleus, and they also assist the replication of the
linear DNA molecule (Cerni, 2000). In human cells, they consist of the DNA repeat

sequence TTAGGG and vary in length between 5 and 15 kb. Telomeres are providing
substrate for two proteins, terminal restriction fragment 1 and 2 (TRF1 and 2). TRF1
has a role in telomere length maintenance (van Steeples et al., 1997) and TRF2
protects the ends of the chromosomes. It has been shown that the expression of a

dominant negative form of TRF2 which inactivated the function of the endogenous
protein, causing the fusion of chromosomes (Van Steensel et al., 1998) . TRF1 is a

negative regulator of the telomerase activity, and overexpression of wild type TRF1
causes a gradual telomere decline with a 3 to llbp per population doubling. Both
proteins have the ability to co-localise during interphase and mitosis.

It has been reported that the DNA sequences at the very end of the
chromosomes do not have any transcriptional activity and they can be divided into
three regions, 3'overhangs, telomeric repeats and telomere associated sequences

(Wilkie et al., 1991). These sequences can be defined as an area between telomeric
repeats and one single copy gene and might work as a buffer system between the ends
of the chromosomes and areas of active cuchromatin.

The DNA replication machinery is not able to replicate the ends of the
chromosomes (end replication problem). DNA polymerase has the potential to
replicate DNA only on the 5' to 3' direction, and the replication is initiated by an 8-12
stretch of RNA which hybridises to the template DNA strand (Cerni, 2000). The
removal of the terminal RNA primer will generate a small gap at the 5'end of the newly
replicated strand which cannot be repaired and as a result the ends of the chromosomes
will lose 8-12 nucleotides with each cell division. Therefore, in order to prevent
continuous loss of telomeric DNA which is very important for the normal function of
the cell, an enzyme called telomerase is necessary for the de novo synthesis of
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telomeric DNA. The telomerase is a ribonucleoprotein with reverse transcriptase
activity and carries its own RNA template for the DNA repeats at the telomeres. The
catalytic subunit of the enzyme was discovered as two proteins of 123 KDa and 43
KDa, that have the ability to co-purify with telomerase activity in biochemical
fractionation of cell extracts from the ciliate Euphotes aediculatus. PI23 is the human
homologue of the yeast EST2 and share many motifs with all the reverse transcriptases
that they have been described so far. Human telomerase reverse transcriptase (hTERT)
has been mapped to chromosome 5pl5.33. It has been suggested that telomerase must
be a large multi-protein complex with the RNA component and the catalytic subunit as
the two core components. Other proteins which resemble hTERT are the human hTPLl
and the p80 in ciliates (Cerni, 2000; Ouellette et al., 2000).

1.9.3 Telomerase association with the process of replicative senescence

Normal human somatic cells in culture have very low or undetectable levels of
telomerase activity. In the human body, none of the somatic cells express any

telomerase activity except from the cells in the germ line, early progenitor stem cells,
stimulated B and T lymphocytes and cells on the basal layer of the epidermis. In
contrast, the majority of the immortalised cell lines have been shown to have detectable
levels of telomerase activity (Harley et al., 1995). However, it is worth noting that the
RNA component is present in most cells and tissues in various amounts, indicating that
the hTERT protein is crucial for the function of the telomerase enzyme (Reddel, 1998).
Furthermore, not all the cell types mentioned above undergo replicative senescence,

thus confirming the importance of the telomerase enzyme as a mechanism which
induces the senescent phenotype. Campisi (1997), suggested three theories about the
mechanism by which short telomeres might induce senescence. The first is that a short
telomere can trigger a DNA damage checkpoint from which the cell cannot recover.
However, growth arrest in yeast is transient whereas in senescent mammalian cells is
irreversible. The second is that the telomeres may bind transcription factors which can

activate or repress various genes. As the telomeres get shorter, these factors will be
available to bind other sites along the DNA molecule, thus activating or repressing
important genes. The third theory is that the heterochromatin of the DNA molecule
near the end of the chromosomes may repress various genes which in turn act to arrest
the growth or alter the differentiation of cells. As the telomeres get shorter, the
heterochromatin will disappear, allowing these genes to function properly (Fig. 13). It
has to be noted that, in all the cell lines where the telomerase activity was very low
after immortalisation, it was documented that the cells had activated an alternative
mechanism in order to maintain the length of the telomeres (ALT) (Bryan et al., 1995).
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Fig. 1.13 Three models by which a short telomere might induce a senescent phenotype.
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Greider et al., (1999) suggested that the human somatic cells will senesce in a

two stage way, which has been called mortality stage 1 (Ml) and mortality stage 2
(M2). Cells can escape from the Ml stage by using the "help" provided by viral factors
like SV40 large T antigen, E6 or E7 human papilloma viruses. The ability of SV40 and
papilloma viruses to permit escape from senescence depends on the oncoproteins that
bind and inactivate the protein products of p53 and Rb. The cells which passed that
point will divide for another 20-30 divisions. During that period of time, telomere loss
and accumulation of chromosome damage will continue and the cells will enter the M2
phase. However, the M2 phase is very short and eventually the cells will enter a state
where no further expansion of the M2 population is taking place. The M2 stage is very
poorly understood and it remains unknown if it resembles a delayed form of
senescence, as it was previously suggested (Rubej et al., 1994).

At this point it is really important to highlight the distinction between
immortalisation and senescence. Whereas the immortalisation process represents

escape from crisis (M2), escape from senescence is not enough for immortalisation.
Shortening of the telomeres continues during Ml and M2. Therefore, these findings
can be explained as follows: in contrast to the telomere hypothesis, the length of the
telomeres in the senescent cells is not posing any barrier to proliferation. The
shortening of the telomeres causes the senescence phenotype but the genetic changes
which are responsible for escaping senescence, allow the cell to ignore a series of
signals that would otherwise cause it to permanently exit the cell cycle. Replicative
senescence can be induced by a series of intracellular or environmental stimuli like y-

radiation, oxidative stress, expression of the H-ras oncogene, accumulation of DNA
cross links and treatment with DNA demethylating agents like ceramide or histone
deacetylase inhibitors (Reddel, 1998).

Replicative senescence may act as a tumour suppressor mechanism. The
evidence for this argument comes from experiments where primary human cells could
not escape senescence spontaneously. In addition, established tumour suppressor genes,
in a mutated or deregulated form, like p53, Rb, c-MYC and pi6, as well as the
oncogenes of certain viruses that are implicated in some human cancers (SV40 virus
large T antigen or HPV E6/E7), are mediators of this arrest and therefore they provide
strong support that replicative senescence is a tumour suppressor mechanism.
Furthermore, cells that have a finite replicative span, have a very small probability to
form tumours in contrast with replicatively immortal cells. Many tumours contain cells
that have an increased potential for division or are immortal. However, there is no

evidence to suggest that immortality is required for tumourigenesis (maybe in the case

of metastasis) (Artandi et al., 2000).
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1.9.4 Telomerase association with the process of immortalisation
Telomerase is not sufficient or necessary in order for a cell to have unlimited

life span. Evidence for this comes from normal human T cells which express
telomerase after activation (Vaziri et al., 1993). However the telomeres of these cells
get shorter and eventually senesce. These results demonstrate that telomerase activity
per se could be insufficient to prevent telomere shortening and senescence. In addition,
human tumour cell lines which have an immortal replicative life span do not express
telomerase activity. These cells usually have long or very heterogeneous telomeres.
Recently, Bodnar et al., (1998) reported the immortalisation of retinal pigment
epithelial cells and normal human foreskin fibroblasts, which were telomerase negative,
by using a transfection system with vectors encoding the human telomerase catalytic
subunit. Telomerase activity resulted in extended telomeres in a number of different
clones and it was also associated with an increase in the life span of these cells. The
elongation process of the telomeres was found to be dependent on the level of the
telomerase activity. However, it appeared that the ability of the hTERT to immortalise
is dependent on the cell type. For example, hTERT extended the life span of foreskin
fibroblasts, but had no effect on foreskin keratinocytes and mammary epithelial cells
(Kiyono et al., 1998). These cells required the combined inactivation of Rb orpl6
genes together with telomerase activation and maintenance of telomere length in order
to be immortalised. Elimination of p5 3 or pl9ARF was not necessary for
immortalisation. It was recently demonstrated that inactivation of the pl6/Rb pathway
is a prerequisite for cells in order to bypass senescence for human prostate epithelial
cells (Jarrard et al., 1999) . Nevetheless, mammary epithelial cells were not able to
have an extended life span by using only hTERT expression, probably because these
cells had already undergone inactivation of the pl6 gene (Huschtscha, 1998; Wang et

al., 1998a).

Interestingly, senescence is not always correlated with telomerase activity and
telomere length. For example, normal human uroepithelial cells which had normal
telomerase activity and normal telomeres underwent senescence after completing a

specific number of cell divisions (Bellair et al., 1997). Moreover, normal human oral
keratinocytes have telomerase activity which is reduced significantly as the cells
approach senescence, however, their telomeres remain stable without evidence of
shortening (Kang et al., 1998). Similarly, Egan et al., (1998) confirmed that the
replicative senescence of human corneal endothelium in vivo appeared to be
independent of telomeric length. A telomerase repressor on chromosome 3 was

recently reported. A normal chromosome 3 was introduced on the renal cell carcinoma
cell line (RCC23) and telomerase repression and telomere shortening were observed
and after a period of 23-43 population doublings, cells ceased to grow (Shay, 1999).
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1.9.5 Activation of telomerase in human tumours

Over the last 5 years, considerable evidence has been accumulated, suggesting
the potential involvement of telomerase to the process of carcinogenesis. The majority
of the human clinical tumours examined so far confirmed the expression of the
telomerase enzyme at high levels (Fig. 14). Normal human somatic cells do not express
detectable levels of telomerase. Shay et al., (1997) was one of the first groups to report
telomerase activity in head, neck, lung, ovarian, breast, cervical, gastrointestinal, renal,
prostate and bladder cancer. However, a correlation between telomere length and
telomerase activity has not been demonstrated thus far. Nevetheless, several studies
demonstrated a significant association between telomerase levels and tumour

progression. For example, during the process of colorectal carcinogenesis, the
percentage of telomerase positive adenomatous polyps of small, large and intermediate
size, rose from 20% to 45% respectively, and almost to 90% in adenocarcinoma and
cervical cancer (Shay et al., 1997). Albanell et al., (1999) reported high telomerase
activity in germ cell cancers and benign testicular tissue specimens. No telomerase was

detected in any mature teratomas, where very long telomeres were observed. This
result was consistent with the notion that telomerase repression is a late event in
teratoma formation. However, Bryan et al., (1997) reported that about 20% of all
human cancers do not have detectable levels of telomerase. The absence of telomerase

activity in retinoblastomas and neuroblastomas has also been reported (Gupta et al.,
1996; Hiyama et al., 1995).

Telomerase has the ability to be activated following exposure of various tissues
in UV irradiation. Hande et al., (1997) showed that UVC irradiation induces
telomerase activity in CHO cells in a dose dependent manner. This increase was well
correlated with the number of cells being in the S and G2/M phase of the cell cycle
after UV exposure. Control cells had similar levels of telomerase activity at different
phases of the cell cycle. However, not much is known about the association of
telomerase activation with skin cancer which is mainly caused by exposure to solar UV
irradiation. Taylor et al., (1996) reported telomerase activity in about 80% of
squamous cell carcinoma tested. Increased telomerase activity in pre-malignant (89%),
benign (60%) and malignant tumours of the skin has also been reported (Ueda et al.,
1997). The telomerase activity in normal skin samples from parts of the body which
were exposed to the sun for a long period of time was also studied. It was concluded
that 44% of the samples originated from chronically sun-exposed sites were telomerase
positive, whereas only 12% of the samples originated from the covered sites were

telomerase positive. It was suggested that telomerase activation must be an early step
towards UV carcinogenesis and that this step precedes the acquisition of UV induced
p53 mutations. These results were partially confirmed by Parris et al., (1999) who
investigated telomerase activity in melanoma and non-melanoma skin cancer.
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Telomerase activity in normal skin samples was very small (12.5%), whereas in pre-

malignant actinic keratosis and Bowne's disease 42%, in BCC 77% and in cutaneous

malignant melanoma (CMM) 69% of the samples were positive. However for SCC
only 25% of the samples were positive and this is in contrast with the results reported
by Taylor (1996) and Ueda (1997).

The activation of telomerase and its association with the G1 phase of the cell
cycle during UVB induced carcinogenesis in mice was recently reported
(Balasubramanian et al., 1999). Telomerase activity was measured in tumours

developed in mice that were exposed to various doses of UVB where it was found to be
increased 45-fold higher in comparison to control mice. In addition, cyclin D1 and
cyclin E, as well as their regulatory parts cdk4 and cdk6, were found to be upregulated.

However, it is difficult to correlate results from human and mouse tissue culture

experiments. This is because there are distinct differences in telomere length between
humans (lOkb) and mice (40-60kb). Furthermore, the telomerase protein catalytic
subunit is expressed more widely in adult mouse tissues than in humans (Greenberg et

al., 1998). Greider (1999) suggested that the tissue culture model may not reflect the
pathway by which telomerase is activated in tumours in vivo. This is because, several
steps are required for a tumour to be developed and cellular immortalisation seems to

correspond to one of the steps along the pathway towards tumour formation. Mehle et

al., (1994) reported that telomere length cannot be correlated always with tumour stage,
whereas Broccoli et al., (1996) showed that telomerase activation can be induced in the
absence of telomere shortening. Blasco et al., (1997) suggested that activation of the
telomerase enzyme in mouse tumours is taking place before critical telomere
shortening is being reached. The group created telomerase knockout mice which have
been able to live for 6 generations. This is because in mouse tumours, telomerase
activation occurs after 30-40 cell divisions. In these mice (6th generation), which were

derived from cells which underwent more than 300 cell divisions telomere shortening
does not occur until after this number of cell divisions.

1,9.6 Interaction of telomerase with viral oncoprotein and p53
The HPV E6 oncoprotein can interact with c-MYC in order to activate

telomerase. HPV infections have been linked to cervical cancer and HPV types 16 and
18 can predispose human cells to tumour formation. E6 and E7 cooperate and are both
responsible for the immortalisation of primary human cells as well as tumour formation
in transgenic mice (Munger et al., 1989). Expression of E6 is not able to cause

telomere elongation as observed in different studies, until the cells have passed the
stage of crisis. Therefore, it has been suggested that, in these cells either the telomerase
levels are too low in order to be detected, or other factors are needed to recruit

telomerase to the telomeres (Shay et al., 1999).
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Other experiments have shown that E7 also co-operates with the hTERT in the
process of cellular immortalisation, further supporting the notion that telomerase may

be regarded as an oncogene (Greider et al., 1999). When the hTERT subunit is
expressed along with the E7, cell lines were able to be selected after crisis. The region
of E6 which interferes with the p53 pathway is not required for activation of telomerase
or for the process of immortalisation. So, the primary role of E6, in the process of
oncogene co-operation between E6 and E7 seems to be the activation of the telomerase.
Upregulation of telomerase has been documented with the expression of the SV40 or v-

K-ras in human prostate epithelial cells and prostate endothelial cells, BCL-2
overexpression in human cancer cells and rat pheochromocytoma cells (Liu, 1999).

As a tumour suppressor p53 has the ability to block cells in G1 through its
interaction with p21, a CDK inhibitor, which provides a link between p53 and Rb
pathways. Increased expression of p53, p21 and other inhibitors can be detected in
senescent cells, highlighting the importance of the p53 and Rb in cellular senescence
(Vaziri et al., 1997). Bischoff et al., (1990) reported that human fibroblasts isolated
from patients suffering from the Li-Fraumeni syndrome and are heterozygous for wild
type p53, can overcome senescence, through the loss or mutation of the other wild type
allele. Brown et al., (1987) reported that dominant negative inhibition of p53 in human
cells can also overcome senescence and lead the cells to acquire an extended life span.

Shortened telomeres may lead to senescence. However, telomere shortening
will generate strand breaks which can be sensed by the cell, which in turn activates p53
and p21 mediated G1 arrest (Chin et al., 1999). Vaziri et al., (1999), showed that
inhibition of polyADP-ribosylation in normal human fibroblasts can extend the life
span of these cells to a great extent. Therefore, telomeres which are short and
dysfunctional can signal growth arrest via polyADP ribosylation of molecules like p53.

The majority of human cancers usually result from mutations in p53 or Rb
genes, underlying the importance of cellular senescence as a tumour suppressor

pathway. Cancer cells have elevated telomerase activity and stable maintenance of
telomere length, despite the fact that alternative mechanisms must exist in the absence
of telomerase (Colgin et al., 1999).

Telomerase activity has been found to be independent of p53 status in various
human cell lines. Klingehutz et al., (1996) reported that activation of telomerase in
human keratinocytes by E6 was independent of the potential that E6 has to compromise
p53 function. Moreover, in a recent study it was shown that, cells with an extended life
span in which p53 and Rb were inactivated, continued to lose telomeric DNA until they
reached the stage of crisis (Li et al., 1999). In general, it seems that loss of p53 is not
sufficient for telomerase activation, elongation of telomeres or cellular immortality
(Saretzki et al., 1999). Perhaps p53 inactivation, which results in genetic instability
creates a special environment in which telomerase activation is greatly enhanced.
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Li et al., (1999), showed that p53 (nuclear and recombinant) co-immuno-
precipitate with hTEPl and that p53 inhibits telomerase activity in vitro, with an intact
carboxyl terminus of p53 essential for inhibition. This inhibition can be abolished by a

peptide called telomerase inhibitory polypeptide 1 (TEIPP1. Therefore, it can be
suggested that p53 regulates telomerase activity, an observation which is in agreement
with the evidence that /?53-specific mutations were involved in telomerase activation in
skin tumours caused by exposure to solar UV radiation (Ueda et al., 1997).

1.10 Cancer and the cell cycle
1.10.1 Cell cycle control and initiation of carcinogenesis

The cell cycle consists of four phases, the gap before DNA replication (Gl), the
DNA synthetic phase (S), the gap after DNA replication (G2) and the mitotic phase,
which culminates in cell division (M) (Hartwell et al., 1989). Cells in a metabolically
active state but not progressing to, or through DNA synthesis or cell division, are said
to be in Go. In the typical eukaryotic cell, Gl phase usually lasts for 12 h, S phase 6 to
8 h, G2 3 to 6 h and mitosis approximately 30min. However, the times described
correspond to a very general description of the eukaryotic cell and it has to be noted
that the exact length of each phase varies with the cell type and growth conditions
(Shakcleford et al., 1999).

The disruption of the normal cell cycle control might underlie the genetic
instability which drives the evolution of malignant tumour phenotypes. For example,
normal cells use cell cycle checkpoints, in order to avoid accumulation of genetic errors

during the cell division. As the normal cell proceeds through the cell cycle, it
continuously checks for the correct completion of various processes. If any of these
processes are incomplete, the cells arrest the cell cycle, in order to repair any damage.
In contrast, cancer cells have the ability to divide under conditions where normal cells
do not. For example, cancer cells may acquire independence from mitogenic signals
necessary for cell cycle progression. They do not require adherence to a specific
surface in order to divide, or cell type specific cytokines to enter cell cycle. The cycle
of cancer cells may be faster compared with their normal counterparts, and this
uncontrolled proliferation can be explained by the gain or loss of function of proteins
that constitute the cell cycle machinery itself (Clurman et al., 1995).

The maintenance of the genomic integrity in a cellular organism is of vital
importance for the continued viability of the organism. When a cell passes the
restrictions imposed by DNA damage into the S phase, the replication of unrepaired
DNA can lead to the subsequent accumulation of genetic changes leading to cancer or

to cell death (Hartwell et al., 1994). In mammalian cells, the control of the cell cycle is
regulated by the continuous formation, activation and inactivation of a series of protein
kinase complexes. Each complex consists of a catalytic subunit, the cyclin dependent
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kinase (cdk) and a cyclin. The cdks control cell cycle checkpoints, by using a series of
biochemical pathways ensuring that the initiation of cell cycle events is taking place
only after the correct completion of others (Hartwell, 1992).

Mammalian cells respond to DNA damage by using at least two checkpoints:
the first checkpoint which monitors DNA damage is on the Gl/S transition, and the
second one is on the G2/M transition (Fig. 15). The G1 checkpoint prevents the
replication of damaged DNA, whereas in G2/M transition, DNA replication is inhibited
by damaged or incompletely repaired DNA (Hartwell, 1989). Several investigators
have demonstrated so far that p53 is responsible for the G1 checkpoint. After a

genotoxic insult, the cell responds by increasing the levels of p53, and this increase
either determines a transient arrest of cell cycle progression in G1 or triggers apoptosis.
The arrest in G1 gives the cell enough time to repair any damage before replication
takes place. The cell cycle will begin, once the damage is completely repaired.
However, if the damage is beyond repair, then the cell will apoptose. It has been
suggested that cells containing mutated p53, will not arrest in Gl, thus allowing the
cells to replicate damaged DNA through the subsequent cell cycles, thereby generating
clones of genetically abnormal cells, which may eventually lead to malignancy
(McKay, 1997). Genomic instability may also rise through the loss of the Gl
checkpoint, as this has been documented by the increase in the frequency of gene
amplification in /?53-defective cells. It has to be mentioned that p53 might also play a

significant role in the G2/M transition point. However, Kastan et al., (1991) showed
that this may not be the case, because cells which are p53 nullizygous or with mutated
p53 show a DNA damage arrest in G2.

It is well documented that UV irradiation can induce a whole series of photo-
products, which have a whole range of different effects on the DNA and the cell itself.
One of the most frequent DNA lesions is the CPDs. In general, UV induced DNA
lesions can be removed during the interphase of the cell cycle by DNA excision repair.
This results in a delayed transition of the cell cycle, in order for the damage to be
repaired. Unrepaired lesions can initiate the process of UV carcinogenesis (Hart et al.,
1977). For example XP patients, who are hypersensitive to UV solar radiation, may
have a 5000-fold increased risk to develop skin cancer.

1.11 Project Aims
Studies on the process of UV-induced transformation have been performed

almost exclusively in mice because, although rodent cell lines have been successfully
transformed in vitro using UV, a human epithelial model is not currently available. The
first aim of this study, was to create a model of UV induced transformation based on

the use of two human epithelial cell lines, HTORI-3, (immortalised using the SV40-
construct) and 340-RPET53 (immortalised using a vector which express hTERT, the
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32 catalytic unit of the telomerase gene). Two endpoints have been be used for the
study of the transformation process, tumour formation in nude mice and colony
formation in agar.

The phenomenon of delayed heritable lethal damage in the progeny of
irradiated cells is now well established, but the mechanism underlying this process is
currently poorly understood. It has been suggested that, irradiation has the ability to
induce a generalized genomic instability affecting all cells, which leads to the
production of some mutations which are lethal. The majority of the studies so far have
been performed using ionizing radiation and very few studies have been conducted
using UV. So, the second aim of the project was to use various doses of UVA and
UVB in HTORI-3 and 340-RPET53 cell lines, in order to establish, if this phenomenon
is induced, following UVA and UVB irradiation.

Approaches
Chapter 3 The general effects of UV and ionizing irradiationin human epithelial

cell lines

In order to study the general effects of mainly UVA and UVB, and to a lesser extend
ionizing, irradiation on four human epithelial cell lines, a number of survival curves
using a variety of different radiation doses were constructed. In order to investigate if
UVA or UVB can cause small colony formation, the colonies produced from these
assays were examined for the presence of giant cells (non-homogenous colony
formation) and their diameter was measured.

Chromosome damage in these human cell lines was estimated following UVA
and UVB irradiation using the micronucleus assay. In addition, the mutagenic potential
of UVA and UVB was investigated using the Sister Chromatid Exchange (SCE) assay.

Chapter 4 Delayed cell death and DNA repair studies following UV irradiation
To investigate the phenomenon of genomic instability, two human epithelial

cell lines (HTORI-3 and 340-RPET53) were examined following exposure to various
doses of UVA and UVB. The endpoints for the study of this phenomenon included the
colony forming ability of the cells which survive and continue to proliferate after
irradiation, the formation of non-homologous colonies (giant cells), the proliferation
rate of surviving cells after irradiation and the measure of the colony diameter
produced from the cells which have completed between ten and twenty population
doublings post-irradiation.

In the second part of this chapter, the observed difference in the cell survival
between the HTORI-3 and 340-RPET53 following UV but not ionizing irradiation was

examined using Ara-C, as an inhibitor ofDNA repair.
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Chapter 5 Transformation studies using UVA or UVB irradiation
The subject of this chapter was the study of the process of UV-induced

transformation using HTORI-3 and 340-RPET53 cells lines as models. To approach
that two end points were used, the tumour formation in athymic nude mice and colony
formation in soft agar. The primary objective was to induce cell transformation
following exposure to UVA and UVB irradiation, by using the first or second end
point. The second objective was to investigate the effect of different types of irradiation
(UVA or UVB) on transformation incidence. The third objective was to examine the
relationship between the effect of single or multiple exposures of irradiation and the
number of passages following completion of the irradiation regime and their effect on
the transformation frequency. Subsequently, a series of cell clones (derived either from
tumours developed in nude mice or colonies in soft agar) were established and further
characterized in order to elucidate any changes which have taken place in these cell
clones during the process of transformation.
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CHAPTER 2
Materials and Methods
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A. Methods

2.1 Cell lines

2.1.1 The HACAT cell line

HACAT is a spontaneously immortalised human skin keratinocyte cell line, which
has been developed from a long term primary culture of human adult skin keratinocytes
(Boukamp et al., 1988). These cells which are free of SV40 DNA, closely resemble
normal keratinocytes in their growth and differentiation. Differentiation-specific keratins
(number 1 and 10) and other markers (involucrin and fillagrin) were expressed
confirming the epithelial origin of the cells. They have a very low colony efficiency in
soft agar and are non-tumourigenic when injected sub-cutaneously in nude mice. The
HACAT cells exhibit a typical epithelial morphology, and usually they form monolayers,
with single cells (mostly cornified envelopes) shed into the medium. At late passages

they showed reduced differentiation. The cells are aneuploid, with complex chromosome
translocations and rearrangements. The average number of chromosomes at early passage

is 40-50/metaphase, and this number has increased steadily at subsequent passages. In
addition, this cell line carries UV specific mutations on both alleles of the p53 tumour

suppressor gene (Boukamp et al., 1997). Cells were maintained in 75cm2 flasks in
DMEM F12 medium supplemented with 10% (v/v) foetal calf serum (FCS), penicillin
(100i.u./ml), streptomycin (100pg/ml) and 2mM L-glutamine (complete growth medium
for the HACAT cell line). The HACAT cell line was grown in the presence of 5% C02 in
air, at 37°C. This cell line was a kind gift from Dr. N. Gibbs, University of Dundee,
Ninewells Hospital, The Photobiology Unit (originally obtained from Boukamp, P).

2.1.2 The A431 cell line

A431 is a human squamous cell carcinoma cell line. This cell line was derived
from an 85 year old female with epidermoid carcinoma (Giard et al., 1973). This
particular cell line carries large numbers of EGF receptor and is an indicator cell for anti-
TGF binding. The cells grow as a monolayer and they have an epithelial like
morphology. They have a very low cloning efficiency in agar and they also form tumours
when injected into anti-thymocyte serum (ATS)-treated mice. Once re-established the
cells have the tendency to grow into small colonies. The karyotype is hypotriploid and it
has many complex chromosome translocations and rearrangements. The average number
of chromosomes is 40-50/metaphase and this number increased steadily at subsequent
passages. Cells were maintained in 75cm2 flasks in DMEM F12 medium supplemented
with 10% (v/v) FCS, penicillin (lOOi.u./ml), streptomycin (100pg/ml), and 2mM L-

glutamine (complete medium for the A431 cell line). The A431 cell line was grown in the
presence of 5% C02 in air, at 37°C. This cell line was also a kind gift from Dr. N.Gibbs.
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2.1.3 The HTORI-3 cell line

HTORI-3, is a human epithelial cell line which has been established from thyroid
follicular epithelium tissue isolated from a 35 year old female patient (Lemoine et al.,
1989). The cell line was immortalised following transfection by using a plasmid which
contains a replication origin minus SV40 genome. The resulting cells were further
characterised in order to establish their epithelial origin and function. Iodide trapping and
thyroglobulin secretion tested positive. HTORI-3 cells have a clear epithelial cell
morphology. They also have the tendency to grow as closely packed islands of cells
when cultured in vitro. Immmunocytochemistry studies confirmed the presence of
epithelial cytokeratins and the SV40 large T antigen. They are non-tumourigenic upon

injection in nude mice and they have a very low cloning efficiency in agar. The
chromosome content is between 44-76 chromosomes/metaphase at early passage, with
many chromosome rearrangements. The average number of chromosomes steadily
increases with subsequent passage. After 15-20 passages, a number of metaphases were

found to contain up to 180 chromosomes, with a large number of complex chromosome
abnormalities and aberrations (results from this study). Cells were maintained in 75cm
flasks in DMEM F12 medium supplemented with 7% (v/v) FCS, penicillin (100i.u./ml),
streptomycin (100p.g/ml) and 2mM L-glutamine (complete medium for the HTORI-3 cell
line). The HTORI-3 cell line was grown in the presence of 5% C02 in air at 37°C.

2.1.4 The 340-RPE T53 cell line

RPE is a human retinal pigment epithelial cell line. This cell line has been
established following transfection of normal, telomerase negative human cells with a

vector encoding for the human telomerase catalytic subunit (hTRT) (Bodnar et al., 1998).
The resulting cells expressed telomerase, had elongated telomeres and they showed
reduced staining for (3-galactosidase (a biomarker for senescence). The karyotype of the
cells is diploid (46, XX) and remains stable at subsequent passages. They do not form
tumours upon inoculation in nude mice and they produce small but no colonies in soft
agar. Their morphology is quite distinct from that of the cell lines described above. They
exhibit a typical epithelial morphology, they have an elongated shape and tend to grow

parallel to each other when they reach confluence.
The 340-RPE T53 cell line was maintained in 75cm2 ventilated flasks in DMEM

F12 containing 2mM L-glutamine, pyridoxine, and 15mM Hepes buffer supplemented
with 10% (v/v) FCS, gentamycin (10|ig/ml), hygromycin (10|ig/ml) and sodium
bicarbonate (0.348% w/v) (complete medium for the 340-RPE T53 cells). The cells were

maintained at 37°C and in the presence of 10% C02 in air. This cell line was a kind gift
from Dr. Bodnar (Geron Cooperation).
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2.1.5 The H1299 cell line

The H1299 cell line is a human cell line which has been used as a negative control
for the study of the p53 expression in the isolated clones. It is a lung adenocarcinoma
eel! line which lacks p53 expression, due to an intragenic deletion in p53, and it has been
shown to stain negative with pAB 421 and pAB 1801 (antibodies which recognise an

epitope near the amino terminus of p53) (Bodner et al., 1992). Cells were maintained in
75cm2 flasks (Nunclon) in 10% (v/v) FCS, penicillin (lOOi.u/ml), streptomycin (100
pg/ml) and 2mM L-glutamine (complete medium for the HI299 cell line). The HI299
cell line was grown in the presence of 5% C02 in air at 37°C.

2.2 Cell line culture procedures

2.2.1 Trypsinisation
Prior trypsinization, the culture medium was decanted, the cell layer was washed twice
with 3ml of trypsin 0.05% v/v in PBS and then incubated with approximately 0.5ml of
trypsin for 5-10min at 37°C. Cells were collected in complete growth medium for each
cell line and then split as required. This standard procedure was employed for HTORI-3,
A431, HI299 and 340-RPE T53. For the HACAT cell line, a pre-treatment was required
for up to 5 min with 0.02% v/v EDTA /PBS solution. All the cell lines were routinely
passaged (at least once a week) in a 1:10 split ratio.

2.2.2 Cell counting
Following the trypsinization procedure, the cells were placed in a sterile universal

tube. 400 pi of cell suspension were then diluted to 19.6 ml of isotone buffer (dilution
factor 1:50). Four counts were taken each time with the Coulter counter (0.5ml was

sampled by the Coulter counter on each count, so the sum of these counts was equated to

2ml). The number of cells measured by the Coulter counter was then multiplied by 100
to give the final number of cells per ml. All the measurements were performed using a

Coulter Counter (model Zn). Preliminary experiments were carried out in order to define
the appropriate setting for the measurement of each cell line. The settings for the
measurements of the cell lines were: HTORI-3, A431 and HACAT cell lines were

measured at 8.74pm, whereas the 340-RPE T53 cell line was measured at 7.40pm.

2.2.3 Storage of freezing cell stocks
Trypsinized cells were pooled from a number a of flasks and resuspended in

complete tissue culture medium with 10% (v/v) dimethyl sulphoxide (DMSO) at a

concentration of 2-3xl06 cells/ml. The cell suspension was aliquoted into clearly labeled
cryovials. The vials were placed in the gas phase of the liquid N2 tanks, and after a period
of 24h, they were placed at an appropriate position within the tank.
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2.2.4 Defrosting of frozen cell stocks
The cryovials thawed in the waterbath at 37°C and the cell suspension was gently

transferred into a 75cm2 flask. Complete growth medium was then added slowly to the
flask in order to avoid an osmotic shock to the cells. After a period of 6 hr, when the cells
were attached, the medium was changed, in order to minimize the cytotoxic effects of the
DMSO.

2.2.5 Detection of mycoplasma in cell cultures
Mycoplasma contamination is one of the most common problems encountered in

cell tissue culture along with contamination from other cell lines (HeLa cell line). Since
agar colony formation has been used as an endpoint in our transformation studies, it was
necessary to eliminate the possibility of mycoplasma contamination because it has been
reported that it induces anchorage-independent growth (Macpherson, 1973). The method
employs the use of the Hoechst 33258 staining, which is able to intercalate with the
mycoplasma DNA. This stain can be viewed using a fluorescence microscope (360nm
excitation and 490-500nm emission).

Cells were grown in petri dishes, to a confluent stage, and then fixed by using 3:1
methanol/acetic acid for lOmin at room temperature. Once dry, the stain was added in
each one of the petri dishes (Hoechst 33258 working concentration 0.05|ig/ml in PBS).
The petri dishes were left at room temperature for lhr in the dark (because the staining is
photosensitive) washed with PBS and left to dry. The petri dishes were examined using a

fluorescence microscope using the appropriate wavelength (360nm). No fluorescence was

observed in the cytoplasm of the cultures tested confirming that they were mycoplasma-
free.

2.3 Experimental procedures employed for the study on the general effects of
ultraviolet radiation

2.3.1 Survival Curves

Cells were trypsinized, counted and plated out at a concentration of 2xl05 cells/ml
in a volume of 3ml of medium into the middle of a petri dish (size 92mm). For cells

2 5
irradiated in the flask (T80cm ), 1x10 cells were set up per ml of medium. These
concentrations enabled the cells to be at log phase during irradiation in both cases. Prior
cell plating, a circle was etched in the centre of the petri dish with a sterile needle so that
for the cell suspension would remain on the centre of the petri dish. After 6h (when the
cells were attached) the medium was decanted and 10ml of fresh complete growth
medium was added into each petri dish or flask. 24h later, the cell layers were washed
twice with PBS to remove any traces of medium (the serum in the medium absorbs UV).
During irradiation with UVA, the cells were always covered with 3ml of PBS (for petri
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dishes) or 5ml of PBS (large flasks) in order to avoid drying of the cells. The same

procedure was followed when the cells were irradiated through the flask with UVB.
During UVB irradiation without the lid of the petri dish, the cells were washed twice with
PBS, but they were not covered with PBS because the exposure time was very short in
contrast with UVA.

Control cells were always included in each experiment and treated in the same way

as described for the test samples. During the irradiation procedure controls were included
along with the test samples within the UV box, except that they were covered with
aluminium foil to avoid exposure to UV. The temperature in the irradiation boxes never

exceeded 37°C. However, it has to be noted that preliminary studies were carried out in
order to confirm that the temperature never exceeded 37°C in the irradiation boxes.

After irradiation, the cells were washed once with 0.05% (v/v) trypsin to remove

any traces of PBS, 0.3ml of trypsin were then added into the petri dish and incubated for
5min at 37°C. The cells were then collected in complete growth medium, and counted.
The cell suspension was serially diluted in order to plate a number of cells that would give
50-100 colonies/petri dish (size 92mm diameter) in a final volume of 10ml. This was

performed by taking into consideration the plating efficiency (PE) of each cell line and the
cytotoxicity of the corresponding dose. The colonies were incubated for 2 weeks for the
HACAT, A431 and HTORI-3 cell line at 5% C02 in air and 3 weeks for the 340-RPE
T53 cell line at 10% C02 in air. After that time, the medium from the petri dishes was

decanted, the cells were fixed with methanol and stained with Giemsa for 6h, rinsed with

tap water and left to dry before counting. As a general rule, only colonies of more than 50
cells were taken into consideration for estimating plating efficiency and surviving fraction.

The total number of colonies counted

Plating efficiency (PE) = x 100
The total number of cells plated

PE of the treated sample
Surviving fraction = x 100

PE of the control sample

Leaving the control cells for prolonged periods of time (up to 4h) covered with
PBS did not significantly affect the PE for any of the cell lines used in this study. The
change in PE observed for all the cell lines in this study by using PBS, was <1%
compared to cells incubated in media for the same time.
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2.3.3 Survival curves obtained by irradiating cells using ionising radiation
T25cm2 flasks were set up with 2xl04 cells/ml of complete growth medium. The

flasks were incubated for 12h and irradiated (cells in log phase) with ionising radiation
137

from the y source ( Cs irradiator IBL). The cells were then trypsinized, counted and
plated at appropriate numbers by taking into consideration the PE of the cell line and the
cytotoxicity after irradiation in petri dishes (size 92mm) at a final volume of 10ml of
medium. The petri dishes were incubated for two or three weeks depending on the cell
line used. After that period of time, the medium from the petri dishes was decanted, the
cells were fixed with methanol and stained with Giemsa for 6h, rinsed with tap water and
left to dry before counting. As a general rule, colonies containing more than 50 cells were

taken into consideration for estimating plating efficiency and surviving fraction.

2.3.4 Growth curve

Growth curves were established for all cell lines in order to calculate the

population doubling time (PDT) of each cell line and also to test the ability of individual
clones to grow under low serum concentrations. Cells were trypsinized, counted and then
plated out at 2x10 cells/ml in a final volume of 3ml of complete growth medium
supplemented with either l%(v/v) or 10% (v/v) FCS, in petri dishes (62mm diameter).
Triplicate petri dishes were counted daily for a period of fourteen days. A standard
trypsinization procedure was followed in order to detach and estimate the total number of
cells/petri dish each day.

2.3.5 Micronucleus assay

Cells were plated in petri dishes (62mm diameter) at a concentration of 105
cells/ml in a final volume of 3ml of complete growth medium. After 24h (cells in log
phase) the cells were irradiated with various doses of UVA and UVB. The cells in petri
dishes were treated for irradiation exactly as has been described in section 2.3.1.
Immediately after irradiation, fresh complete growth medium was added supplemented
with cytochalasin B at a final concentration of 3pg/ml. The use of cytochalasin B makes
possible the scoring of micronucleated cells which have been inhibited from undergoing
cytokinesis (cells which have completed nuclear but not cytoplasmic division). The petri
dishes were returned to the incubator so that the cells would complete one cell cycle
following the addition of the cytochalasin B (24h for the HACAT, A431 and HTORI-3
cells lines and 48h for the 340-RPE T53 cell line). The cells from each petri dish were

then trypsinized, resuspended in complete growth medium and collected into universal
tubes. The cell concentration was then estimated and 2.5xl04 cells were placed into one

Shandon cytospin. The cytospins were prepared by centrifugation for lOmin at 800rpm.
Slides were dried, fixed and stained by using the Diff Quick method (Dreosti et al.,
1990). Once dry, they were mounted with DEPEX (DPX, mounting chemical substance
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for fixed cell specimens). The number of micronuclei/binonucleated cell was counted
according to the criteria suggested by Countryman et al., (1976). These criteria are a)
diameter less than 1/3 the main nucleus b) non-refractility (to exclude small stain
particles) c) colour the same as or lighter than the nucleus (to exclude large particle stains)
d) location within 3 to 4 nuclear diameters of a nucleus.

2.3.6 Sister chromatid exchange assay (SCE)
Cell cultures (petri dishes with diameter 92mm) were set up containing 4xl04

cells/ml in a final volume of 10ml of complete growth medium and incubated at 37°C
overnight. The cells were then washed with PBS and irradiated, as has been described in
section 2.3.1. Following irradiation, fresh medium (10ml) was added in each culture.
BrdU was added immediately at a final concentration of 10~5M and cells incubated for
two complete cell cycles (two days for the HACAT and HTORI-3 cell line and four days
for the 340-RPE T53 cell line). lOOpl of colcemid (disrupts mitotic spindle formation)
(stock 10pg/ml), was then added to each culture for 2h. The medium of each petri dish
was then collected into a universal tube, the cell layer was trypsinized and transferred into
the tube containing the collected medium. The universal tubes were then centrifuged at

1000rpm/194 xg for lOmin. The medium was decanted gently to avoid disturbing the cell
pellet and 5ml hypotonic solution (0.075M KC1) was added to each tube. Cells were

incubated on ice for lOmin and then centrifuged for another lOmin at 1000rpm/194
xg/194 xg. The hypotonic solution was then decanted gently and ice cold fixative
(methanol to acetic acid 3:1) was added to the cell suspension. Fixed cells can be kept at
4°C for up to 1 month. Prior slide preparation, the cell suspension was centrifuged for
lOmin at 1000rpm/194 xg. The fixative was decanted, and few drops of fresh fixative
were added into the cell pellet. Glass slides were used for the chromosome preparations
(which were stored in methanol at 4°C). Each slide was rinsed in distilled water, dried

using 3MM absorbing paper and then the slide was flooded with a mixture of distilled
water/acetic acid 1:1. The cell suspension was then added dropwise on each slide and
then the slides were left to dry. The slides were then placed in a coplin jar containing
Hoechst 33258 stain (0.2pg/ml in distilled water) for lOmin in the dark (the stain is light
sensitive). The slides were dried on a piece of 3MM absorbing paper and then placed in a

plastic tray flooded with 2xSSC. The trays were then exposed to UVA for 4h.
Subsequently, the slides were washed with tap water, dried between two pieces of 3MM
absorbing paper, stained with 4% (v/v) Giemsa stain for lOmin and rinsed in distilled
water containing 50pl of ammonia/It. (stock solution 30% v/v) to enhance the contrast of
the differential staining along the chromosome.
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2.3.7 Preparation of chromosome spreads for karyotyping (G banding and solid
staining)

The method for preparing chromosome spreads has been described in section
2.3.6. Once the slides were dry, they were placed into a coplin jar containing 0.05% (v/v)
trypsin solution for approximately 3 min. The time of exposure of the metaphases to

trypsin was optimised. For solid staining, the slides after the trypsin treatment were air
dried and then stained with 4% (v/v) Giemsa for lOmin. The slides were rinsed in tap

water, air-dried and were then examined under a light microscope equipped with a green

filter in order to examine the banding on the individual chromosomes. The best
metaphases (well spread and not overlapping chromosomes) were photographed by using
a light microscope equipped with a filter for green light and using black and white film
(KODAK). The photographs were then developed, enhanced and the chromosomes were

arranged in order following the ISCN criteria.

2.3.8 Morphological examination of individual cloned cell lines
Petri dishes (62 mm in diameter) were set up containing 4xl04 cells/ml in a final

volume of 5 ml of complete growth medium. Once the cells reached the exponential
phase of growth, the medium from each petri dish was decanted and the cells were fixed
using ice cold methanol/acetone (1:1). Once dried, they were stained with 5% Giemsa
(w/v) and examined for morphological differences (as compared with the parent 340-RPE
T53 cell line) using a stereo microscope (KYOWA OPTICAL) by placing them into a

light box (H.A West (X-RAY) LTD).

2.3.9 Observation of fixed colonies derived from the survival curves

All petri dishes containing fixed colonies were observed for giant cells, abnormal
morphology and diameter of the individual colonies, by using a stereomicroscope
(KYOWA OPTICAL). The colonies were observed by placing the petri dish into a light
box (H.A. West (X-RAY) LTD) and observed in detail, by using a stereomicroscope. The
colony diameter of the colonies was calculated in mm by using a linear graph paper, and

2
further transformed in mm using the equation calculating the surface of the circle.

2.4 Experimental procedures for studying the phenomenon of delayed cell death
(DCD)

2.4.1 Protocol employed for studying the phenomenon of DCD by measuring
plating efficiency

Two human epithelial cell lines have been used in this study in order to examine
the induction of genomic instability by UVA and UVB irradiation. Namely, the HTORI-
3 and 340-RPE T53 cell lines. Cell cultures were set up in 92 mm petri dishes at a

72



concentration of 2xl05 cells/ml at a final volume of 3 ml of complete growth medium in
the middle of the petri dishes and returned to the incubator. After a period of 6 hr, the
medium was replaced with fresh complete growth medium at a final volume of 10 ml in
each petri dish. The petri dishes were returned to the incubator at 37°C. Once the cell
cultures reached the exponential or the plateau phase of growth (confirmed by observing
the petri dishes using an inverted microscope) they were irradiated with UVA and UVB.
Before irradiation, each cell culture was washed thoroughly with PBS in order to remove

any traces of the remaining medium. The irradiation procedure was performed as

described in section 2.3.1. Once the irradiation regime was complete, the cells from the
irradiated petri dishes were trypsinised, counted, diluted and plated in appropriate
numbers in T75 cm2 flasks in order to yield approximately 300 colony-forming cells by
taking into consideration the plating efficiency of the cell line and the cytotoxicity
following irradiation. The medium in these flasks was changed twice a week, and the
plating efficiency of the cells from these flasks was measured using a standard colony
assay (when approximately 70% confluent) for 6 continuous passages (the number of
population doublings between each passage was approximately 10 for each cell line, and
10 population doublings correspond to approximately 10 days for the HTORI-3 cell line
and 20 days for the 340-RPE T53 cell line). The number of population doublings was

calculated each time by counting the total number of cells per flask. Following the first
passage, the irradiated cells were subcultured into a new set of flasks. That procedure was

repeated for 6 passages in total.

2.4.2 MTT assay for measuring cell population growth rate
The purpose of this experimental procedure was to check the growth rate of the

HTORI-3 and 340-RPE T53 cell lines during the studies on the phenomenon of delayed
cell death. The cells which had received various doses of UVA and UVB from both cell

lines were allowed to complete 10 population doublings and then their growth rate was

tested in order to elucidate any differences between the control and the irradiated cells.
The MTT assay is a quantitative colorimetric assay for mammalian cell survival

and proliferation. It is based on the ability of live cells to utilise a pale yellow substrate (a
tetrazolium salt, [3-(4-5-dimethyliazol-2-yl)-2,5-diphenyltetrazolium bromide) MTT] and
its subsequent modification into a dark blue formazan product by these cells. The
tetrazolium ring is cleaved in active mitochondria and so the reaction is taking place only
in living cells. Therefore the assay is detecting live but not dead cells and the signal
generated depends on the degree of activation of the cells.

Cells were plated in 96 well plates at 1500 cells (HTORI-3 and 340-RPE T53) per
well at a final volume of 200pil of complete growth medium and left overnight in the
incubator to attach. 200pl of medium was always included into the first and the last well
in each plate as blanks.
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On the day of harvesting, the 96 well plate was removed from the incubator and
50pl of MTT was added into each well that containing cell suspensions. The plate was

then covered with aluminium foil (because MTT is light sensitive) and placed in the
incubator at 37°C, for 4h. The MTT was then decanted and 200pl of DMSO was added
into the wells containing cells. Immediately, 50pl of Sorrensen's buffer (0.1M glycine,
0.1M NaCl adjusted to pH 10.5 with 1M NaOH) was added on the top of the DMSO
solution. The plate was then processed using an ELISA reader, at test wavelength of 570
nm and a reference value of 690 nm. The values were printed immediately and then
collected for further analysis.

2.5 DNA repair studies

2.5.1 DNA repair after UV and ionising irradiation
Cells to be irradiated should be at a confluent stage because ara-C is cytotoxic

itself to the cells. Cell cultures (for UV irradiation) were set up containing 2xl05 cells/ml
(at a final volume of 10ml of complete growth medium) in 92mm petri dishes, and
incubated until they reached confluence (four days for the HTORI-3 cell line, one

medium replacement) and eight days for the 340-RPE T53 cell line (two medium
replacements). For ionizing radiation studies, cultures containing 2xl04 cells/ml (in a

final volume of 7ml of complete growth medium) were set up in T25cm2 flasks and left to
reach confluence (two days for the HTORI-3 and four days for the 340-RPE T53 cell
lines). Ara-C was prepared always as a fresh solution (0.5mM in PBS). Survival curves
of the untreated cell population (no ara-C added) were also constructed with confluent
cultures during irradiation. The cells were UV-irradiated using the procedure described in

137
section 2.3.1. Ionising radiation was delivered by using the Cs IBL y-radiatior with a

dose rate of 4.6Gy/min. All the confluent cultures used for the ara-C treatment were

processed as has been described in 2.3.1. Immediately after irradiation, fresh complete
growth medium was added in each culture. Ara-C was added at a final concentration of
30pM or 150pM and incubated for various times.

2.6 Apoptosis
The precise series of changes that occur within a cell undergoing apoptosis may

vary between different cell lines. For example, the type and the extent of DNA
fragmentation always vary among different cell lines. Differences in apoptotic
morphology can be readily visualized under a light microscope. Although some apoptotic
cells, do not appear to fragment into apoptotic bodies or do not exhibit extensive nuclear
fragmentation, most do exhibit a marked chromatin condensation.

The methods available for assessing apoptosis are numerous and variable and
usually are based on the use of the morphological criteria which have been mentioned

74



above. However, classification of cell death in a given system should be based on

morphological assessment of the cells by light or electron microscopy coupled with one

or more other techniques.

2.6.1 Endpoints used for the phenomenon of apoptosis
a) Loss of cell adherence from the petri dish after irradiation

The rate of detachment of the apoptotic cells after irradiation was measured. Cells
in petri dishes in log phase were irradiated as described in section 2.3.1. Medium was

then added to the petri dishes, which were returned to the incubator. At various times after
irradiation, the medium from each petri dish was collected into sterile universal tubes and
the number of detached cells was estimated by using a Coulter Counter. The attached cells
were trypsinized and counted. The fraction of apoptotic cells was expressed as the ratio
of the number of the detached cells over the total cell number (Ling et al., 1994). The
floating and the attached cells were further characterised by using an acridine
orange/ethidium bromide (EtBr) staining method. This particular technique can

differentiate between apoptotic and necrotic cells.

b) Quantification of the apoptotic index using acridine orange/ethidium
bromide uptake

This experimental procedure employs the differential uptake of fluorescent DNA
binding dyes, acridine orange and EtBr. These dyes can be used to determine which cells
in a given population have undergone apoptosis and whether the cell is in the early or late
stages of apoptosis based on membrane integrity. Acridine orange intercalates into the
DNA which stains green. This dye can also bind to RNA but because it cannot

intercalate, the RNA stains red-orange. A viable cell will have a bright green nucleus and
red cytoplasm. The EtBr is taken up by nonviable cells where it can intercalate with DNA,
giving it an orange colour, but it has the ability to bind RNA very weakly, which usually
stains red. Therefore, a necrotic cell will have a bright orange nucleus (because the EtBr
overwhelms the acridine) and its cytoplasm, if it has any contents will appear dark red.
Normal and apoptotic nuclei in live cells will fluoresce bright green. Normal or apoptotic
nuclei in necrotic cells will fluoresce bright orange. Therefore a clear distinction can be
made by using this system to differentiate between early and late apoptotic cells. Early
apoptotic (EA) cells, which have intact membranes but have started to fragment their
DNA, will still have green nuclei because EtBr cannot enter the cell but chromatin
condensation will be visible as a bright green patches in the nucleus. However, as the cell
progresses through the apoptotic pathway EtBr can now enter the cell and stain them
orange. Late apoptotic (LA) cells will have bright orange areas of condensed chromatin in
the nucleus (McGahon et al., 1995).
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Procedure

Dye mix: lOOpg/ml acridine orange+lOOpg/ml EtBr, both prepared in PBS. A cell
suspension of 5xl05 cells/ml was usually used for quantification.

lpl of dye was added to 25pl of cell suspension (cells may be in complete growth
medium or PBS). The suspension was mixed gently, uptake of the dye is almost
instantaneous. lOpl of cell suspension was placed on a clean slide. The cell suspension
was covered with a coverslip and examined under a fluorescence microscope. The
percentage of apoptotic cells and necrotic cells was calculated using the following
equations (McGahon et ai, 1995):

Total number of apoptotic cells (EA+LA)
% Apoptotic cells= xlOO

Total number of cells counted

N

% Necrotic cells= xlOO

Total number of cells counted

c) Biochemical characterisation of apoptosis by DNA laddering
This procedure is based on the observation that DNA isolated from apoptotic cells

is cleaved into a distinctive ladder pattern of 180-200bp integer multiples because of the
activation of the endogenous endonucleases that cleave the DNA molecule in linker
regions between the nucleosome cores (Wyllie, 1980). Lysis of DNA from apoptotic cells
and subsequent gel electrophoresis can provide a good marker for apoptosis in a cell
system.
Procedure

This experimental procedure analyses high and low molecular weight DNA in
order to identify the changes in the integrity of the DNA composition.

Cells were set up in petri dishes and irradiated as described in section 2.3.1. After
irradiation, cells were collected at various time intervals and analysed for DNA
fragmentation. The floating cells were collected in sterile universal tubes separately from
the attached cells, centrifuged 5min at 194xg and then transferred and pelleted into an

1.5ml eppendorf tube for 2min at 10,000xg. The attached cells were trypsinized and
collected in PBS in 1.5ml eppendorf tube (2min/10,000xg). The supernatant was
discarded leaving 20-40pl of liquid behind and the pellet was briefly vortexed. 600pl of
cell lysis solution plus 35pl of proteinase K (stock lOmg/ml) were added and samples
were incubated for 2h (or overnight) at 55°C. Then 5 pi of RNAse A solution (lOmg/ml
stock solution) was added to the cell lysates. The samples were mixed by inverting the
tube 25 times and then incubated at 37°C for 60min.

Samples were cooled at room temperature and 200 pi of protein precipitation
solution was added to each sample. The samples were vortexed briefly, and then
centrifuged at 14,000xg for 3 min to pellet the proteins. The supernatant, which contains
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the DNA, was transferred into a clean eppendorf tube to which lOOpil of 10M ammonium
acetate plus 700jLtl of ice cold 100% ethanol were added. The samples were mixed by
inverting the tubes vigorously and centrifuged at 10,000xg for 2min. The DNA pellet was
washed with 70% (v/v) ethanol and centrifuged at 10,000xg for 2min. The pellet was then
air dried and resuspended into 170pl of TE buffer (pH 7.5). DNA concentration or

optical density (OD) was estimated by using a spectrophotometer (260nm wavelength).
The OD260 of DNA was measured by adding aliquots of each DNA sample

(OD=l=50mg/ml DNA). This allows the DNA concentration to be ascertained. The
samples were then adjusted to the required concentration (usually 0.33|ig/pl for genomic
DNA) and stored at 4°C until further use.

The samples were analysed by agarose gel electrophoresis. 10% (v/v) loading
buffer was added to each sample and 3-5 jug of the samples were loaded onto a 0.8%(w/v)
agarose gel made up in lxTAE. In a 100ml gel lOpl of lOmg/ml EtBr was added. The
samples were electrophoresed in a horizontal tank in lxTAE buffer for 5h at 100V. lpg
of 1Kb DNA ladder was also loaded to one of the wells for subsequent band size
evaluation. The DNA was visualised on a short-wave (280nm) UV transiluminator to
ensure the DNA was intact and equally loaded. A photograph was always taken for
records.

2.7 Transformation studies

2.7.1 Irradiation protocol
The protocol used for cell irradiation with UVA and UVB is illustrated in Fig. 1.

2 5
Cells were plated out in flasks (T80cnT) at a concentration of 3x10 cells/ml (log phase).
The cultures were incubated overnight at 37°C and the next day were irradiated with
various doses of UVA and UVB according to the procedures described in section 2.3.1.
Following the completion of the irradiation, the cultures were incubated undisturbed until
the next irradiation. The protocol involved irradiation which reduced the surviving fraction
of the cells from 90% to 10%. Control cultures were handled exactly the same way as the
irradiated ones except that they were covered with aluminium foil during the irradiation
procedure.

The flasks were checked frequently in order to establish the state of the culture
and the growth rate of the cells within the flasks. In the beginning of the experiment the
cells were passaged once a week (HTORI-3 and 340-RPE T53 cell lines). However, after
repeated exposures to UVA and UVB irradiation, the growth rate of the cells was

increased and passaging of the cells was required twice a week. When the irradiation
regime was complete, the cells were further passaged for a period of time ranging from 0
to 6 weeks.
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2.7.2 Tumourigenicity assay

One of the endpoints used to study the process of transformation was the
formation of tumours in nude mice. Cells, which have been irradiated and passaged for a

specific period of time, were tested for their ability to form tumours in nude mice. The
mice which have been used for this study, were from the MF1 strain (athymic nude mice).
The mice were housed in the animal house of the University of St Andrews. They were

kept under isolated aseptic conditions in a 12h light/dark illumination cycle. Water, food
and bedding were changed frequently. The average temperature in the room where the
mice were kept was stable at 23°C and the air was filtered.

The cell lines used for these experiments were the HTORI-3 and 340-RPE T53
for which lines the same procedure was followed. Cells to be checked for tumour
formation in nude mice were trypsinized, collected and resuspended using complete
growth medium into 15ml Universal sterile plastic tubes. The tubes were centrifuged at

10,000xg for lOmin. The medium was then decanted carefully and the cell suspension
was resuspended to 200-300 pi of complete growth medium. A small number of cells
were taken from the sample in order to determine the cellularity of the sample. Usually, a

number between 2-3xl06 cells/ml was used for the injections. For the HTORI-3 cell line,
the cell suspension was aspirated into a 1ml sterile syringe fitted with a 21-gauge needle
and placed on ice prior to injection. For the 340-RPE T53 cell line the cell suspension
was mixed with matrigel (Fred Baker Scientific) and aspirated into a 1ml sterile syringe
fitted with a 21-gauge needle. This substance was helps the 340-RPE T53 cells to remain
localised on the site of the injection. Matrigel basement membrane matrix is a solubilised
basement membrane preparation extracted from the Engelbreth-Holm-Swarm (EHS)
mouse sarcoma, a tumour rich in extracellular matrix proteins. Its major component is
laminin, followed by collagen IV, heparan sulphate proteoglycans, entactin and nidogen. It
is effective for the attachment and differentiation of both normal and transformed

anchorage dependent epithelial and other cell types (Iwamoto et al., 1987; Taniguchi et
al., 1989).

When the cell suspensions were ready for injection, the mice for injection were

taken out of their cage carefully and their back was swabbed with 70% ethanol. The cell
suspension was always injected at the back of the mouse sub-cutaneously. The mice used
in this study were both male and female (4-6 weeks old).

After injections, the mice were monitored for a period of at least 6 months for any
changes (tumour appearance and formation). The size of the tumours was monitored and
recorded in special sheets, by using a model which employs the use of graded steel balls
[sizes 1 (2mm3) to 6 (452mm3)] (Riches and Thomas, 1970).
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2.7.3 Tumour excision from nude mice for cell line establishment

Tumours, which reached a grade between 4-6 (according the graded steel ball
model), were excised as follows: the mouse with the tumour of interest was sacrificed by
cervical dislocation. The tumour was then excised from the skin and placed into a sterile
petri dish where it was divided into two halves using a sterile scalpel. The first half of the
tumour was transferred into a universal tube containing the fixative formaldehyde/NaCl
solution (1:9 ratio) for subsequent histological analysis. The other half of the tumour was
further minced into small pieces under sterile conditions, and these pieces were placed
into a T25cm2 flask using a sterile Pasteur pipette. Immediately, complete growth medium
was added to the flask (5ml). The flask was gassed with C02 and placed into the
incubator at 37°C to allow the fragments of the tumour to attach to the bottom of the flask.
Subsequently, cells from the tumour should start to grow as an independent cell line. The
flask was checked every three days in order to establish the rate of growth of the cells
which became detached from the tumour and began to grow independently. When enough
cells were grown from the initial piece of the tumour, the culture was trypsinized and
expanded into larger flasks in order to maximise the number of cells obtained from the
specific tumour cell clone. A number of flasks were set up in order to perform a series of
characterisation experiments in the cell clone(s) and also to freeze down samples for
future experiments.

2.7.4 Colony formation in soft agar
The second end point for transformation used in this study was the formation of

agar colonies in soft agar. Cells, which have received various doses of UVA and UVB,
were plated at various times after irradiation in order to check their cloning efficiency in
agar. From these colonies, individual cell lines were established in order to elucidate any

changes which might have been induced by the repeated use of UVA and UVB.
Normal cells do not have the ability to form colonies in agar, whereas some

transformed cells do. Therefore, this assay can be used to elucidate one of the major
changes which takes place during the process of transformation and that is the ability of
the "tumour" cells to form colonies in soft agar. The technique can be divided into the
following steps:

a) Preparation of bottom agar layers. 5% (w/v) agar was melted in boiling water and
diluted 1:10 in medium (20% v/v FCS) at 37°C. Using a sterile disposable pipette 2ml of
agar were mixed with 18ml of complete growth medium thoroughly and then using a

25ml sterile disposable pipette the mix was dispensed (4ml) into each one of the petri
dishes (diameter 62mm) and the mix was left to set (for approximately lh).
b) Cell counting. Cells were trypsinized, counted and then diluted accordingly to the
number of cells which had to be plated (105 or 104 per petri dish). The cells were kept on
ice until ready to use.
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c) Final mixing and plating out. In the hood, 1ml of hot 3% (w/v) agar was mixed with
8ml of pre-warmed complete growth medium (20% v/v FCS). To this 1ml of cell
suspension was added. The final suspension was mixed by inverting the tube and then,
by using a sterile disposable pipette, 2ml were dispensed into each one of the petri dishes.
The petri dishes were placed into the incubator and left for three weeks. 0.8ml of INT (2-
(4-iodophenyl)3-(4-nitrophenyl)-5-phenyl-tetrazolium chroride) was then added to each
petri dish and incubated overnight. As the viable cells proliferate in vitro, they convert the
colourless tetrazolium salt to a water insoluble red formazan, which precipitates inside the
cells. The following day the petri dishes were ready for scoring. Counting was performed
by using an inverted microscope (OLYMPUS, TOKYO, Model SZ). Colonies which
contained more than 50 cells were scored by microscopic examination (diameter larger
than 0.2mm).

2.7.5. Procedure for isolating agar colonies in order to establish new cell lines
Colonies, which have been developed in agar, were observed on day 20 of

incubation by using an inverted microscope (New Olympus, TOKYO, Model No CK 40).
The criteria for the isolation of individual colonies were:

a) colonies should be large enough to be picked up by using a sterile glass Pasteur
pipette.
b) colonies should be relatively isolated from other colonies in order to exclude the
possibility of cross contamination with cell from other colonies.
c) colonies chosen for isolation were grown in areas where no single undivided cells
could be found, because these cells might again contaminate the individual colony during
the process of isolation.

The petri dishes containing the colonies of interest were placed into the hood
along with a stereomicroscope to allow the colonies to be isolated under controlled aseptic
conditions. Using a sterile glass Pasteur pipette, each individual colony was picked up

and immediately placed into a 25cm" flask. Complete growth medium was added
immediately to allow each colony to attach to the bottom of each flask. The flasks were

then placed in the incubator and left undisturbed for at least one week. This is the
minimum amount of time which is required by the colony to attach to the flask and begin
to grow as a new cell line. However, it has to be noted that in some cases the colony was

not able to attach to the flask or it grew very poorly. In such cases, the culture was

resuspended by gentle pipetting in order to dilute the colony and allow the cells
constituting the colony to diffuse and attach themselves into the flask. Once the cells,
which have been detached from the colony, were grown to about 60-70% confluence, they
were trypsinized and transferred to a larger flask in order to expand the cell population.
Cell stocks were prepared from the expanded populations and stored in liquid nitrogen
(Fig. 2.1).
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2.7.6 Immunocytochemistry (ICC) for analysing the p53 status of the isolated
clones

Cells cultures were set up in petri dishes (diameter 62mm) containing 7xl04
cells/ml in a final volume of 5ml of complete growth medium. Once the cells were

attached (following overnight incubation) they were washed with 0.01M PBS, fixed using
cold methanol:acetone (1:1) for lOmin, and left to dry. Once dry, the primary antibody
anti human p53 (sheep polyclonal, diluted in 0.01M PBS plus 10% (v/v) FCS was added
at a dilution of 1:10,000 (the lowest recommended dilution for the primary Ab as

recomemnded by the supplier is 1:1,000). The petri dishes were placed at 4°C overnight.
The next day, cells were washed three times with 0.01 M PBS (lOmin wash). The
secondary antibody, HRP anti-sheep Ig (diluted 1:50 in 0.01 M PBS containing 10% v/v
FCS) was then added. The cells were incubated at room temperature for lhr. The cells
were washed three times with 0.01M PBS (lOmin wash and left to dry. The next step
was the demonstration of the peroxidase activity. DAB tablets were dissolved in MQ
distilled water (one DAB tablet plus one tablet of urea hydrogen peroxide provides 15ml
of ready to use liquid substrate) (in 15ml of MQ water, the concentration of DAB is
0.7mg/ml, and the concentration of the urea hydrogen peroxide is 0.17mg/ml). 2ml of the
substrate was then added to each of the petri dishes for 5min (preliminary experiments
were carried out to optimise the exposure time for each cell line). The petri dishes were

washed thoroughly with tap water and air-dried. They were then stained with methyl green
(1% (w/v) light green in 1% (v/v) acetic acid) and they were observed under the light
microscope. The staining is usually seen as intense staining of the nucleus (dark green

colour) in the cell lines which express p53.

2.7.7 Focus formation assay

Flasks were set up with 5x10s cells/ml for each of the isolated clones, and left in
the incubator until they reached confluence. The culture medium was changed twice a

week for a period of seven weeks. The morphology of the confluent layers was observed
regularly (at least once a week) using an inverted microscope. After seven weeks of
incubation, the medium from the flasks was decanted and the cells were washed with
PBS. The cells were then fixed with methanol and stained with 10% (v/v) Giemsa. The
flasks were then observed by placing them in a light box and using a stereomicroscope
(KYOWA OPTICAL).

2.8 Flow cytometry analysis
The primary purpose of this experiment is to analyse the cell cycle of the parent

340-RPE T53 cell line and compare its response after irradiation to the established clones.
In this way, any differences in cell cycle kinetics after irradiation can be elucidated.
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a) Procedure
Flasks were set up containing lxlO5 cells/ml (cells in log phase) and irradiated

with UVB as described in section 2.3.1. The flasks were then incubated further and at

various times after irradiation, the cells were collected by trypsinization and centrifuged at

10,000xg for lOmin. The supernatant was decanted and the cell pellet was resuspended
into 5ml of PBS. The cells were peletted again by spinning for lOmin at 10,000 xg. The
supernatant was decanted and the cell pellet was fixed by adding very slowly 4ml of ice
cold methanol. The fixed cells can be stored at 4°C for up to 1 month.

Once a sample was available for analysis, the tubes were centrifuged again at

10,000 xg for lOmin, the supernatant was decanted and the cell pellet was left to dry.
Once dry, the pellets were resuspended into 1ml of PBS, transferred into a 1.5ml
eppendorf tube. lpl ofRNAse A (20mg/ml) was then added into each of the samples and
incubated for 45min at 37°C. 5pl of propidium iodide (PI) (stock solution 0.4mg/ml)
was then added in each one of the samples and gently mixed. The samples were then
placed into an ice bucket and covered with aluminium foil because PI is light sensitive
until flow cytometer was set up. It is important to note that the samples have to be
processed within 2-3 hours maximum after the PI was added.

b) Analysis of the cell cycle data with the Cell Quest program
The analysis of the collected data was performed using the Cell Quest program

which is running in the software of the flow cytometer. The analysis was based on the
published method of Ormerod (1987). The method is called "halving the G peak". This
method assumes (incorrectly) that the S-phase does not contribute to the histogram below
the G1 peak or above the G2 peak. It underestimates cells in S phase. The method can

be applied graphically, or using any computer program that allows regions to be set on a

histogram, and sums the number of cells within the region.
Convolution of the DNA histogram by folding the G-peak:
1) Locate the peak channel for G1
2) Locate the lower channel in which the frequency is <5% peak frequency
3) Calculate the number of cells between the two channels, double that number and equate

to NOT

4) Make a similar calculation for G2
5) Ns=total cells-(NGl+NG2)

2.9 Calibration of UV sources

The UV lamps which have been used in this study were two:
a) UVA was delivered from a bank of 4 tubes which emit max at 365nm (PHILIPS TLD

18W) at a distance of 14 cm to the petri dish with a dose rate of 20.5 Jm^s'l.



b) UVB was delivered from a single broad band spectrum tube (UVP products, model
UVLM 26) which emits UVA (46.7%), UVB 52.9%) and UVC (0.4%). Maximum
emmision is at 313nm. The distance between the tube and the petri dish is 16.5cm. The
dose rate was 7.09 J/m^/s'l.
The irradiance was measured by using a UVX radiometer from UVP products. The
radiometer was calibrated against a double grating spectroradiometer (type DM150BC)
from Bentham Instruments Ltd with a calibration traceable to the National Physical
Laboratory,Teddington, Middlesex. The calibration was performed by Dr H. Moseley at
the Photobiology Unit,Ninewells Hospital, University of Dundee. The measurements for
estimating the absorption of different wavelengths through the plastic were also
performed in the same unit.
These are the values of the dose rate, of irradiation through the plastic, which have been
calculated after taking into consideration the calibration of the UV meter and the
correction factors derived from it, and also the absorption of different wavelengths from
the plastic.

UVA irradiation without the lid of the petri dish= 20.48J//m2/s~l
UVA irradiation+lid of the petri dish= 17.75J/m2/s"l (13.3% absortpion)
UVA irradiation+flask= 15.49J/m2/s~l (24.3% absorption)
UVA+acetate= 13.4J/m2/s"l (34.57% absorption)
UVB irradiation without the lid= 7.09 J/m^/s"!
UVB irradiation+flask= 2.8 J/m^/s"! (absorption 60.5%)

The graphs which illustrate the absorption of different wavelengths from the tissue culture
flask and the lid of the petri dish, which have been used for culture experiments can be
found in the Appendix 1 (a and b). These measurements have been performed by Dr Neil
Gibbs, in the Photobiology Unit, Ninewells Hospital, University of Dundee. The graphs
which illustrate the spectrum of the UV sources which have been used in this study, and
the corresponding spectrum after the UV irradiation was filtered through the plastic, can
be found also in the Appendix 1 (c, d, and e).

2.10 Statistics

A number of statistical tests have been used in this thesis in order to calculate the

significance of the obtained results in several sections. These are:

a) one side student t-test, was used in the experiment of sister chromatid exchange in
order to calculate if the number of SCEs in the irradiated sample is statistically different
from the control sample (significance level <0.05). The same test was also applied in
order calculate if the frequency of specific points, in the graphs representing colony
diameter, are statistically significant from the control.
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b) regression coefficients were calculated for each MN experiment in order to estimate if
there is any correlation between MN frequency and increasing dose of irradiation
(significance level <0.05).
c) linear regression analysis was used for each cell line after UVA and UVB irradiation in
order to esimate if there is any correlation between MN induction and clonogenic survival.
Statistical analysis of the MN and cell survival data was performed in log transformed
values (level of significance <0.05).
d) the analysis of the survival curves in various sections in this thesis was performed
using analysis of variance (one way, ANOVA). This test analyses if two survival curves
(same doses of irradiation) are statistically significant from each other or not (level of
significance <0.05).
e) survival curves have been fitted using the statistical program "ORIGIN". This
program fits the best fit line in each graph with the survival curves using the linear
quadratic relationship , -In (SF)=aD+(3D2, where SF is the surviving fraction, D is the
dose and a and (3 are constants. The a and (3 parameters which are illustrated in table X
have been calculated automatically by the program for each survival curve.

B. Materials in alphabetical order

I. Antisera

anti-p53 Sheep anti-human p53, cat. no. S206, SAPU
HRP Horseradish Peroxidase goat-anti-sheep IgG cat.no. T084, SAPU
II. Cell lines

A431: Human epithelial cell line (vulva carcinoma)
HACAT: Human epithelial cell line (skin keratinocytes)
HTORI-3: Human epithelial cell line (thyroid)
340-RPE T53: Human epithelial cell line (retinal pigment epithelial)
H1299: Human epithelial cell line (lung adenocarcinoma)

III. Reagents and equipment
Agarose: Low melting point, GIBCO

Antibiotics: Penicillin, GIBCO

Streptomycin, GIBCO

Centrifuges: Cytospin preparations, SHANDON
Universal tubes, CENTAUR No2

Chemicals: Acetic acid, BDH ANALAR
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Acridine orange (3,6 bis (Dimethylamino)acridine), SIGMA
Ammonium acetate, Fisons analytical reagents
Acetone, BDH ANALAR
Ara-C (cytosine (3-D-arabino-furanoside), SIGMA
BrdU (Bromodeoxyuridine), SIGMA
Cytochalasin B (made from Helminthodsporium dematooideum),SIGMA
Demecolcine solution, liquid containing lOmg/ml demecolcine in HBSS,

Diff Quik: staining kit for micronuclei, SIGMA
DMSO (dimethyl sulfoxide), GIBCO
DAB(3,3 Diaminobenzidine) peroxidase substrate tablets set, SIGMA
Ethanol, BDH ANALAR
Ethidium Bromide, SIGMA

Formaldehyde, BDH ANALAR
Giemsa Gurr, BDH
INT 2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-phenyl-tetrazolium chroride)
Light green of yellowish, SIGMA
Methanol, BDH ANALAR

Methylene Blue, SIGMA
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5diphenyl tetrazolium bromide),
SIGMA

Nickel sulphate (Hexahydrate), SIGMA
Phosphate buffered tablets, SIGMA
Propidium iodide, SIGMA

SIGMA

Electrophoresis: apparatus, ANACHEM

DNA ladders: lOObp ladder, PROMEGA
1Kb ladder, PROMEGA

ELISA

Plates:

Reader:

96 well bottom plates, NUCLON
DYNEX TECHNOLOGIES MRX

Enzymes: Proteinase K, SIGMA

RNAse, SIGMA

Trypsin, DIFCO

FACS: Becton-Dickinson Flow cytometer
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Microfuge: DENVER INSTRUMENTS

Microscopes: Observation of agar colonies, OLYMPUS TOKYO MODEL SZ
Counting of fixed colonies in the light box, H.A. WEST (X-RAY) LTD
Observation of fixed colonies and cells in the flasks and petri dishes,
KYOWA OPTICAL

Observation of cell cultures, OLYMPUS TOKYO MODEL CK 40
Observation of chromosome material, LEITZ LABORLUXII

Photography:
Cameras:

Films:

Photographs of chromosome material, micronuclei and p53 stained cells
were taken using the ZEISS MODEL MC 63
Fluorescence photographs for apoptotic cells and mycoplasma detection
were taken using the NIKON microscope, supplied with a LABOPHOT
mercury lamp power
Black and white or colour, KODAK

Selection

markers: Gentamycin, GIBCO
Hygromycin, GIBCO

Slides (glass): BDH

Tubes: Eppendorf tubes, Sarstedt
10ml and 20mlplasticUniversal tubes, Sarstedt

Particle counter: (Coulter counter) MODEL Zl,

Spectrophotometer: Spectronic 601, Milton Roy

Stirrers: Fisons

Tissue culture:

Medium: DMEM F12 with NEAA w/o L-glutamine and sodium pyruvate, GIBCO
DMEM F12/NUT MIX F12 (HAM), L-glutamine, 15mM Hepes buffer
with pyridoxine, GIBCO
DMEM F12/NUT MIX F12 (HAM) with L-glutamine, GIBCO

FCS: Globepharm
L-glutamine: medium supplement, FLOW
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GIBCO

GIBCO

SIGMA

HERAEUS (vented) HOTPACK, PHILADELPHIA, USA (not vented)
small (62mm diameter), large (92mm diameter) NUNCLON
T75cm2, T25cm2NUNCLON

CORNING

penicillin:
streptomycin:
DMSO:

Incubators:

Petri dishes:

FLASKS:

General

plasticware:
Sodium bicarbonate 7.5%: GIBCO

UV equipment: UVP UV transiluminator GR1

Waterbath: Grant

C. Formulation of the most frequently used solutions
Cell lysis
solution: (part of the Flowgen DNA extraction kit):

0.7M Ammonium chloride, 5mM EDTA pH8.0 and Sodium
bicarbonate 5.5% (w/v).

Fixative

solution: 3 parts methanol, 1 part acetic acid

Hypotonic
solution:

Isotonic

solution:

lOx Loading
buffer:

0.075M KC1

sodium chloride 7.9gr/lt
disodium hydrogen orthophosphate 1.9 gr/lt
EDTA disodium salt 0.4gr/lt
Potassium chloride 0.4gr/lt
Sodium dihydrogen orthophosphate 0.2gr/lt
Sodium floride 0.3gr/lt

0.25% (w/v) Bromophenol Blue
0.1MEDTA pH 8.0
20% (v/v) Ficoll
25% (w/v) XC

PBS (10X): w/o calcium and magnesium, GIBCO
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Protein precipitation
solution (part of the
DNA extraction kit

from Flowgen): 0.3 M Ammonium acetate

Propidium Iodide
staining solution: 5mg of propidium iodide/ml of lxPBS

200mg of DNAse-free RNAse (SIGMA)
Solution always made fresh before use

SSC 150mM EDTA

lOmM NaCl

lOmM Tris.Cl pH 7.5
TBE

(10X stock): 55gr Boric acid
40ml 0.5M EDTA

108 gr. Tris base

TE: ImMEDTA

lOmM Tris base pH/HCl/7.6
Trypsin
solution: 25% (v/v) trypsin, 0.02% (v/v) PBS/EDTA
Sorrensen's glycine
buffer (MTT assay): 0.1M glycine

0.1M NaCl adjusted to pH10.5 with 1M NaOH
Sorrensen's buffer:

for SCEs: 4.54gr of Potassium dihydrogen orthophosphate/500ml MQ water

5.933gr of di-Sodium orthophosphate/500ml of MQ water

pH 6.8 with 1M NaOH

D. Formulation of most frequently used growth media
Agar plates: agar 3% and 5% prepared by diluting the agar powder in MQ

sterile distilled water.

Complete tissue
culture medium:

HTORI-3 cell line DMEM F12, 7% v/v FCS, penicillin (100 u.i./ml),
streptomycin (lOOpg/ml) and 2mM L-glutamine.

HACAT cell line DMEM F12, 10% v/v FCS, penicillin (100 u.i./ml)
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streptomycin (lOOpg/ml) and 2mM L-glutamine.
A431 cell line same formulation as for the HACAT cell line.

H1299 cell line same formulation as for the HACAT cell line.

340-RPE T53

cell line DMEM F12,10% FCS, 2mM L-glutamine, pyridoxine,
and 15mM Hepes buffer, gentamycin (lOmg/ml), hygromycin
(lOmg/ml) and sodium bicarbonate 0348% (w/v).
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CHAPTER 3
The general effects of UV and ionizing irradiation

in human epithelial cell lines



3.0 Introduction

In order to study the general effects of UV and ionising irradiation on human
epithelial cell lines, a number of approaches were adopted. A series of survival curves
were performed in order to establish the radiosensitivity of each cell line towards UVA,
UVB and ionising irradiation, at different stages of cell growth. The diameter of the
colonies produced from the standard colony assay was measured in order to examine, if
UVA or UVB irradiation can cause the phenomenon of "small colony formation". The
presence of giant cells in these colonies was also examined. The ability of UVA, UVB
and ionising irradiation to cause chromosome damage was assessed by using the
micronucleus assay. Finally, the mutagenic potential of UVA and UVB irradiation was

tested using the sister chromatid exchange assay.

3.1 Growth curves

Objective: to estimate the population doubling (PD) time of the human epithelial cell
lines used in this study.

3.1.1 Experimental procedure
Growth curves were performed for each cell line as described in Materials and

Methods, section 2.3.3. For each cell line, an initial number of 6000 cells per petri dish,
in a final volume of 3 ml of medium, was plated in 62 mm diameter petri dishes. The
petri dishes were placed in the incubator (5% or 10% CCU, according to the cell line).
Each day, a number of petri dishes was taken out of the incubator, and following a

standard trypsinisation procedure, the number of cells per petri dish was estimated. The
experiment was repeated three times for each cell line with triplicate cultures for each
experiment (n=3).

3.1.2 Results

As shown in Fig. 3.1, the growth rate of HTORI-3, A431 and HACAT cell lines
is similar, whereas the 340-RPE T53 cell line showed a slower growth rate. Table 3.1
shows the PD for each one of the cell lines.

Table 3.1 Population doubling time for the HTORI-3, HACAT, A431 and 340-RPE
T53 cell lines

Cell line PD

HTORI-3
HACAT
A431
340-RPET53

24hr
22hr
21 hr
41 hr

.
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GrowthcuirvesoftheHTORI-3,HACAT,A431and34DRPET53celllines Days

0hacatcelllineOa431celllinehTORI-3celllinea340-RPET53cellline
Fig.3.1ThefigureshowsIhemeannumberofcellspresentincellculturesplatedin62mmindiameterpetridishes,of20(110cells/ml

(inafinalvolumeof3mlmedium)measuredinaperiodof14days.Eachpointinthegraphcorrespondstothemeanvalueofthree replicateexperimentswithtriplicatedishescountedeachday±S.E(n-=3).



The population doubling time (PD) for all the cell lines was calculated in the middle of the
exponential phase of growth.

3.2 Survival curves

Objective: To investigate the clonogenic survival of human epithelial cell lines
(HTORI-3, HACAT, A431 and 340-RPE T53), following various doses of UVA, UVB
and ionising radiation, using as an endpoint the colony assay.

3.2.1 Experimental procedure
Cell cultures of HTORI-3, A431, HACAT, 340-RPE T53 human cell lines, were

set up described in Materials and Methods, section 2.3.1. Cells were plated out at a

concentration of 2xl05 cells/ml in a final volume of 10 ml of complete growth medium in
92 mm diameter petri dishes, and at a concentration of 3xl05 cells per ml of complete
growth medium in T80 cm2 flasks, for irradiation using UVA and UVB. Cells irradiated
with UVA and UVB were set up in T25cm2 flasks at 2xl04 cells/ml of complete growth
medium. Before irradiation with UV, the cells were washed thoroughly with PBS to
remove any traces of serum. Following irradiation with UVA, UVB and ionising
irradiation, the cells were trypsinised, counted and plated at appropriate concentrations by
taking into consideration the PE of the cell line and the cytotoxicity following irradiation.
The plating efficiency (PE) of each cell line and the surviving fraction (SF) were

measured following the method described in Materials and Methods, section 2.3.1.
Colonies containing more than 50 cells were taken into account when counting the
number of colonies per petri dish. Each experiment was repeated three times (unless
otherwise stated) with five replicate dishes in each experiment (n=3). Statistical analysis
to compare survival curves was performed using the analysis of variance (ANOVA)
(significance level <0.05).

3.2.2 Results

The survival curves for HTORI-3, HACAT, A431 and 340-RPE T53 cell lines
are shown in Fig. 3.2 (a-e) and 3.3 (a-e). These survival curves were obtained by
irradiating the cells with or without the lid of the petri dish for UVA and UVB
respectively. The survival of each individual cell line is presented on its own in Fig. 3.2
a-d and 3.3 a-d and the survival of all the cell lines is superimposed for direct comparison
purposes in Fig. 3.2e and Fig. 3.3e (cells in exponential phase). Survival curves

obtained for the 340-RPE T53 cell line, irradiated through the flask, are shown in Fig.
3.4. The survival curves obtained from both cell lines irradiating the cells at plateau phase
using UVA, UVB and ionising radiation are shown in Fig. 3.5.

The above survival curves were directly compared to the survival curves obtained
by irradiating the cells at the exponential phase of growth. Irradiation of all cell lines
with UVB, showed that HTORI-3 cell line is the most radiosensitive as compared with
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HACAT, A431 and 340-RPE T53 for the same doses of UVB irradiation. The
difference in cell survival between HTORI-3 and the other three cell lines becomes

enhanced with increasing doses of UVB irradiation. Direct comparison among the cell
lines cannot be performed due to different doses of UVB irradiation used for the
construction of these survival curves. However, the difference between HTORI-3 and

the other three cell lines can be partly justified by comparing cell survival at two points in
the survival curve (156J/m2 and 475J/m2). Both points are statistically different from the
other three cell lines (P<0.001, t-test), whereas there is no statistical difference for the
same points among the other three cell lines (340-RPE T53/HACAT P=0.236 and 340-
RPE T53/A431 P=0.273). Furthemore, Fig. 3.3e shows that in general, there is no

difference among the HACAT, A431 and 340-RPE T53 cell lines, as far as their
radiosensitivity is concerned, for the same doses of UVB irradiation.

Irradiation of all cell lines with UVA showed that in general, there is a trend for
the A431 and HTORI-3 to be more radiosensitive, followed by the HACAT and the 340-
RPE T53 cell lines, for the same doses of UVA. However, as it can be seen from the

Fig. 3.2e, this observation should be treated with caution, since there is a significant
overlapping among the same points of cell survival for all cell lines. However, at high
doses of UVA (96 KJ/m2) this difference increases. At this particular dose (Fig. 3.3e),
HTORI-3 and A431 show the same survival rate, followed by HACAT and 340-RPE
T53 cell lines. Statistical analysis was performed in order to compare the different cell
lines in terms of cell survival and it was indicated that, only the HACAT and the 340-
RPE T53 cell lines showed statistically significant differences when each one was

compared with each one of the other cell lines tested for that particular dose
(HACAT/HTORI/3 P=0.009, HACAT/A431 P=0.003, 340-RPE T53/HTORI-3
P<0.001, 340-RPE T53/A431 P<0.001 and 340-RPE T53/HACAT P<0.001).

The radiosensitivity of the cell lines towards UVA irradiation can also be
assessed, by calculating the "irradiance ratio" (the ratio of UV doses for 340-RPE T53
versus all other cell lines) which is the dose required to reduce the clonogenic survival
approximately to 25%. This ratio was 1.66 (340RPE T53/HACAT) for the HACAT cell
line, 1.87 (340-RPE T53/A431) for the A431 cell line, and 2.08 for the HTORI-3 cell
line (340-RPE T53/HTORI-3) (Stary et ai, 1997). Irradiation of the cell lines with UVB
revealed the same hierarchy concerning the resistance of the cell lines towards UVB. The
340-RPE T53 cell line is the most resistant, followed again by the HACAT and A431 cell
lines, whereas the HTORI-3 cell line is the most radiosensitive. The irradiance ratio was

calculated as 0.84 for the HACAT (340-RPE T53/HACAT), 1.67 for the A431 cell line
(340-RPE T53/A431) and 10.18 for the HTORI-3 cell line (340-RPE T53/HTORI-3).
Furthermore, analysis of the various parameters which describe various characteristics of
a survival curve is illustrated in Table 3.2. These characteristics include, D37, Dq, Do,
a and (3 (described in detail previously in Materials and Methods, section 2.9).
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Do

Dq

D10

D37

a

0

UVAIRRADIATION CELLLINE HACAT

60453J/m2
23467J/m2
83920J/m2
>95850J/m2

0.05±0.0072

0.23±0.0067

A431

49876J/m2
<0J/m2

72365J/m2
>95850J/m2

0.04±0.0038

0.087±0.009

HTORI-3

46834J/m2
16733J/m2
63576J/m2
>95850J/m2

0.09±0.0018

0.025±0001

340-RPET53(PD)
66758J/m2
19563J/m2
86321J/m2
191863J/m2

0.08+0.0024

0.0504+0.0039

340-RPET53(flask)
121110J/m2
21450J/m2
142560J/m2
226975J/m2

0.02+0.016

0.091±0.0032

UVBIRRADIATION HACAT

539J/m2

<0

659J/m2

>1418J/m2

0.208+0.011

0.029±0.008

A431

350J/m2

71J/m2

421J/m2

>475J/m2

0.011+0.002

0.033+0.0041

HTORI-3

41.6J/m2

<0

46.7J/m2

218J/m2

0.188±0.012

0.002+0.0005

340-RPET53(nolid)
429J/m2

268J/m2

697J/m2

1138J/m2

0.078+0.007

0.018+0.0085

340-RPET53(flask)
1876J/m2

437J/m2

2349J/m2

5009J/m2

0.011+0.0013

0.082+0.0004

Table3.2Survivalcurveanalysis.SixdifferentparametershavebeenusedtodescribetheUVsurvivalresponseofthefourhuman epithelialcelllinesusedinthisstudy,followingUVAandUVBirradiation.Alltheparametersdescribesurvivalcurveswhichhave beenobtainedbyirradiatingthecellsattheexponentialphase(PD,lidofthepetridish).



Fig. 3.4 provides information on the survival of the 340-RPE T53 cell line following
UVA and UVB irradiation with and without the lid of the petri dish, and through the
flask. As it can be seen, in order to achieve the same level of cell survival following
UVA and UVB irradiation, irradiation has to be increased due to the absorption through
the plastic of the culture flask.

Analysis of the survival curves obtained by irradiating cells, from the HTORI-3
and 340-RRPET53 cell lines with UVA and UVB irradiation, at the exponential and
plateau phase of growth, revealed statistically significant difference (PcO.OOl) only in
cells in both cell lines irradiated with UVB. In contrast, comparison of the SC between
exponential and plateau phase cells, for each cell line, obtained following UVA
irradiation, showed no significant differences (P=0.098 for the HTORI-3 and P=0.083
for the 340-RPE T53). Furthermore, both cell lines showed significant differences, in
survival terms, between exponential and plateau phase cells, following ionising radiation
(P<0.001 for the HTORI-3 and P<0.001 for the 340-RPE T53)

3.3 Colony diameter and formation of colonies with giant cells
Objective: To examine if UVA or UVB irradiation can cause the phenomenon of small
colony formation previously documented using ionising radiation (Puck and Marcus,
1956). In addition the colonies were examined for the presence of giant cells.

3.3.1 Experimental procedure
The petri dishes containing fixed and stained colonies for microscopic analysis,

were observed using a stereomicroscope. As it has been mentioned in Materials and
Methods section 2.3.7, the colony diameter of the colonies was calculated in mm by

2

using a linear graph paper, and further transformed in mm using the equation calculating
the surface of the circle. By following this method, the original values were transformed
to mm . The colonies were then classified according to their colony diameter as 0-3

2 2 2
mm", 3-6 mm , 6-9 mm , and the frequency of each colony size in the total number of
colonies was calculated. More than 200 attached colonies were examined for estimating
colony diameter for each cell line and for each dose. In addition, these colonies were

further examined in order to estimate the proportion of colonies containing giant cells.

3.3.2 Results

The frequency of small colonies (<3mm2) in relation to the dose used to irradiate
the cells is shown in Fig. 3.6 and 3.7. By plotting the frequency of small colonies
versus dose of irradiation, a pattern emerges showing that the number of small colonies
increases with increasing dose ofUVA and UVB irradiation. This trend is evident for all
the cell lines, except when the 340-RPE T53 cell line is irradiated with UVA.
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FrequencyofsmallcoloniesfromdifferenthumanepithelialcelllinesasafunctionofUVAirradiation HTORI-3UVA KJ/m2
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Fig.3.6GraphsshowingthefrequencyofsmallcolonyformationfollowingUVAirradiationa)HTORI-3b)HACATc)A431and
d)340-RPET53celllines.Smallcoloniesdefinedas:hosewithadiameterofequalorlessthan3mm2formedafter14or21daysafter plating.Eachpointcorrespondstothemeanvalueofthreeindependentexperiments±S.E(n=3).
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d)340-RPET53celllines.Smallcoloniesdefinedasthosewithadiameterofequalorlessthan3mm2formedafter14or21daysafter plating.Eachpointcorrespondstothemeanvalueofthreeindependentexperiments±S.E(n=3).



A large variation in colony diameter was observed in the colonies produced from
all cell lines (Appendix 2, a to h). This variation is enhanced especially with colonies
produced following various doses of UVA and UVB in all the cell lines. However, at veiy
large doses of irradiation, the variation decreases since only very small colonies
predominate.

Observation of the HTORI-3 cell line showed that, at relatively small doses of
UVA irradiation the frequency of small colonies increases but not significantly. A
significant reduction in colony diameter is observed only at very high doses of UVA and
UVB irradiation. In fact, at doses which reduce cell survival significantly, the frequency
of small colonies (<3mm2) is statistically different from the control frequency (P=0.019
for 631 J/m2, UVB and P=0.024, for 96KJ lm\ UVA) (Fig. 3.6a and 3.7a). HACAT

(Fig. 3.6b and 3.7b) and A431 (Fig. 3.6c and 3.7c) cell lines also showed reduced colony
diameter with both UVA and UVB irradiation. Again, the frequency of small colonies
increased with dose. Statistical analysis showed, that in A431 cell line, both points of
colony frequency which correspond to the highest doses of UVA and UVB irradiation are

2

statistically significantly different from the control (P=0.009 for 631J/m UVB and
P=0.016 for 96KJ/m2 UVA). The same was concluded for the HACAT cell line

(P=0.035 for 943J/m2 UVB and P=0.029 96KJ/m2 for UVA). The 340-RPE T53 cell
line showed some "resistance" towards the formation of small colonies following UVA
but not UVB irradiation (P=0.018 1418J/m2 UVB and P=0.120 for 27KJ/m2 UVA).
Direct comparison between 340-RPE T53 and the other three cell lines cannot be made,
because the time of incubation is three weeks for the former and two weeks for the latter

cell lines. Nevertheless, a comparison among the HTORI-3, HACAT and A431 cell lines,
clearly showed that all the cell lines exhibit the phenomenon of small colony formation
with increasing doses of UVA and UVB irradiation.

Fig. 3.8 to 3.9 provide information about the percentage of colonies with giant
cells in each cell line and it becomes evident that the percentage of colonies with giant
cells increases with dose. HTORI-3 and 340 RPET53 cell lines show an increase in the

proportion of these colonies with increasing doses of UVB irradiation, whereas A431 and
HACAT cell lines seem to be more "resistant" towards the formation of colonies with

giant cells following UVB irradiation (Fig. 3.8). UVA has not induced any significant
increase in the frequency of colonies with giant cells in HTORI-3, A431 and HACAT cell
lines until reaching the doses which reduce the SF of these cell lines significantly (Fig.
3.9). The 340-RPE T53 cell line appears to be quite resistant to the induction of colonies
with giant cells following UVA irradiation and does not show any significant increase in
the frequency of colonies containing giant cells even at high cytotoxic doses. A
representative example (34-RPET53) of a colony which is constituted from unirradiated
cells is illustrated in Fig. 3.10a, whereas Fig. 3.10b illustrates a section from a colony
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Fig. 3.10 Figure showing a representative colony formed by non-irradiated HTORI-3 cells (a),
b) Part of a colony formed by HTORI-3 cells following UVB irradiation (600J/m2) which
contains a large number of giant cells indicated by the red arrows. A giant cell is defined as the
mononuclear cell whose nucleus volume is >2 times larger than a normal cell (Roy et al., 1999)



2

with giant cells, which is constituted from cells which have been irradiated with 600 J/m
of UVB irradiation, three weeks following irradiation.

Interestingly, UVB appears to induce a much higher frequency of colonies with
giant cells in contrast with UVA irradiation. HTORI-3, A431 and 340-RPE T53 cell
lines show an almost linear dose response relationship between formation of colonies
with giant cells and irradiation dose, whereas the HACAT cell line appears to be quite
resistant towards the formation of these colonies.

3.4 Chromosome analysis
Objective: to analyse the chromosome content of the four human epithelial cell lines
examined in this study.

3.4.1 Experimental procedure
Chromosome preparations were performed as has been described in Materials and

Methods section 2.3.6. Cell cultures (petri dishes of 92mm in diameter) were set up
4

containing 4x10 cells/ml in a final volume of 10ml of complete growth medium and
incubated at 37 °C. When the cells reached the exponential phase, colcemid was added
to the medium at a final concentration of 0.1pg/ml for 2h. The cells (attached and
floating) were pelleted and the pellet was hypotonically treated using 0.075M KC1 and
fixed using ice cold fixative. The cell suspension was added dropwise to the slides and
left to dry. Once dried, they were stained with Giemsa (solid staining) and each
metaphase was observed using a light microscope (xlOO magnification) or exposed to

trypsin (G banding) and then observed using a light microscope equipped with a green

filter (xlOO magnification). A minimum of 100 metaphases were counted in order to
obtain an estimate of the average number of chromosomes/metaphase.

3.4.2 Results

Analysis of the chromosome content of the human epithelial cell lines used in this
study, by solid staining revealed that three out of four (HTORI-3, HACAT and A431)
were aneuploid, whereas 340-RPE T53 cells were diploid. Results of this analysis are

shown in Fig. 3.11a and b. Analysis of the HTORI-3 cell line indicated that the average

number of chromosomes/metaphase at early passage is 60-70 and this number was found
to be unstable in culture (Fig. 3.12b). In fact, after twenty passages, chromosome
analysis revealed that a number of metaphases had up to 180 chromosomes (3.12a). G
banding analysis of a randomly chosen metaphase revealed that the metaphase was

aneuploid, and characterised by triploidy for chromosomes 13, 14, 19, 20, 21, 22,
whereas heptaploidy was observed for chromosome 7 (Fig. 3.13). In addition, several
marker chromosomes were found during the analysis of the karyotype along with
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Fig. 3.11 Solid (Giemsa) staining of the four human epithelial cell lines.
a) HTORI-3 early passage
b) HTORI-3 late passage
c) 340-RPE T53 cells
d) HACAT cells
e) A431 cells
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chromosome abnormalities (translocations, inversions and rearrangements). G banding
analysis of the 340-RPE T53 cell line (46, XX) revealed that the diploid karyotype
remained stable over a large number of passages (Fig. 3.14).

G banding analysis of a randomly chosen metaphase in the HACAT cell line
showed hypertriploidy with 75 chromosomes being identified (Fig. 3.15). Four copies
of the chromosomes 13, 14, 15, 19, and 20 can be seen, plus five marker chromosomes.
Further analysis of this cell line over a number of passages, also revealed that, at low
passage number, the average number of chromosomes is 40-50 (Fig. 3.12c), but this
number was increased after 10-15 passages reaching up to 80-90 chromosomes/
metaphase. A large number of chromosome rearrangements and marker chromosomes
were also observed.

Finally, the A431 cell line was also found to be aneuploid. The average number
of chromosomes at low passage number was 40-50 and this number was increased up to
70-80 chromosomes/metaphase after approximately 10 passages (Fig. 3.12a). As it can
be seen from the karyotype, the cell line has a large number of chromosome
abnormalities, including structural rearrangements and marker chromosomes. The
metaphase shown in Fig. 3.16 was found to be hypotriploid, with one copy for
chromosomes 4, 5, 14 and 21, whereas chromosomes 7 and 18 are completely lost.
However, it has to be noted that the chromosome analysis of these cell lines is only
preliminary and cannot be used in order to make any specific conclusions. More detailed
analysis is needed in order to be able to comment with a specific degree of certainty in
various aspects of chromosome abnormalities.

3.5 Sister chromatid exchanges (SCE) and mitotic index analysis
Objective: to examine the induction of SCEs and the mitotic index in HTORI-3,
HACAT and 340-RPE T53 cell lines, following UVB and UVA irradiation.

3.5.1 Experimental procedure
4

Cell cultures (in 92mm petri dishes) were set up containing 4x10 cells/ml in a

final volume of 10ml of complete growth medium and placed at 37 °C overnight. The
cells were washed with PBS before irradiation with UVA and UVB, and following the
completion of the irradiation regime, complete growth medium was added into each petri
dish (10ml) and BrdU at a final concentration of 10 5M. After two cell cycles with BrdU,
colcemid was added to the cell cultures at a final concentration of O.lpg/ml. The cells
(attached and floating) were pelleted and the cell pellet was hypotonically treated using
0.075M KC1 and then fixed using ice cold fixative solution. The cell suspensions were

added dropwise on each slide, and once dried, the slides were stained with Hoechst
solution for 10 min, and then placed in plastic tray flooded with 2XSSC and exposed for
4h to UVA. After irradiation, the slides were dried and finally stained with Giemsa.
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Fig.3.14Gbandinganalysisofthe340-RPET53cellline.KaryotypeshowingchromosomesclassifiedaccordingtoISCN.
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Fig.3.16G-bandingA431cellline,a)KaryotypeshowingchromosomesclassifiedaccordingtoISCNb)Markerchromosomes.



The results presented in each figure represent the mean of three independent
experiments. Three hundred metaphases were counted for the 340-RPE T53 and
HACAT cell lines and one hundred and fifty for the HTORI-3 cell line in total. Each
independent experiment was performed using the same passage number for each cell line.
The slides were examined using a light microscope (xlOO magnification). For the
calculation of the mitotic index 2000 cells were counted for each individual dose, from
each cell line for each independent experiment.

3.5.2 Results

Representative chromosome preparations stained for the analysis of sister
chromatid exchanges in the HTORI-3 and HACAT cell lines are shown in Fig. 3.17a and
b respectively. Fig. 3.18a and 3.18b showed the induction of SCEs in the HTORI-3,
HACAT and 340-RPE T53 cell lines following irradiation with UVA and UVB.
HTORI-3 was more sensitive to the induction of SCEs compared to the HACAT cell line
for the same dose of UVA (Fig. 3.18a). In both cell lines, there was an immediate
increase in the frequency of SCEs, following a relatively small dose of UVA. In the
HTORI-3 cell line, the increase of SCEs was very small at 0.5KJ/m2 of UVA and not

statistically significantly different from the control (from 18.6 SCEs/metaphase to 19
2

SCEs/ metaphase, (P=0.086, t-test). However, following UVA irradiation with lKJ/m
the number of SCEs increased at a statistically significant degree to 33.72
SCEs/metaphase (P<0.001, t-test). At higher doses, the frequency reached a plateau
around 31 SCEs/metaphase and remained stable and above the background level. On the
other hand, the HACAT cell line, showed an immediate statistically significant (P<0.001,

2

t-test) increase in the frequency of SCEs following 0.5KJ/m of UVA (from control
levels of 7.23 SCEs/metaphase to 19.3 SCEs/metaphase). At higher doses, the
frequency of SCEs is reduced, however it remains relatively stable and above the
background level, over a range of high UVA doses.

It is worth noting that in the HACAT cell line, the distribution of SCEs/cell
remained on average stable without increase in larger doses of UVA. However, in the
HTORI-3 cell line, there is a clear increase in the distribution of SCEs/cell, for the same

doses ofUVA irradiation comparing to the HACAT cell line (Appendix 3a).
UVB irradiation of the HACAT, HTORI-3 and 340-RPE T53 cell lines, also

induced an increase in the frequency of SCEs. However, no direct comparison can be
made among the cell lines, concerning their sensitivity towards the induction of SCEs,
because different doses of UVB have been used (Fig. 3.18 b).

From the three cell lines tested, HACAT cells showed an immediate increase in
SCE induction (from control 9.7 SCEs/metaphase to 27.08 SCEs/metaphase, P<0.001,

2

t- test), following irradiation with 475J/m . This increase was followed by a plateau at
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Fig. 3.17 Induction of SCE in the HACAT cell line (a) and HTORI-3 cell line (b)
following IJVR irradiation. In each case the top photograph illustrates the non-
irradiated control cells and those bellow the irradiated (475J/m2 for both HTORI-3
and HACAT cells). In the HACAT cells, photos II and III show examples of the
variation in SCE induction between metaphases from the same cell line following
UVB irradiation (xlOO magnification).
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Eig. 3.18 Graphs showing the induction of SCEs following UVA or UVB irradiation,
a) Graph showing induction of SCEs/metaphase in the HTORU3 and HACAT cell lines
after UVA irradiation, b) Graph showing induction of SCEs/metaphase in the HTORI-3,
HACAT and 340-RPE T53 cells line after UVB irradiation. In each case, each point
Represents the mean of three independent experiment ±S.E (n=3).



higher doses. Similarly, the HTORI-3 cell line which showed an immediate increase in
2

SCEs following irradiation with 156J/m (from control 12.9 SCEs/metaphase to 30
SCEs/metaphase, P=0.008, t-test) followed by a saturation at higher doses. In contrast,

2

irradiation of the 340-RPE T53 cell line with 794J/m induced a statistically significant
(P=0.002, t-test) increase of approximately 15 SCEs, above the background level. This
increase was apparent at higher doses.

The mitotic index of all the cell lines was also measured following UVA and
UVB irradiation (Fig. 3.19 a and b). A comparison between the HTORI-3 and the
HACAT cell line, shows that the mitotic index for the HTORI-3 cell line is reduced to a

greater extent as compared with the mitotic index of the HACAT cell line for the same

doses of UVA. After UVB irradiation a general reduction in the mitotic index for all cell
lines was also observed indicating that UVB, at the doses administered, has the ability to

delay the cell cycle.
The measurement of SCEs on the aneuploid cell lines has also been calculated as

SCEs/chromosome. This analysis was found to be necessary since there is a difference
in the average number of chromosomes among the number of metaphases which have
been counted and therefore that difference may introduce a bias in the analysis of the data
(Appendix 3, a and b). In all the experiments, an effort was made in order to count

metaphases which contained on average the same number of chromosomes. However,
in terms of SCEs, analysis and plotting of this data show the same pattern with that
obtained by plotting SCEs/metaphase.

3.6 Micronucleus analysis
Objective: to investigate the induction of MN in human epithelial cell lines, after
ionising, UVA and UVB irradiation.

3.6.1 Experimental approach
Cells cultures were set up in 62mm petri dishes at a concentration of 105 cells/ml

in a final volume of 3ml of complete growth medium. After 24h (cells in exponential
phase) the cells were irradiated with UVA and UVB. Prior irradiation, the cells were

washed thoroughly with PBS in order to remove any traces of medium. Following
irradiation, complete growth medium was added to each culture, plus cytochalasin B at a
final concentration of 3pg/ml. The petri dishes were returned to the incubator and left to

complete one cell cycle (one day for the HTORI-3 and two days for the 340-RPE T53
cell line). The cells were then trypsinised, counted and fixed on slides using the cytospin
method. Once dried, the cells were stained using the Diff Quick method and observed
using a light microscope (xlOO magnification).

121



a) Mitotic inhibition following UVA irradiation
0.25

0.2 -

C 0.15 -

0.05

7 I

T

T T
T

□ HACAT

0 IITORI 3

0 0.53 1.065 3.195 5.32510.655 21.3 35.145
KJ/m2

b) Mitotic inhibition following UVB irradiation
0.25.

0.2-

x

.1 °-l5H
O

O

I o.i h

T T

0.05 -

I

T

T
T
I

T

r i'—'i* *i" 'i'" 'i r r

0 156 319 475 795 943 1099 1418
J/m2

□ HACAT

0 HTORI-3

E3 340-RPE T53

Fig. 3.19 Mitotic index in the HTORI-3, HACAT and 340-RPE T53 cell lines after various doses
of UVA (a) and UVB (b) irradiation. The values in each graph correspond to the mean value of
three independent experiments (6000 cells in total) ±S.E (n=3).



3.6.2 Results

The induced number of MN per 100 BN cells using ionising radiation in all the
human epithelial cell lines is illustrated in Fig. 3.20. HTORI-3 cell line (Fig. 3.20a)
showed an enhanced sensitivity towards MN induction as compared to the other cell lines
for the same dose of ionising radiation. For example, at 4 Gy the number of induced
MN/100 BN cells was 172±31.7 for the HTORI-3 cell line , 61±34 for the HACAT cell
line (Fig. 3.20b), 34125.3 for the A431 cell line (Fig. 3.20d), whereas for the 340-RPE
T53 cell line a number of 64121.1 MN/100 BN cells was recorded (Fig. 3.20c). Direct
comparison of all the experimental points among the cell lines clearly shows that A431
cell line is the most resistant towards MN induction following ionising radiation, and the
HTORI-3 the most sensitive.

All the experiments on the induction of micronuclei in HTORI-3, HACAT and
A431 by ionising radiation, showed a linear relationship between the frequency of
induced micronuclei and the dose of ionising radiation. In contrast, the 340-RPE T53 cell
line shows a saturation in the frequency of MN after 6Gy of gamma irradiation. The
linear relationship between MN induction and radiation dose was confirmed for the
HTORI-3 (DF= 1, r2 =0.98, P= 0.004), the HACAT (DF=1, r2=0.95, P=0.016), and
the A431 (DF=1, r2=0.98, P=0.006) but not for the 340-RPE T53 (DF=1, r2=0.62,
P=0.133).

Measurement of the distribution ofMN in the binucleate cell (BN) cells, revealed
that the number of MN/BN cell increased at high doses of ionising radiation, in all the
cell lines tested. FITORI-3 cell line showed the most enhanced sensitivity having from 2
to 6 MN/BN cell at high doses of ionising irradiation. A431 showed a maximum of 5
MN/BN cell at high doses, whereas HACAT and the 340-RPE T53 cell lines showed a

maximum of 4 MN/BN cell (Appendix 4a).
As an additional index of ionising-induced toxicity, the percentage of binucleated

cells (BN) cells was also calculated for all cell lines (Appendix 4a). It is clear that at high
doses of irradiation there is a decrease in the percentage of BN cells, with the HTORI-3
cell line being again the most sensitive as compared to the other cell lines.

Following the experiments performed using all the four human epithelial cell lines
and ionising radiation, experiments were conducted using UVA and UVB irradiation.
The obtained results indicated that in contrast to ionising radiation, UVA and UVB have a

reduced potential to induce MN formation. Fig. 3.21b illustrates a typical example of
micronucleus formation in the HTORI-3 cell line, following irradiation with 498J/m of
UVB. HTORI-3 (Fig. 3.22a) was more sensitive in MN induction as compared with the

2

A431 (Fig. 3.22d) cell line for the same doses of irradiation. For example, at 80J/m , a

number of 15±6 MN/100BN cells was scored in the HTORI-3 cell line, whereas for the
A431 cell line 11±2.6 MN/100BN cells were observed. Irradiation of the 340-RPE T53

cell line (Fig. 3.22c) with 156 J/m2, induced 14±2 MN/100 BN cells which was higher
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Fig. 3.21 MN formation in the HTORI-3 cells following UVB irradiation, a) non-irradiated
control cells, b) irradiated cells (498J/m2).
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than that of the HACAT cell line (Fig. 3.22b) (7±2 MN/100 BN cells) for the same dose
of UVB irradiation. However, it has to be noted that a direct comparison, involving
many different experimental points among the cell lines cannot be performed (except the
HTORI-3 and A431), because the points chosen to study MN induction were based on

the survival curves of the corresponding cell lines. Nevertheless, a good dose linear
relationship was demonstrated for all the cell lines HTORI-3 (DF=1, r2=92.9%,
P=0.008), HACAT (DF=1, r2=87.3%, P=0.020) A431 (DF=1, r2=88.7%, P=0.017),
and 340-RPE T53 (DF=1, r2=81.4, p=0.036) following UVB irradiation.

Following UVA irradiation, MN induction showed almost a linear relationship in
the 340-RPE T53 cell line (DF=1, r2=99%, PcO.OOl), with doses that significantly
reduce the survival of the cell line (Fig. 3.23a). The HTORI-3 cell line showed a linear
trend although not statistically significant (DF=1, r2=75%, P=0.058), despite the fact
that there was an increase in the frequency of MN with increasing doses of UVA (Fig.
3.23b). By comparing the two cell lines in terms ofMN induction at very high cytotoxic
doses, the HTORI-3 cell line appears to be more prone to MN formation following UVA
irradiation than the 340-RPE T53 cells.

Observation of the distribution of MN/BN cell (Appendix 4, b and c) indicates
that the majority of micronucleated binuclated (MN/BN) cells have 1-2 MN/BN cell on
average in the 340-RPE T53, HACAT and A431 cell lines following UVB irradiation. In
contrast, the number of MN/BN cell is increased with increasing doses for 340-RPE T53
and HTORI-3 cell lines following UVA irradiation (1-5 MN/BN cell) and HTORI-3 cell
line following UVB irradiation (1-3 MN/BN cell). Therefore, in the HTORI-3 and 340-
RPE T53 cell line, UVA has the potential to induce more MN/BN cell in contrast to UVB
irradiation, at doses which reduce the clonogenic survival significantly.

The percentage of BN cells which has been used as an index of toxicity
(Appendix 4, b and c), was also found to be reduced in all the cell lines under
investigation following high doses both UVA and UVB irradiation.

The cell lines which showed a good relationship between MN induction and
clonogenic survival following UVB irradiation are the HTORI-3 cell line (Fig. 3.24a)
(DF=1, r2=90.7, P=0.012) and the HACAT cell line (Fig. 3.24c) (DF=1, r2=90.9%,
P=0.012). On the other hand the A431 cell line (Fig. 3.24b) showed a moderate
relationship (DF=1, r2=59.9, P=0.012), and the 340-RPE T53 cell line (Fig. 3.24d) a

very poor relationship (DF=1, r2=42.2, P=0.236). Correlation between SF and MN
induction was not demonstrated either for the 340-RPE T53 cell line (Fig. 3.23a) (DF=1,
r2=76.8%, P=0.051) following UVA irradiation, or the HTORI-3 cell line (Fig. 3.23b)
(DF=1, r2=38.5, P=0.264).
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3.7 General discussion

3.7.1 Growth curves

The kinetics of cell growth of various cell types, of both human and rodent origin,
can be studied in vitro. In general, the majority of all established cell lines share the same

kinetic cell growth (in culture). During the first two-three days (lag period) cell growth is
limited. This is a period of adaptation during which all cells replace the glycocalyx (lost
during the process of trypsinisation) attach to the substrate and begin to spread. After
this point, the cell cultures enter the log phase. The duration of this phase depends on the
initial cell density, the growth rate of the cells, and the density at which cell proliferation is
inhibited. Finally, all cultures enter the "plateau phase". This is a phase where the
culture is confluent (all cells are in contact with each other) and the growth rate of the cells
is reduced or stopped due to the exhaustion of the culture medium (Rooney et al, 1990).

Analysis of the population doubling time, showed that HTORI-3, HACAT and
A431 share similar growth kinetics, in contrast with the 340-RPE T53 cell line which is
characterised by a longer population doubling time (Table 3.1). A period of slow growth
(lag phase) was observed for the first 3-4 days in all four cell lines after which the cells
entered the log phase at which point the population doubling time is usually calculated.
Then the cells entered the so called 'plateau phase'. This phase differed among the
individual cell lines. For example, HACAT cell line entered this phase after 10 days,
whereas A431, HTORI-3 and 340-RPE T53 cell lines entered this phase after 13 days in
culture. In general, growth curves can provide very useful information for the growth
kinetics of a particular cell line. In addition, the population doubling time can be used as

information in other experiments e.g. the SCE assay, or experiments involving the study
of genomic instability.

3.7.2 Survival curves

The colony assay was first introduced by Puck and Marcus in 1956, who
demonstrated that when a number of irradiated cells was plated in petri dishes or flasks
the cells which survived after the irradiation procedure had the ability to continue to

proliferate and form well defined colonies. By counting the colonies produced, after a

specific period of time, the plating efficiency and the surviving fraction of the cell line can

be calculated for a specific genotoxic insult e.g. radiation or drug treatment. Since then,
the colony assay has been used extensively in order to define the radiosensitivity of cell
lines in vitro.

The choice of the number of cells plated per petri dish of a given size is a

compromise and usually it depends on the cell line under investigation. The error in
estimating the number of colonies per dish decreases as the number of colony forming
units increases. In general, sampling uncertainty can be estimated as the square root of
the number of colonies. Counting the colonies can also be subjective. As a general rule,
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colonies containing more than 50 cells were taken into consideration for counting in the
experiments described in this thesis. However, this choice is rather arbitrary and it will be
influenced by the cell line under investigation. It is worth noting that counting colonies
with 200 or more cells, and excluding colonies with 50 or less cells can influence the
shape of the survival curve (Mothersill et al., 1987) although other investigators reported
that it does not (Thames et al., 1987).

Comparison of the survival curves presented in this chapter, showed that UVB
irradiation is much more deleterious than UVA. These results are in agreement with other
studies on cell killing following UVA and UVB irradiation of human fibroblasts (Enninga
etal., 1986; Smith et al., 1982; Keyseetal., 1983; Kantor et al., 1985; Roza et al., 1985;
Gill et al., 1987), in human epithelial cell lines (Jones et al., 1987; Robert et al., 1996), in
human lymphocytes (Arlett et al., 1992; 1993; Clingen et al., 1995; Green et al., 1996) and
human keratinocytes (Tyrell et al., 1990; De Leuw et al., 1994; Godar et al., 1993; Beer et
al., 1993; O'Reilly et al., 1997; Otto et al., 1999). In all these studies, it is evident that
high doses of UVA are required in order to reduce significantly the clonogenic survival of
the cell lines, whereas relatively low doses of UVB are required for a similar effect.

Irradiation of the human epithelial cell lines used in this study has been performed
in two ways. Firstly, the cells were irradiated through the lid of the petri dish or through
the tissue culture flask with UVA irradiation. Absorption ofUVA through the flask, does
not influence the quality ofUVA passing through the plastic, and subsequently the shape
of the survival curve obtained by irradiating through the flask. Secondly, in the case of
UVB, irradiation without the lid of the petri dish requires relatively small amounts of
UVB in order to reduce cell survival significantly, suggesting that the contaminating UVC
may contribute to cell killing at high doses of broadband UVB irradiation. This
observation is supported by the fact that, in order to achieve the same level of cell survival,
when irradiating through the flask, irradiation has to be increased, because of the strong

absorption of broadband UVB through the culture flask. Therefore, the survival curves
obtained in these experiments (without the lid of the petri dish), should not be considered
as survival curves obtained using pure UVB irradiation, but broad band UVB irradiation
(Appendix, Tables 1 to 3 for absorption spectrum graph). Furthermore, UVC is
completely absorbed through the plastic and therefore does not contribute to the shape of
the survival curve obtained by irradiating through the flask. Therefore these cells received
broadband UVB irradiation without UVC contamination.

3.7.3 Cell survival of exponentially and plateau phase cells: is there any

difference?

Irradiation of the HTORI-3 and 340-RPE T53 cell lines at different stages of
growth (exponential and confluent) confirmed that cells irradiated in the exponential
phase are always very vulnerable towards DNA damage induced by several agents (in this
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case, ionising and UV irradiation) in contrast with cells irradiated at a confluent stage.
This vulnerability derives from several features of the proliferating cells. Cells in the
exponential phase of growth must synthesize large numbers of proteins as structural and
catalytic requirements for cell growth and division. The disruption of the transcription of
these genes appears to account for the lethal effects of certain forms of DNA damage
(Hanawalt et al., 1994). Furthermore, the two parental strands of the DNA molecule
unwind in order to serve as templates for synthesis of each complementary daughter
strand during the S phase. Severe damage to these templates can interfere with DNA
polymerisation, leading eventually to several mutations in the daughter DNA (Kaufmann
et al., 1996). In addition, during mitosis the two sister chromatids are condensed and
separated, with each daughter cell receiving equal and identical genetic information.
Breakage and rearrangement of the chromosomes can lead to unequal and abnormal
genetic inheritance by the daughter cells (Harley et al., 1994). Analysis of the results
obtained for the two cell lines, revealed that there is a statistically significant difference
between the cells irradiated in exponential and confluent stage following UVB and
ionising radiation. In contrast, irradiation with UVA showed that there is no significant
difference in the cell survival, between the two stages of cell growth in the HTORI-3 and
340-RPE T53 cell lines. Thus it can be postulated that UVB induced DNA damage in
both cell lines cannot be repaired effectively when the cells are irradiated with UVB in the
exponential phase of growth. Moreover, the existence of a shoulder at low doses of UVB
in the HTORI-3 cell line, indicates that confluent cells can repair much more effectively
UVB induced DNA damage in contrast with the cells in exponential phase. The initial
shoulder of a survival curve is usually attributed to the repair of the lesions which are

induced by single hit processes, and the continuous bending of the survival curve at

higher doses is supposed to arise from a reduced effectiveness of the repair process

(Powers et al., 1962), exhaustion of the Q factor (Alper et al., 1979), repair saturation
(Goodhead et al., 1980), misrepair (Tobias et al., 1980), or damage fixation (Curtis et al.,
1980). In general, a survival curve can be either exponential or have a shoulder at low
doses of irradiation which becomes exponential at high doses of irradiation (Tubiana et

al., 1990). Various mathematical models have been devised in order to describe survival
curves, like the single hit multitarget model, the two component model and the quadratic
model.

3.7.4 HTORI-3 cellular radiosensitivity
a) Radiosensitivity and DNA repair deficiency

The sensitivity of the HTORI-3 cell line to low doses may be partly explained by
the nature of the immortalisation of the cell line by the SV40 plasmid construct. It is well
known that the large T antigen of the plasmid interacts with the p53 tumour suppressor

gene, and thus inhibits p53 to transactivate other genes during the process of DNA repair
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(Lane et al., 1979). However, if this is true, we would expect the same sensitivity towards
UVA (absence of the shoulder). Several studies have indicated that cell lines
immortalised using the SV40 constmct show increased radioresistance towards ionising
and UV radiation (Arlett et al., 1988; Jung et al., 1994; Su et al., 1992; Itoh et al., 2000),
indicating that is the expression of the SV40 T antigen rather than the immortalisation per
se responsible for the change in radiosensitivity. Therefore, it seems that UVB reduces
the clonogenic survival of the HTORI-3, to such an extent, probably because the cell line
does not have the ability to repair efficiently the photoproducts induced after broadband
UVB irradiation. One of the most likely candidates for that deficiency will be the
nucleotide excision repair (NER) DNA repair system, which is involved in the repair of
lesions caused mainly by UVC and UVB irradiation such as CPDs and 6-4 PPs. In
patients who are suffering from UV-related DNA repair disorders like Xeroderma
Pigmentosum (XP) or trichothiodyostrophy (TTD), these lesions persist in the genome

and may lead to the introduction of deleterious mutations after DNA replication. Analysis
of the survival curves obtained from XP or TTD patients after treatment with various
doses of UVA and UVB indicated the complete absence of the shoulder which is
characteristic of the mammalian SCs after UVB but not after UVA irradiation (Roza et al.,
1985; Runger et al., 1995; Otto et al., 1999). These results clearly suggest the importance
of pyrimidine dimers in determining cell survival after shortwave irradiation (UVC or

UVB), and their minor importance for exposures to UVA (>330nm). Therefore, these
reports further support the results presented here, suggesting that the radiosensitivity of
the HTORI-3 cell line towards UVB is due to a DNA repair malfunction which is
associated with UVB induced photoproducts.

b) Radiosensitivity and p53 status
The differences in cell survival, among the cell lines following UVA and UVB

irradiation, may also be interpreted, in part, on the basis of the p53 status of the cell lines.
The p53 protein is induced by y or UV irradiation and has the ability to cause cell cycle
arrest or apoptosis, and this has been investigated extensively with the aim of relating it to
cellular radiosensitivity. In normal cells, altered p53 function leads to increased
radioresistance of cells (Bristow et al., 1996) although at present results of such
experiments are conflicting. For example, following ionising radiation human tumour cell
lines expressing mutant p53 have been found to be radioresistant (Mcllwrath et al., 1994;
Balcer-Kubiszek et al., 1995; Siles et al., 1996; Yount et al., 1996) more radiosensitive

(Biard et al., 1994; Ribeiro et al., 1997; Pekkola-Heino et al., 1998; Danielsen et al.,

1999), or neither (Brachman et al., 1993, Huang et al., 1996; Watson et al., 1997). It has
been suggested that loss of p53 function increases radioresistance by eliminating the p53-
dependent cell cycle checkpoint, causing loss of growth arrest and/or apoptosis (Biard et

al., 1994). Moreover, Smith etal., 1995 suggested that loss of p53 function is associated
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with increased radiosensitivity caused by either a reduction in p53-dependent DNA repair
or an increase in the mutation frequency with deleterious effects. The results which are

presented in this study indicate that HTORI-3 and 340-RPE T53 cell lines do not show
significant differences in terms of cell survival for the same doses of ionising radiation.
This data indicate that inactivation of p53 function (due to SV40 immortalisation) in the
HTORI-3 cell line does not change the radiosensitivity of the cell line towards ionising
radiation. So it can be concluded that p53 inactivation does not play a significant role in
determining cell survival following ionising radiation in this cell line. On the other hand,
using immunocytochemistry the p53 status of the 340-RPE T53 cell line, appears to be
normal. However, it is difficult to draw any conclusions for the relationship between p53
status and cell survival following ionising radiation in this cell line, since comparison of
the particular cell line with other known cell lines which have functional p53 was not

performed because the latter were not available.
Several studies performed using shortwave and longwave irradiation also failed to

establish if the presence of a functional p53 makes the cell line radiosensitive,
radioresistant or makes no difference in cell survival. For example, Ford et al., (1995)
reported that Li-Fraumeni cells with homozygous p53 mutations have defective global
DNA repair of UVC induced lesions, but normal transcription coupled repair. De Frank
et al., (1996) showed that p53-/- mouse embryo fibroblasts treated with UVC have the
same cell survival with p53 +/+ fibroblasts, indicating that p53 did not contribute to cell
survival. Harvey et al., (1995) and Smith et al., (1995) documented that disruption of
normal p53 function in RKO cells with HPV E6 oncoprotein resulted in increased cell
death following UVB and UVC irradiation, as compared with RKO cells with wild type

p53. The same phenomenon was later demonstrated using HPV16 E6 expressing human
fibroblasts and UVC irradiation (Ford et al., 1998). Sheikh et al., (1997), found that the

clonogenic survival of p53 deficient DLD1 colorectal carcinoma cells following UVC
irradiation was increased when p21 expression was transiently induced just before or after
irradiation.

The cell lines used in this study harbor mutations in the p53 gene. The HACAT
cell line carries mutations in both alleles of the p53 gene (Boukamp et al, 1997), which are

characteristic ofUV exposure (Lehman et al, 1993). A431 also has a mutation in aa 273
(arginine-histidine). Irradiation of both cell lines with UVA and UVB showed that the
clonogenic survival of both cell lines is relatively similar to each other for the same doses
and that relatively large doses of UVA and UVB are required in order to reduce their
clonogenic survival. The HTORI-3 cell line probably has an intact p53, but its interaction
with the large T antigen compromises its function to transcactivate other genes following
DNA damage by UVA or UVB. The 340RPET53 cell line has an intact p53 (as indicated
by immunocytochemistry, Chapter 5), which may confer the resistant nature of this
particular cell line towards UV irradiation. Since, the 340-RPE T53 cell line is the most
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radioresistant cell line (as compared with the other cell lines) and has an intact p53, it
appears that p53 function might play an important role in determining cell survival
following UVA and UVB irradiation. However, further experiments are needed in order
to define a relationship between p53 status and cell survival in these cell lines.

3.7.6 Colony diameter and formation of colonies with giant cells
The results presented in this chapter, indicate that irradiation of all the four human

epithelial cell lines with UVA and UVB (except UVA irradiation of the 340-RPE T53 cell
line) leads in the production of colonies (in the standard colony assay) which have a

smaller size as compared to those of the control population. However, this trend is
obvious only at doses which significantly reduce the SF of the cells for both kinds of
irradiation.

One possible explanation for this effect may be the increase of the population
doubling in the cells which have received high doses of irradiation. Irradiation of these
cells with UVA and UVB at doses which reduce significantly the SF, probably causes

significant changes in their cell cycle progression. These changes (probably on the cell
cycle apparatus) are observed in the progeny of the original irradiated cells, as an increase
in PD. Mothersill et al., (1997a) presented evidence showing that HPV-G cells irradiated
with high doses of ionising irradiation increase their PD to a significant extent.

However, the most likely explanation is that the progeny of the irradiated cells express an

increased PD for a period of cell divisions and, subsequently they recover completely
from the original insult and continue to proliferate normally. Sinclair et al., (1964),
showed that irradiation of CHO cells with X-rays resulted in the production of colonies
whose size was reduced with increasing doses of irradiation. Sinclair also studied the
characteristics of small and large colonies produced in this study, following isolation and
sub-cultivation. Large colonies gave rise to cell lines with high growth rate, have a high
plating efficiency and they are not radiosensitive as compared with the parent cell line. In
contrast, small colonies had a slow growth rate, poor plating efficiency and they were

more radiosensitive as compared with the parent cell line. Marin and Bender, (1966) and
Thompson and Suit, (1969) used time lapse cinemicrography to monitor the descendants
of X-irradiated HeLa cells, and demonstrated that most of the progeny had longer
generation times than the control cells.

Microscopic analysis of the colonies produced, showed that the proportion of
colonies containing giant cells increases with increasing doses of irradiation. UVB
irradiation was shown to be a more potent inducer of colonies with giant cells, in all the
cell lines under investigation. In contrast UVA caused an increase in the proportion of
these colonies only at very high doses of irradiation in some of the cell lines under
investigation.
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Giant cell formation has been well documented. Puck et al., (1956) described the

giant cells formed after irradiating HeLa cells. These giant cells were about 15 times
larger than the normal cells, the nucleus was always enlarged, contained several nucleoli
and they had high metabolic rate. However, extensive analysis revealed that the giant cells
have lost their ability to divide, despite the fact that they have the potential to form large
staining nuclear bodies. Chang et al., 1991, documented the presence of giant cells in
colonies produced from the CHO cells following X-irradiation. It was also shown that
isolation and propagation of cells which received high doses of X-rays were characterised
by slower cell cycle progression, reduced attachment ability, and higher fraction of
colonies containing giant cells.

However, in order to establish if the phenomenon of small colony formation is
due to an elongation of the cell cycle following UVA or UVB, or to any other factor
(apoptosis), extensive isolation and sub-cultivation and subsequent characterisation of a

large number of colonies is required.

3.7.7 Chromosome analysis
Chromosome analysis of the four human epithelial cell lines indicated, that the

HTORI-3, HACAT and A431 cell lines are aneuploid, having a large number of
chromosome abnormalities. In contrast, the 340-RPE T53 cell line is diploid. This result
is very significant because the diploid stable nature of the 340-RPE T53 cell line is what
makes it so useful as a model for studying cell transformation. All the human epithelial
cell lines which are available as models for cell transformation, have the major
disadvantage of being aneuploid (e.g. HTORI-3). This aneuploidy is a major
disadvantage in cell systems designed to study cell transformation, because is indicative of
the degree of genomic instability present in the particular cell line.

The use of conventional staining techniques for chromosome analysis, proved to
be very helpful for the characterisation of the cell lines under investigation. Solid staining
analysis provided information for the number of chromosomes/metaphase, whereas G
banding analysis provided information for specific chromosome abnormalities, and also
helped to identify any special characteristics of the karyotype (for example marker
chromosomes). In general, the chromosome analysis of the cell lines used is a useful
indicator of chromosomal stability/instability which has been correlated in other studies
with the onset of the malignant phenotype (Boukamp et al, 1995). However, the results
obtained from this chapter, should be treated with caution, because a larger number of
metaphases have to be examined in order to confirm consistent chromosome
abnormalities. In addition, other techniques like SKY (spectral karyotyping) or FISH
(fluorescence in situ hybridisation) are required in order to characterise all the
chromosomal abnormalities.
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3.7.8 Sister Chromatid Exchanges (SCEs)
In this study, UVA and UVB irradiation of HTORI-3, HACAT and 340-RPE

T53, cell lines caused an elevation in the frequency of SCEs. UVA irradiation on the
HTORI-3 cell line caused an immediate elevation of SCEs which was saturated at 3

KJ/m2 (36 SCEs/metaphase). Similarly, UVB also showed the same phenomenon of
saturation at 156 J/m2. The HACAT cell line showed saturation at 5 KJ/m2 following
UVA, and at 475 J/m2 following UVB irradiation. Interestingly, UVB irradiation of the
340-RPE T53 cell line showed an almost linear increase in the frequency of SCEs .

It has been suggested that SCEs are induced in the replication fork during the S
phase of the cell cycle. SCEs have been used in combination with other end points, or
alone, as a rapid and sensitive indicator of mutagenic and carcinogenic agents and it seems
that unlike other damage indicators, SCE variations do not affect either cell division or cell
survival. Albanesi et al., (1999) suggested that SCE formation is due to the presence of
unrepaired damage at the replication fork. This damage can be the initiating event
followed by a four strand break and a mistaken ligation, finally producing the exchange.
Deshpande et al, (1996) suggested a number of possible factors which might contribute
to the induction of SCEs: a) cleavage and reunion of DNA strand breaks, or their
functional equivalent b) double strand breaks c) DNA crosslinks and monoadducts d) the
incorporation of BrdU in DNA itself plays a role in the expression of SCEs e) the
chemical inhibition of the DNA strand rejoining activity of DNA topoisomerases results
in excessive SCEs.

3.7.9 The process of immortalisation may influence the background of SCEs
The high background of SCEs observed in the HTORI-3 cell line could be due to

nature of the immortalisation process of this particular cell line. It has been shown that,
transformation of the Xeroderma Pigmentosum cell variant (XPV), using an SV40 viral
construct, results in a cell line which is extremely sensitive to the induction of SCEs
following UV irradiation and sensitisation to caffeine (Alfaz et al., 1995; Cleaver et al.,
1999). This route of transformation also resulted in cells which were very sensitive to UV
induced inhibition of cell cycle progression. It has been suggested that the enhanced
frequency of SCEs on the XP variant could be due to UV induced replication errors that
are enhanced by the transformation process (Alfaz et al., 1995). Furthermore, Cleaver et
al., (1999) suggested that SCE induction may be used as a marker for increased genomic
instability in the XPV variant, that can be further destabilised with increasing chromosome
imbalance. HTORI-3 cell line has been immortalised following transfection with SV40,
therefore, the observed high background of SCEs and the increased sensitivity towards
UVA and UVB could be due to the transformation process. On the other hand, it has
been shown that exposure of cells to BrdU enhances their sensitivity to UV induced
damage (Cortes, 1987) suggesting that HTORI-3 might become sensitive to DNA
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damage following exposure to BrdU. However the same argument could also be applied
for the sensitivity of the other cell lines used in this study towards UV induced damage
following BrdU treatment.

3.7.10 Saturation of SCEs following UVA and UVB irradiation
a) Possible hypotheses

Irradiation of the HTORI-3 cell line with UVA caused a saturation effect at 3195
2

J/nT, after which higher doses ofUVA did not increase the frequency of SCEs. The same

phenomenon was also observed with the HACAT cell line, with saturation occurring at
532.5J/m2. This result is in agreement with other publications (Chao et al., 1985; Ishizaki
et al., 1994; Cleaver et al., 1999), where CHO, ICR frog cells, primary fibroblasts and
mouse cells deficient in p53 were used. On the other hand, Murthy et al., (1982), Ghosh
et al., (1985) Lundgren et al., (1988) and Rasmussen et al., (1989), observed a linear dose
relationship between SCE induction and radiation dose. Chao et al., (1985) proposed two
mechanisms for the interpretation of this phenomenon (saturation effect). The first
mechanism implies that a small portion of the cell population did not receive the full UV
fluence and this population represented the cells that were capable of progression into the
second mitosis following irradiation and examined for SCEs. By comparison, the cells
which have received the full fluence may have been detached or inhibited in progression
through the cell cycle. This mechanism can be partly supported by the observation that
the mitotic index of the UVA irradiated cells (HTORI-3 and HACAT) was reduced

significantly at higher doses. The second mechanism makes use of the model suggested
by Painter et al., (1980) for the induction of SCEs. According to this model, SCEs arise
at the junctions between replicon clusters and occur because DNA damaging agents
which block chain elongation produce a delay in the completion of partially replicated
clusters. This effect leads to instances where a replicated cluster is existing for an

abnormally long period of time, next to an unreplicated cluster. A dsb might form at such
a junction and then be sealed through joining of the daughter strands of replicated DNA
to the unreplicated strands, resulting in the formation of an SCE. Therefore, treatment of
cells with an agent which inhibits replication initiation and delays the replication of the
replicon clusters, would result in a depression in the level of SCEs induced by an agent
that blocks chain elongation. This hypothesis was tested and partly confirmed by
Watanabe et al., (1974); Cleaver et al., (1978); Doniger et al., (1978) and Edenberg et al.,
(1978).

b) p53 involvement?
The saturation effect was also observed for the cells which have received UVB

irradiation, except from the 340-RPE T53 cell line which showed a continuous increase in
the frequency of SCEs. Interestingly, UVA induced more SCEs in the HACAT cell line
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than UVB, whereas in the HTORI-3 cell line no such difference was observed. This
result could be indicative of the complex mechanism underlying the ability of the HACAT
cell line to respond quite differently through chromosome damage induced by UVA and
UVB. However, one of the most important observations is that UVA causes saturation at
doses which do not reduce to a significant extent the SF whereas UVB causes the same

phenomenon at doses which do reduce SF to a great extent. This indicates that formation
of SCEs in the HTORI-3 and HACAT cell lines cannot be correlated with cell survival

following UVA irradiation. The same conclusion can also be reached for UVB irradiation
in the same cell lines. In contrast, it appears that such a correlation could be attempted in
the 340-RPE T53 cell line. Perry and Evans, (1975), suggested that DNA damage should
be regarded as a very strong candidate for inducing SCEs, which in turn are formed only
when damaged DNA is replicated. In this context, the inability of the cell to remove

potential mutagenic or carcinogenic lesions in DNA (like CPDs, 6-4 PPs or oxidative
damage), or perform DNA replication efficiently, may result in an altered incidence of
spontaneous SCEs, or in an abnormal response to the induction of SCEs by externally
applied mutagens. The results produced from the UVB irradiation in the three cell lines
suggest that p53 function may play an important role in the induction of SCEs. The
HTORI-3 and HACAT cell lines have compromised p53 function in contrast with the
340-RPE T53 cell line. HTORI-3 and HACAT cell lines are radiosensitive to UVB

indicating their inability to repair properly CPDs or 6-4PPs. Painter (1980), suggested
that the replication fork arrest will result in an increase in the amount of single strand
regions and DNA termini, indicating that these could be the sites for stand exchange and
recombination. If SCEs are regarded as S phase exchange events involving homologous
recombination between chromatids, then it can be speculated that cells deficient in p53
function will not be able to repair UVB induced DNA damage efficiently after a specific
threshold. This would result in an increase in the number of unrepaired photoproducts
which would block chain elongation (see model proposed by Painter et al., 1980, section
3.7.10a), thus leading eventually to a saturation in the induced number of SCEs. In
contrast, p53 functional cell lines will be able to repair efficiently UVB induced
photoproducts showing a linear increase in the number of SCEs following UVB
irradiation. Blockage of chain elongation will also be observed but the cell will be able to
recover more efficiently.

3.7.11 Micronucleus formation

The results obtained following ionising radiation are in agreement with other
studies which showed a linear relationship between micronucleus formation (MN)
induction and irradiation dose. Vral et al., (1996) demonstrated a linear relationship using
60Co y-rays and fast neutrons in lymphocytes from AT patients. Wandl et al., (1989)
also used 60Co y-rays and showed the same phenomenon using a renal carcinoma cell
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line. This relationship was also observed using y radiation in different studies on human
cervix carcinoma cells (Countryman et al., 1976; Hlatky et al., 1995; Thierens et al., 1997;
Louagie et al., 1998; Catena et al., 1992) and on human lymphocytes (Slonina et al.,
1997; Boreham, 2000). Similarly, Kriehuber et al., (1999) presented evidence of such a

relationship using X-rays and the SCL II cell line, and Brooks et al., (1990) using X-rays
and a-particles on a lung epithelial cells.

Following completion of the experiments with ionising radiation, the cell lines
were exposed to various doses of UVB and UVA (UVA only for HTORI-3 and 340-RPE
T53 cell lines). The first striking observation is that in contrast to ionising radiation, UV
does not have the same ability to induce chromosome damage, thus confirming the
general suggestion that MN arise primarily due to the induction of double strand breaks.
UVA can damage the DNA in mammalian cells through the induction of oxidative stress,
whereas UVB, which is directly absorbed by DNA can cause significant damage through
the formation of CPDs and 6-4 PPs on the DNA.

The doses which have been chosen to study the induction of MN following UV,
were based on the survival curves of the corresponding cell lines in order to try to
correlate MN induction with clonogenic survival. Therefore, direct comparisons between
the cell lines cannot be made because for each cell line different doses of UVB and UVA

were used.

The results obtained following UVB irradiation, showed that UVB has the ability
to induce MN in all the cell lines examined, in a linear dose dependent manner. Fenech et

al., (1992) reported a dose related increase in the frequency of MN per 1000 BN cells in
human lymphocytes following UVC irradiation, whereas Weller et al., (1996)
documented a moderate increase in the frequency of MN in human keratinocytes after
UVB irradiation. Keulers et al., (1998) also demonstrated a dose dependent increase in
the induction ofMN in human lymphocytes. Recently, Keulers et al., (2000) showed that
addition of four different deoxyribonucleosides to lymphocytes immediately following
exposure to UVB, resulted in a significant reduction of the clastogenic effects of UVB.
The same phenomenon was also observed by irradiating lymphocytes that were

progressively more stimulated with the lectin PHA prior exposure.
Irradiation of the HTORI- and 340-RPE T53 cell lines with UVA also induced an

increase in the frequency of MN. This increase was linear only for the 340-RPE T53 cell
line, but not for the HTORI-3 cell line. Dreosti et al., (1990) observed a dose dependent
increase ofMN in cultured murine splenocytes following UVA irradiation, whereas Roser
et al., (1989) documented the same result examining fibroblasts from patients with
familial malignant melanoma.

In general, UVA was able to induce a much higher frequency of MN in the cell
lines under investigation, as compared with the same cell lines following UVB irradiation,
at highly cytotoxic doses. Therefore UVA, through the induction of oxidative stress, has
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greater ability to induce chromosome damage, in contrast to UVB, at doses which reduce
clonogenic survival. Beissert et al., (1996) suggested that UVA cannot be directly
absorbed through the DNA, but it is absorbed by various chromophores in the cytoplasm.
After absorption, UVA generates a whole series of free radicals (ROS) like OH- and
singlet oxygen. These radicals will probably exert their effects on the DNA through the
induction of ssb and dsb. Therefore, it can be concluded that UVA is a more potent
inducer of chromosome damage in contrast with UVB irradiation, by using as an endpoint
MN formation.

3.7.12 The potential role of MN in determining cell survival: can we used it as

predictor of cellular sensitivity?
Several reports have been published on a good quantitative relationship between

MN frequency and clonogenic survival using X-ray and ionising radiation (Guo et al.,
1999; Wandl et al., 1989; Jamali et al., 1996; Joshi et al., 1982; Mariya et al., 1997).
There are also several reports in which such a correlation was not demonstrated (Bush et

al., 1993; Champion et al., 1997; Slavotinek et al., 1993; Villa et al., 1994; Jones et al.,
1994). Jones et a/.,(1994) suggested that these discrepancies may result from a

breakdown in the relationship between cell killing and chromosome aberrations or

between acentric fragment frequency and MN formation. Furthermore, the induction of
MN is influenced by the phase of the cell cycle. For example, in exponentially growing
cells, some MN would form chromatid fragments rather than chromosome fragments and
hence may not be lethal.

Data on the correlation between the induction of MN and clonogenic survival,
following UVA or UVB irradiation, are very scarce. Keulers et al., (1998) found no

correlation between MN induction and clonogenicity following UVB irradiation on

human lymphocytes. The results presented in this study showed a good relationship
between MN induction and clonogenic survival for the FTrORI-3 and HACAT cell lines, a

moderate relationship on the A431 cell line and a poor relationship on the 340-RPE T53
cell line following UVB irradiation. In contrast, irradiation with UVA did not show a

good correlation between MN induction and cell survival in the 340-RPE T53 and
HTORI-3 cell lines. Therefore, it can be concluded that MN induction can be used as an

additional endpoint of cellular sensitivity, when examining cell survival for the first three
cell lines following UVB irradiation but not for the 340-RPE T53 cell line. In contrast,
absence of correlation between MN induction and cell survival in HTORI-3 and 340-RPE

T53 following UVA irradiation, suggests that MN induction cannot be used as an

endpoint of cellular sensitivity following exposure of these cells to UVA.
One of the most likely explanations for this result will be the different nature of

the lesions caused by UVA from UVB leading to the formation of MN and their
subsequent repair from the cell repair apparatus in these cell lines. Furthermore, the
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correlation between MN induction and clonogenic survival in some of the cell lines,
following UVB irradiation, indicates that chromosome damage (expressed as induction
ofMN) might play a significant role in cell death in these particular cell lines.

3.7.13 MN formation following exposure to UVrformation of ssb and dsb?
Keulers et al., (1998) suggested that MN induced after UVB irradiation should

be regarded as the result of dsb in the DNA expressed during mitosis because UVB does
not have the ability to induce directly MN. This conclusion was based on the observation
that MN induced in lymphocytes after UVB irradiation did not have centromeres.

Recently (Keulers et al., 2000), it was shown that the addition of deoxyribonucleosides
in lymphocytes immediately after UVB irradiation, reduced dramatically the induction of
MN at high doses. Quiescent lymphocytes have a very low pool size of dNTPs, and as a

consequence the efficiency of excision break rejoining after excision repair is reduced and
DNA breaks might be formed. These breaks might be expressed as MN in the first cell
division after UVB irradiation, either because they are formed in close vicinity of each
other in opposite strands or because they are converted into dsbs during DNA replication
(Keulers et al., 1998). It is tempting to speculate in this chapter , that the cell lines which
showed good relationship between MN induction and clonogenic survival might be
become deficient in the dNTP pool. At low doses, the dNTP pool will be sufficient to
repair DNA breaks, however, at high doses where the number of breaks is increased, the
demand for dNTPs will be greater, and cell lines with relatively low pools of dNTPs will
accumulate more DNA breaks in contrast with others, which have sufficient dNTPs thus

influencing dramatically cell death. However, it has to be noted that Green et al., (1994)
observed no enhancement in the survival of excision defective XP T lymphocytes, in the
presence of dNTPs, probably because they generated fewer excision breaks thus
demanding less dNTPs from the dNTP pool. Nevertheless, the observed good
correlation between MN induction and SF following UVB irradiation, especially in
HTORI-3, further supports the speculation that MN formation must contribute
significantly in determining cell survival. Furthemore, it appears that the ability of the
cell to repair efficiently broadband UVB induced photoproducts might play a significant
role in determining cell survival, on the chromosome level.

3.7.14 MN formationrany relationship with the p53 status of the cell line?
The results for the first three cell lines can be also partly explained on the nature

of the p53 status of the cell lines. The first three cell lines do not have an intact p53 gene

(due to the process of immortalisation) whereas 340-RPE T53 has (data from this study).
Sablina et al., (1999) demonstrated that murine fibroblasts deficient in p53 showed a

higher percentage of micronucleated cells as compared with p53 wild type cell lines
(murine-wt-p53-positive 12) following colcemid treatment. Furthermore, inhibition of
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p53 function increased the frequency of cells containing micronuclei in rat embryo
fibroblasts. Loss of p53 function can lead both to an increase in probability of
chromosome non-disjunction and to abrogation of negative control of proliferation of
cells with chromosome segregation errors (Agapova et al., 1996). p53 mediated activation
of the cell cycle checkpoints by micronuclei may represent one of the mechanisms by
which normal p53 function prevents accumulation of aneuploid cells. It can be speculated
that irradiation of the cell lines which are deficient in p53 function with UVB, accumulate
high numbers ofMN in relatively small doses of irradiation in contrast with the 340-RPE
T53 cell line which accumulates approximately the same number of MN as compared
with the other cell lines, at much higher doses of UVB. The same observation can also be
applied in the HTORI-3 and 340-RPE T53 cell lines following UVA irradiation. In
addition, results obtained following ionising irradiation of all cell lines further support the
idea that p53 plays an important role in determining MN formation. However, in the case

of ionising irradiation, only HTORI-3 is highly sensitive to MN induction, indicating that,
in this situation, is not the actual mutation which determines the functionality of p53
(A431 and HACAT), but its interaction with the SV40 large T antigen.

Therefore, these results clearly indicate the potential involvement of p53 in
arresting the cell cycle in order for the DNA damage to be repaired. However, while the
downstream pathways responsible for p53-induced cell cycle arrest are established, the
upstream mechanisms of p53 activation in micronucleated cells remain unclear. Sablina
(1999) suggested that, either MN themselves trigger p53 activation or p53 is induced not
in response to formation of MN but as a result of some other cellular changes that
regularly accompany appearance of MN.

3.7.15 Summary and conclusions
The results presented in this chapter indicate that, very small doses of UVB

irradiation are required in order to reduce the clonogenic survival of the human epithelial
cell lines under investigation, in contrast to the large doses of UVA required in order to
achieve the same effect. Irradiation of human cells in the exponential rather the confluent
phase of growth indicate that the cells are most vulnerable in the former phase of the cell
cycle. The enhanced radiosensitivity of the HTORI-3 cell line towards UVB irradiation,
as compared with the other cell lines, could be due to a deficiency in some of the repair
pathways responsible for the elimination of UVB induced photoproducts. However, more
studies are required in order to elucidate the exact mechanism which underlies the
inability of the HTORI-3 cell line to repair UVB induced photoproducts.

Irradiation of all the cell lines examined in this chapter with UVA and UVB
resulted in the formation of small colonies, either because UV has the ability to cause

delay in the cell cycle of the irradiated cells, or because the irradiated cells have limited
ability to proliferate following exposure to high doses of UVA and UVB irradiation.
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Formation of colonies containing giant cells at high frequencies, were evident following
various doses of UVB irradiation in all the cell lines, especially to the HTORI-3, A431
and 340-RPE T53 cell lines, whereas UVA irradiation caused the formation of colonies

containing giant cells, at a much lower frequencies as compared with UVB.
The ability of UVA and UVB irradiation to induce the formation of SCEs in a

variety of human epithelial cell lines was documented in this chapter. Each cell line,
responded quite differently to UVA and UVB irradiation, as far as the induction of SCEs
is concerned. UVA caused more SCEs in the HACAT cell line than UVB, whereas in the
HTORI-3 cell line both agents induced approximately the same number of SCEs. A
correlation could be suggested between cell survival and induction of SCE in the 340-
RPE T53 cell line following UVB irradiation. However, the analysis of all the results
should be treated with caution due to the observed differences in the number of

chromosomes/metaphase. In addition, the aneuploid status of some of the cell lines made
the analysis even more difficult, suggesting that the use of non diploid cell lines (e.g.
HTORI-3 and HACAT) is not to be recommended for this kind of cytogenetic studies.

Chromosome damage (as examined by the formation of micronuclei) was also
tested using ionising and UV irradiation. The number of MN/100 binucleated cells was

increased with increasing doses of ionising irradiation. Micronucleus induction was also
observed following UVB and UVA irradiation. However, there was a dramatic difference
in the induced numbers of MN/100 binucleated cells, with ionising radiation being much
more damaging to chromosomes, in contrast with UV irradiation. In addition, UVA was

found to induce a greater number of MN in contrast with UVB, at doses which
significantly reduce cell survival, suggesting that UVA probably through the induction of
oxidative stress is able to cause significant chromosome damage, if this is tested by using
MN induction.
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CHAPTER 4
Delayed cell death and DNA repair studies following UV

irradiation
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4.0 Introduction

The process of UV induced genomic instability in human epithelial cell lines was

studied using a number of approaches. The cloning efficiency was measured at different
time intervals, following the initial exposure of the cells to UVA or UVB irradiation, at
different stages of cell growth. The diameter of the colonies produced from the standard
colony assay was measured in order to establish, if expression of DCD can be correlated
with small colony formation, along with he presence of giant cells in these colonies
Apoptosis was studied following exposure of human epithelial cell lines to UVA or UVB
irradiation, using as endpoint cell detachment, morphological characterisation and DNA
degradation. The difference in cell survival between the HTORI-3 and 340-RPE T53 lines
following UV but not ionising irradiation was investigated using DNA repair inhibitors.

4.1 Genomic instability
Objective: to investigate the induction of genomic instability by UVA and UVB
irradiation in human epithelial cell lines by using a number of different endpoints.

4.1.1 Measurement of the PE of the irradiated but surviving cells, at
different time intervals post-irradiation.

4.1.2 Experimental procedure
Two human epithelial cell lines, the HTORI-3 and 340-RPE T53 have been used

in this study in order to examine the induction of genomic instability by UVA or UVB.
Cell cultures were set up in 92mm petri dishes at a concentration of 2xl05 cells/ml as

described in section 2.3.1 of Materials and Methods. Once the cell cultures reached the

exponential or the plateau phase of growth, they were irradiated with UVA and UVB
irradiation. The HTORI-3 cell line was irradiated with 23KJ/m2, 47KJ/m2, 56KJ/m2,
70KJ/m2 and 96KJ/m2 of UVA and with 80J/m2, 156J/m2, 397J/m2, 319J/m2, 475J/m2,
631J/m2 of UVB. The 340-RPE T53 cell line was irradiated with 69KJ/m2, 96KJ/m2,
128KJ/m2, 160KJ/m2, 192KJ/m2, 256KJ/m2 of UVA and with 475J/m2, 795J/m2,
1099J/m2, 1276J/m2 and 1418J/m2 of UVB. Once the irradiation regime was complete,
the cells were trypsmised, counted, dduted and plated in appropriate numbers in T75 cm2
flasks in order to yield approximately 300 colony-forming cells by taking into
consideration the PE of the cell line and the cytotoxicity following irradiation. The
medium in these flasks was changed twice a week, and the PE of the cells from these
flasks was measured using a standard colony assay for 6 continuous passages (the
number of population doublings between each passage was approximately 10 for each
cell line). The number of population doublings was calculated by counting the total
number of cells per flask. The expression of delayed cell death as measured by the
colony forming ability of the cells, at various times post-irradiation, was regarded as
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significant when the difference in PE between the control sample and the irradiated
sample was larger than 10%. The experiment was repeated three times with four
replicate dishes per dose for each experiment. The results are presented as PE (% of the
control) and for greater accuracy the time points for measuring the PE of the irradiated
cells are indicated as number of passages.

4.1.3 Results

In order to study the process of genomic instability in the HTORI-3 and 340-RPE
T53 cells, following UVA and UVB irradiation, the colony forming ability of the
irradiated but surviving cells at different time intervals post irradiation, was measured.
The experiments involved irradiation of cells in both exponential and plateau phase of cell
growth, and the results obtained involving irradiation of cells in the latter phase are

illustrated in Fig. 4.1 to 4.4. As can be seen in Fig. 4.1 the PE of the HTORI-3 cells
shows a very small decrease, following UVA irradiation at doses which are highly
cytotoxic to the cells (based on the standard survival curve), 10 and 20 population
doublings post-irradiation. Approximately, 30 population doublings post-irradiation, it
appears that the PE of the irradiated cells at these high doses recovers completely and in
several points exceeds that of the control cell population. The 340-RPE T53 cell line also
showed similar trends in the recovery of the PE of the irradiated cells (Fig. 4.2).

Irradiation of the HTORI-3 cell line with UVB (Fig. 4.3) produced a dose
dependent decrease in PE, which persisted for the first 20 population doublings
returning to control levels about 30 population doublings post-irradiation. However, this
recovery of PE is not uniform throughout the doses. For example, the PE of the cells
which received very large doses of UVB did not return to control levels until 40
population doublings post-irradiation. The 340-RPE T53 cell line also showed the same

trend following UVB irradiation (Fig. 4.4). UVB irradiation reduced the PE in a dose
dependent manner for the first 30 population doublings, and then after approximately 40
population doublings, the PE returned to control levels. At passage 4, the PE again
equals almost that of the control population or in some points, exceeds it.

Fig. 4.5 to 4.8 show the results obtained by irradiating the cells at the exponential
phase of growth for the study of genomic instability using the HTORI-3 and 340-RPE
T53 cell lines. UVA irradiation of the HTORI-3 cells caused again a small reduction in
PE, which persisted for approximately 30 population doublings and then returned to
control levels (Fig. 4.5). Irradiation of the 340-RPE T53 cells with UVA induced a

small reduction in the PE (Fig. 4.6). The observed reduction persisted for a period of
two passages and then on the third passage the PE of the cells returned to control levels
and in some points exceeded the PE of the control population.

In contrast, UVB irradiation induced a significant dose dependent reduction in PE
in the HTORI-3 cell line (Fig. 4.7). The decrease in the colony forming ability of the
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cells was particularly evident during the first 20 population doublings post-irradiation. At
passage 4 progeny (approximately 40 population doublings) the PE of the cells returned
to control levels. UVB irradiation in the 340-RPE T53 cell line also significantly reduced
the PE in a dose dependent manner (Fig. 4.8). The recovery of the irradiated cells is not
uniform, as was the case for the HTORI-3 cells. For example, it appears that the PE of
the cells which received very high doses of UVB irradiation returns to control levels at a
slower rate compared to those that have received low doses of UVB. Nevertheless, the
irradiated 340-RPE T53 cell population appeared to have returned to control levels
approximately 40 population doublings post-irradiation.

4.1.4 Measurement of colony diameter
The colonies produced from the standard colony assay (10 and 20 population

doublings post-irradiation) were further examined in order to investigate if induction of
genomic instability after UVA and UVB irradiation of both cell lines can reduce colony
size. Fig. 4.9 and 4.10 show the results obtained for the E1TORI-3 and 340-RPE T53
cell lines after UVA and UVB irradiation 10 and 20 population doublings post-irradiation
(irradiation of cells in the exponential phase). The graphs show the frequency of small
colonies (<3mm2) for each dose after 10 and 20 population doublings. It can be observed
from the graphs, that the cell lines which express delayed cell death following UVB
irradiation do not produce small colonies. A very small trend is evident in the HTORI-3
cell line, at high doses of UVB, however this trend does not prove that cells surviving
irradiation form smaller colonies 10 and 20 population doublings post irradiation
(Appendix 5, a to h).

4.1.5 Formation of colonies containing giant cells
The third parameter used in the study of genomic instability was the presence of

giant cells in the individual colonies produced from the standard colony assay, 10 and 20
population doublings post-irradiation (by initially irradiating the cells at the exponential
and plateau phase of cell growth, Fig. 4.11). Data from these experiments, showed that
the percentage of colonies with giant cells on the HTORI-3 and 340-RPE T53 cell lines
increased in a dose dependent manner, after UVB but not UVA irradiation. The
formation of these colonies starts to decline following the completion of 20 population
doublings (UVB irradiation). It is interesting to note that, in the HTORI-3 cell line, the
percentage of the colonies produced by irradiating initially the cells at the exponential
phase of growth, is slightly higher than the percentage of the colonies produced when the
cells were irradiated in the plateau phase of cell growth. However, in the 340-RPE T53
cell line this difference is more enhanced, and the percentage of colonies containing giant
cells produced when irradiating the cells in the exponential phase is higher (at high doses
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of UVB) than the percentage of those produced when irradiating the cells at the plateau
phase.

4.1.6 Measurement of the growth rate of cells expressing delayed cell death
4.1.7 Experimental procedure

Cells from the HTORI-3 and 340-RPE T53 cell lines, which completed 10
population doublings post-irradiation (UVB irradiation, 80J/m2, 156J/m2, 319J/m2,
397J/m2, 475J/m2 and 631J/m2 for HTORI-3 and 475J/m2, 795J/m2, 1099J/m2,
1276J/m2 and 1418J/m2 for the 340-RPE T53 cell line) were plated at 1500 cells per well
in 96 well plates at a final volume of 200 pi of complete growth medium and left

overnight in the incubator to attach. The growth rate of the irradiated cells (exponential
phase) was examined every 2 days until the completion of 20 population doublings. Cells
from each dose of UVB irradiation were seeded in eight replicate wells in the 96 well
plates, and the experiment was repeated three times for both cell lines.

4.1.8 Results

Fig. 4.12 shows the growth rate of the HTORI-3 and 340-RPE T53 cell lines after
the cells have completed approximately 10 population doublings, following irradiation
with the doses of UVB irradiation. Only the doses which caused large inhibition in the
proliferation rate of the irradiated cells are presented to avoid overlapping of many

different doses.

The proliferation rate of the irradiated HTORI-3 cells appears similar to that of the
control cells at low doses of irradiation. However, following larger doses of UVB
irradiation, the proliferation rate of the irradiated cells, especially those which have
received 475J/m2 and 631J/m2ofUVB irradiation, appears to be significantly decreased,
as compared with the control cells The same was observed for the 340-RPE T53 cells,
where only high doses of UVB (1276J/m2 and 1418J/m2) caused a large inhibition in the
proliferation rate of the irradiated cells. The inability of the cells to proliferate at the same

rate as the control cells, becomes apparent only when the cells have completed a minimum
of 4 population doublings. The proliferation of the irradiated cells then, appears to be
slow in contrast with the control cells until the end of the experiment. This was observed
in both cell lines.

4.2 Apoptosis
Objective: to examine apoptosis in the HTORI-3 and 340-RPE T53 cells following
exposure to UV irradiation.
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4.2.1 Measurement of cell detachment (floating cells) following exposure

to UVA and UVB irradiation

4.2.2 Experimental procedure
Cell cultures of the HTORI-3 and 340-RPE T53 cell lines were set up in 92mm

petri dishes at a concentration of 2xl05/ml cells in a final volume of 10ml fresh complete
growth medium. The cell cultures (in exponential phase) were washed with PBS before
irradiating with UVA and UVB irradiation. The HTORI-3 cell cultures were irradiated
with 47KJ/m2 and 96KJ/m2 of UVA and 80J/m2 and 156J/m2 of UVB, whereas the cell
cultures of the 340-RPE T53 cell line were irradiated with 160KJ/m2 and 256KJ/m2 of

UVA and 1276J/m2 and 1418J/m2 of UVB. After irradiation, the percentage of the
floating cells was determined at different time intervals, using a Coulter Counter. The
fraction of the floating cells was expressed as the ratio of the floating cell population over

the total cell number. The experiment was repeated three times with four replicate dishes
for each dose of UVA and UVB per experiment.

4.2.3 Results

The results obtained for the HTORI-3 and 340-RPE T53 cell lines after irradiation

with UVA and UVB, with two doses which reduce cell survival to approximately 25%
and 10%, at different time intervals are shown in Fig. 4.13 (a and b). For the HTORI-3
cell line (Fig. 4.13a), the percentage of floating cells was found to be 14.3 % at 12h,
reaching 18.6% at 48h after UVA irradiation (47KJ/m2) which reduced cell survival to
25%. Irradiation with the dose (96KJ/m2) which reduced cell survival to 10% also
induced cell detachment. The percentage of floating cells was 18.3% at 12h, but this
percentage remained relatively constant throughout the experimental period of 48h
(increased only to 23.5% at this point). However, it has to be noted that the percentage
of floating cells, following the higher dose of UVA irradiation (10% cell survival) was

higher by 10% approximately at all time intervals as compared with the percentage of the
floating population induced after the dose which reduced cell survival to 25%.

The results obtained for the 340-RPE T53 cell line following the same doses of
UVA irradiation (in terms of cell survival) are shown in Fig. 4.13b. The percentage of
floating cells at 12h following a dose (160KJ/m2) which reduces clonogenic survival to
25% was 23.5%. This rate continued to increase up to 36h (28%) and then begin to
decline at 48 h (25.5%). The same pattern was also observed for the higher dose of
UVA irradiation (256KJ/m2). At 12h, the percentage of floating cells was 29.6%, and
continue to rise up to 32% (35h), but then remained relatively constant until the end of
the experimental period (48h). By comparing the percentage of the two floating
populations, the percentage of floating cells following 256KJ/m2 was found to be always
10% higher than the percentage of floating cells measured following 160KJ/m2 of UVA
irradiation throughout the 48h period of the experiment.
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Irradiation of the HTORI-3 cell line with UVB, showed approximately the same

picture, in terms of cell detachment, with UVA irradiation. Following irradiation of cells
with 80J/m2 , the population of floating cells at 12h was 11%, and continued to increase
up to 18.6% at 36h and 22.7% at 48h. In contrast, the percentage of floating cells
following 156J/m2 was 14% at 12h but that percentage continued to increase steadily up

to 48h (24%). However, there was no significant difference between the percentage of
floating cells obtained following the use of two different doses.

Finally, the percentage of floating cells following irradiation of the 340-RPE T53
cell line with 1276J/m2, was 17% at 12h reaching a maximum of 29% at 48h post-
irradiation. Irradiation with 1418J/m2 caused a similar picture. At 12h the percentage of
floating cells was 19% which continued to increase up to 48h (33%). No difference was

observed between the percentages of the floating populations following the use of two
different doses.

The percentage of apoptotic cells in the control population of the attached cells in
the HTORI-3 cell line has never exceeded 1% for the duration of the experiments
whereas for the 340-RPE T53 cell line the percentage has never exceeded 2%. In
addition, the percentage of floating cells in the medium of the control petri dishes was

very small (Fig. 4.13a and b) and remained constant for the duration of the experiment.

4.2.4 Quantification of floating cells by DNA staining dyes for examining
apoptosis
Objective: to establish the viability of attached and floating cells from the HTORI-3 and
340-RPE T53 cell lines following irradiation with UVA and UVB.

4.2.5 Experimental procedure
Once the cell cultures of the HTORI-3 and 340-RPE T53 cell lines were irradiated

with the doses of UVA and UVB mentioned in the previous paragraph, they were

returned to the incubator. At different time intervals following irradiation, the viability of
the attached and floating cells was examined by using specific DNA staining dyes. In a

first instance, the cells were stained with EtBr (1OOpg/mI)/acridine orange (100pg/ml)
staining solution in a 1:25 ratio, and examined using a fluorescence microscope which
emits at 360nm, at x40 magnification. The experiment was repeated three times with 200
cells being examined per experiment for each dose of UVA and UVB irradiation.

4.2.6 Results

Following the estimation of the percentage of floating and attached cells, further
analysis verified if the cells constituting the floating population were apoptotic or necrotic
in nature and if so, to what extent. Fig. 4.14 (a-d) illustrates the classical features of
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Fig 4.14 Photographs showing HTORI-3 cells following UVA irradiation (96KJ/m2) a) viable cells
b) early apoptotic cell c) late apoptotic cells (apoptotic bodies indicated by red arrows) d) necrotic
cells (membrane blebbing indicated by green arrow).



normal, apoptotic and necrotic cells (from the 340-RPE T53 cell line), photographed
following staining with DNA staining dyes.

Analysis of the HTORI-3 cell line after 47KJ/m2 of UVA irradiation showed a

continuous increase in the percentage of apoptotic cells among the floating population
(Fig. 4.15a). At 12h, the apoptotic cells were 27% which increased to 52% by 48h.
Irradiation of the cells with 96 KJ/m2 of UVA irradiation showed that at 12h, 37.5% of
the cells were apoptotic, whereas at 48h this percentage increased to 60.5%. The
percentage of the apoptotic cells was also found to increase in the attached irradiated
population. At 12h, 6% of the attached cells which received 47 KJ/m2 of UVA were

apoptotic, whereas the percentage of apoptotic cells into those attached cells which
received 96KJ/m2 of UVA was 11.5%. Both populations continued to increase and after
48h, 18.5% of apoptotic cells were induced by 47KJ/m2 of UVA and 25.5% was

measured after 96KJ/m2 of UVA. The necrotic cell population was also found to steadily
increase with time. Irradiations with 77KJ/m2 or 96KJ/m2 of UVA were found to

induce approximately the same number of necrotic cells in the floating population. This
value also continued to increase with time (Fig. 4.15b). The same pattern was also
observed in the attached cells for both doses of irradiation. However, the percentage of
necrotic cells was always higher (10-15%) in the floating population as compared with
that in the attached cells for the duration of the experiment.

Analysis of the 340-RPE T53 cell line after irradiation with UVA, showed that at
12h following a dose of 160KJ/m2 of UVA, 57% of the cells were apoptotic, whereas
for the dose of 256KJ/m2 of UVA, 64% of the cells were apoptotic (Fig. 4.15c). The
percentage of apoptotic cells continued to increase with time and after 48h it rose to
79.5% for 160KJ/m2 and 87.5% for 260KJ/m2. The irradiated but attached cells

showed also an increase in the percentage of the apoptotic population being 5.5% for
160KJ/m2 and 8.5% for 256KJ/m2 at 12h, whereas after 48h it increased to 12% and
16% respectively. The necrotic population measured in both the floating and attached
cells showed also a tendency to increase with time (Fig. 4.15d). The percentages of the
necrotic cell populations in the floating and the attached cells, were approximately on the
same level.

Irradiation of the HTORI-3 cell line with UVB appears to induce a much higher
proportion of apoptotic cells in the floating population as compared with UVA for the
same level of cell survival. The percentage of apoptotic cells in the floating population
analysed at 12h for 80J/m2 was 62.7% and 84.5% for 156 J/m2 (Fig. 4.16a). At 48h,
the percentage for 80J/m2 was 83% and for 156J/m2 was 94%. The irradiated attached
cells also showed a steady increase in the percentage of the apoptotic cells with time. At
12h the percentage for 80 J/m" was 10% and this was risen to 23.5% by 48h, whilst for
156J/m2 it was 10.5% at 12h and 32.5% by 48h. The necrotic cell population in floating
cells was increased following irradiation with 80J/m" and 156J/m2 but as it can be seen
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t

24364860 time(h) -A™- attachedcells(256KJ/m2)

Fig.4.15KineticsofthedevelopmentofUVA-inducedapoptosisinHTORI-3and340-RPET53celllines.4a)and4c)thepercentageof apoptoticcellsatvarioustimesfollowingUVAirradiationHTORI-3and340-RPET53celllinesrespectively.4b)and4d)thepercentageof necroticcellsatatvarioustimesfollowingUVAirradiationinHTORI-3and340-RPET53celllinesrespectively.Eachpointcorrespondsto themeanvalueofthreeindependentexperiments±SEwilh200cellscountedforeachexperiment(n=3).



a)

O

'■J

100
c)

100
75 -

<

HTQR1-3UVBapoptoticcells □

f—

/■r

*

T

32

1

h-u-D

i/
*M

#/

T

-

ff

1

-L

1

2436 time(h)
floatingcells(156J/m2) 340-RPET53UVBapoptoticcells

48

2436 time(h)

48

60 floatingcells(475J/m2)
T

iff
*g

f/

1

fg

//
Jrt

—Sr~
1

60

HTORI-3UVBnecroticcells I

2436 time(h)
attachedcells(156J/ir2)

340-RPET53UVBnecroticcells
attachedcells(475J/rr2)

floatingcells(475J/m2)

floatingcells(1418J/m2)
attachedcells(475J/'m2)Aattachedcells(1418J/m2)

Fig.4.16KineticsofthedevelopmentofUVB-inducedapoptosisinHTORI-3and340-RPET53celllines,a)andc)thepercentageof apoptoticcellsatvarioustimesfollowingUVBirradiationHTORI-3and340-RPET53celllinesrespectively,b)andd)thepercentageof necroticcellsatatvarioustimesfollowingUVBirradiationinHTORI-3and340-RPET53celllinesrespectively.Eachpointcorrespondsto themeanvalueofthreeindependentexperiments±SEwith200cellscountedforeachexperiment(n=3).



from Fig. 4.16b, it remained relatively stable and showed a tendency to decrease towards
the end of the 48h experimental period. On the other hand the necrotic cells in the
attached population showed a continuous increase for both doses of UVB irradiation
throughout the duration of the 48h period.

Analysis of the 340-RPET53 cell line following UVB irradiation showed similar
proportions of apoptotic cells in both floating and attached cell populations, as compared
with the HTORI-3 cell line for the same cell survival level. The percentage of apoptotic
cells after 1276J/m2 was 67.5% at 12h which increased up to 80% at 48h, whereas for
1418J/m2 of UVB irradiation at 12h, the percentage of apoptotic cells was 77.5% which
increased up to 91% after 48h (Fig. 4.16c). In the attached population, the percentage of
apoptotic cells was found to be 11.75% for 1276 J/m2 and this continued to increase up

to 17.5% after 48h, whereas for 1418J/m2 it was 10.75% at 12h and this figure also
continue to rise up to 28% after 48h. The percentage of necrotic cells both in the floating
and attached cell population also increased, following both doses of UVB irradiation, but
no differences were observed (Fig. 4.16d). For the floating cells, the percentage of
necrotic cells for 1276J/m2 was 11% at 12h and increased up 15% after 48h, whereas for
1418J/m2, the figure was 9% at 12h, which then decreased to 5% after 48h. The
proportion of the necrotic cells in the attached population was 2.5% at 12h after
1276J/m2 which increased up to 13.5% after 48h, whereas for 1418J/m2 the percentage
of necrotic cells was found to be 6.5% at 12h. This number was further increased up to
12.5% at 36h but then it was reduced to 6% after 48h.

Finally, the number of floating cells collected from the medium of the control
population was very small. However, analysis of these cells revealed that 90-95% were

healthy cycling cells, whereas 1-5% of these cells were apoptotic and 1-5% were

necrotic, in both cell lines in both sets of the experiments (UVA and UVB).

4.2.7 DNA fragmentation
Objective: to examine if, following irradiation of the HTORI-3 and 340-RPE T53 cell
lines with UVA and UVB, the DNA of both floating and attached cells shows any signs
of fragmentation.

4.2.8 Experimental procedure
The DNA content of the floating and attached cells from the HTORI-3 and 340-

RPE T53 cell lines was analysed separately following irradiation with UVA and UVB.
After irradiating the HTORI-3 cell line with 47KJ/m2 and 96KJ/m2 of UVA and 80J/m2
and 156J/m2 of UVB, and the 340-RPE T53 cell line with 160KJ/m2 and 256KJ/m2 of
UVA and 1276J/m2 and 1418J/m2 of UVB, the attached and floating cells from both cell
lines were collected at 12h, 24h, 36h and 48h following irradiation. The DNA was

extracted according to the method described in section 2.6.1 of Materials and Methods.
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4.2.9 Results

Fig. 4.17 shows the analysis of the DNA which has been extracted from the
floating and attached cell population of the HTORI-3 and 340-RPE T53 cell lines, 24h
after irradiating the cells with UVA or UVB. As it can be observed from the
photographs, the DNA analysed from the floating cell population of the HTORI-3 and
340-RPE T53 cell lines, following ETVA and UVB irradiation is intact. The same result
was also obtained from the analysis of the DNA of the attached cell population from both
cell lines, following UVA and UVB irradiation.

4.3 DNA repair
Objective: To investigate the observed difference in cell survival between the HTORI-3
and 340-RPE T53 cell lines following UV irradiation, using ara-C as an inhibitor of DNA
synthesis.

4.3.1 Experimental procedure
The experimental procedures used in order to study DNA repair by using ara-C

are described in section 2.5.1 of Materials and Methods. Cell cultures were set up

containing 2xl05 cells/ml (initially at a final volume of 3 ml of complete growth medium,
and after 6h, at 10ml of complete growth medium) in 92mm petri dishes for UV
irradiation, and 2xl04 cells/ml (in a final volume of 7ml of complete growth medium) in
T25cm2 flasks for ionising irradiation, and incubated until reached confluence.
Following ionising, UVA or UVB irradiation, ara-C was added to the cell cultures at a
final concentration of 30|uM and 150pM (before or after irradiation) at different time
intervals, for a minimum period of 6h and a maximum period of 7h. After incubation
with the ara-C, the cells were trypsinised, counted and plated at appropriate numbers in
92mm petri dishes, by taking into consideration the PE of the cell line and the cytotoxicity
following irradiation. After an incubation period of two weeks for the HTORI-3 cell line
and three weeks for the 340-RPE T53 cell line, the cell cultures were fixed, stained with
Giemsa and counted in order to estimate the PE and the surviving fraction of the irradiated
cells plus ara-C. Only colonies containing >50 cells were counted. The experiment was
repeated three times with five replicate dishes for each dose of irradiation per experiment.

4.3.2 Results

Data on the inhibition of DNA repair (as assessed by the colony forming ability of
the cells) by ara-C using ionising and UV irradiation has been obtained using two
different concentrations of ara-C, 30pM and 150pM. Preliminary experiments showed
that, ara-C can inhibit significantly DNA repair only at 150 pun, in contrast with the lower
concentration which showed minimal effect (data not shown). Therefore, the experiments
conducted for the DNA repair studies used 150pM of ara-C for both ionising and UV
irradiation.
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b) Floating cell DNA
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Fig. 4.17 Representative example of the analysis of DNA integrity in the HTORI-3 and
340-RPE T53 cell lines following UVA and UVB irradiation. Attached (a) and floating (b)
cell DNA was extracted separately 24h after irradiation and analysed on a 0.8% agarose

gel.The order of the samples loaded on each gel was the same for both the attached and
floating cell DNA.

Lane 1 1Kb Molecular weight marker
Lane 2 HTORI-3 80J/m2 (UVB)
Lane 3 HTORI-3 156J/m2 (UVB)
Lane 4 HTORI-3 non irradiated control
Lane 5 HTORI-3 47KJ/m2 (UVA)
Lane 6 HTORI-3 96KJ/m2 (UVA)
Lane 7 HTORI-3 non irradiated control

Lane 8 340-RPE T53 1276J/m2 (UVB)
Lane 9 340-RPE T53 1418J/m2 (UVB)
Lane 10 340-RPE T53 non irradiated control
Lane 11 340-RPE T53 160KJ/m2 (UVA)
Lane 12 340-RPE T53 256KJ/m2 (UVA)
Lane 13 340-RPE T53 non irradiated control
Lane 14 100 bp Molecular weight marker



Fig. 4.18 a and b, shows the results obtained for the HTORI-3 and 340-RPE T53
cell lines respectively, using various doses of ionising radiation plus ara-C. It appears

that in both cell lines, addition of ara-C, lh before irradiation and immediately after
irradiation, reduces cell survival to a statistically significant extent for both survival curves
(analysis of variance, P<0.001) as compared with the survival curve of the cells obtained
without ara-C. Addition of ara-C, 2 and 5h after irradiation showed to have minimal
effect on cell survival (data not shown) of both cell lines. Table 4.1 describes the a and (3
parameters for all the survival curves.

Following the completion of the experiments using ionising radiation and ara-C,
and confirming that ara-C can inhibit DNA repair after ionising radiation, the experiments
were expanded to include UVA and UVB irradiation with the FITORI-3 and 340-RPE
T53 cell lines. Fig. 4.19a shows the results obtained following UVB irradiation, on both
cell lines, lh before and immediately after irradiation. Cell survival on the HTORI-3 cell
line appears to be significantly inhibited only at very high doses of UVB irradiation,
whereas addition of ara-C, lh before or immediately after irradiation showed
approximately the same level of cell survival. Statistical analysis (analysis of variance) of
both survival curves (lh before or immediately after) with the survival curve obtained
without ara-C, showed that there is no significant difference between them. Fig. 4.19a,
presents also the results obtained for the 340-RPE T53 cell line following UVB
irradiation. Addition of ara-C, lh before and immediately after irradiation reduced cell
survival as compared with the survival curve obtained without ara-C. However, despite
the fact that, cell survival obtained by adding ara-C lh before and immediately after
irradiation is approximately the same, only the survival curve obtained by adding ara-C lh
before was statistically different (P=0.009 lh before and P=0.054 immediately after
irradiation) from the survival curve without ara-C. The parameters a and (3 describing the
survival curves are illustrated in Table 4.1. Addition of ara-C, 2 and 5h after irradiation
showed no effect on cell survival as compared with the cell survival obtained without ara-
C (data not shown).

Fig. 4.19b shows the results obtained using ara-C in HTORI-3 and 340-RPE T53
cell lines following UVA irradiation. Addition of ara-C in the HTORI-3 cells lh before
and immediately after irradiation, reduced to a significant extent cell survival (P=0.011 lh
before and P=0.034 immediately after irradiation) as compared with cell survival obtained
without adding ara-C. The right part of the figure shows the results obtained for the 340-
RPE T53 cell line. Addition of ara-C lh before and immediately after irradiation also
reduced cell survival to a significant extent (P=0.008 lh before and P=0.021 immediately
after irradiation), as compared with the survival curve obtained without adding ara-C. In
both cell lines, addition of ara-C, 2 and 5h after irradiation resulted in survival curves
which showed no difference from the survival curve obtained without adding ara-C (data
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ParametersofcellsurvivalcurvesforHTORI-3and340-RPET53celllinesfollowingexposure toUVorionisingirradiationplus150pmara-Catvarioustimesbeforeandafterirradiation
Cellline

Treatment

additionofara-C

a

P

HTORI-3

UVA

noara-C

0.0031+0.00041

0.00012+0.0008

HTORI-3

UVA

lhbeforeirradiation
0.0015+.0.003

0.0018+0.0005

HTORI-3

UVA

Ohafterirradiation
0.0011+0.0007

0.0041+0.0002

HTORI-3

IJVB

noara-C

0.0045+0.0007

0.0061+0.0008

HTORI-3

IJVB

lhbeforeirradiation
0.0059+0.0005

0.0028+0.0005

HTORI-3

IJVB

Ohafterirradiation
0.0057+0.0006

0.0012+0.0007

340-RPET53

UVA

noara-C

0.0031+0.0001

0.0027+0.0008

340-RPET53
IJVA

lhbeforeirradiation
0.0029+0.0099

0.0034±0.0002

340-RPET53
IJVA

Ohafterirradiation
0.0024+0.0005

0.0022+0.009

HTORI-3

ionising

noara-C

0.0014+0.0053

0.0557+0.001

HTORI-3

ionising

lhbeforeirradiation
0.0831+00571

0.0572+0.001

HTORI-3

ionising

Ohafterirradiation
0.021+0.0071

0.060+0.0015

340-RPET53
ionising

noara-C

0.0027+0.009

0.0320+0.002

340-RPET53
ionising

lhbeforeirradiation
0.0136±0.0075

0.009+0.074

340-RPET53
ionising

Ohafterirradiation
0.0174+0.0018

0.091+0.011

Table4.1aand(3parametersforthesurvivalcurvesobtainedduringtheDNArepairstudiesfortheHTORI-3 and340-RPET53celllines.Thevalueshavebeencalculatedusingthecomputerprogram"ORIGIN".



not shown). The a and (3 parameters describing the survival curves are illustrated in
Table 4.1.

4.4 Discussion

4.4.1 Induction of genomic instability using the colony forming ability of the
cells as an endpoint

Genomic instability is characterised by the increased rate of acquisition of
alterations in the mammalian genome. The loss of genome stability in tumour cells is
becoming widely accepted as one of the most important aspects of cancer. Nowell,
(1976) suggested that genomic instability provides the prerequisite genomic plasticity able
to drive the stepwise progression of genetic changes required for the neoplastic
phenotype.

One of the major endpoints used in this study in order to examine the induction of
genomic instability following UVA and UVB irradiation, was the phenomenon of delayed
cell death (DCD). DCD is usually defined by a reduction in the PE of the irradiated cells,
which survived and propagated following irradiation, as compared with the control cell
population. Therefore, the ability of UVA and UVB to induce DCD was examined using
a variety of different doses of irradiation.

Data on the induction of genomic instability following exposure to UV irradiation
is limited. The research conducted in this field is mostly based on studies where various
kinds of irrradiation, for example, X-rays or a-particles, were used. However, because of
the ongoing destruction of the ozone layer and the continuous increase of UV irradiation,
is quite important to establish if UV has the potential to induce genomic instability in
human epithelial cell lines, since it has been suggested that genomic instability
corresponds to one of the earlier steps of carcinogenesis.

4.4.2 The state of cell growth during irradiation does not influence the expression
of delayed cell death

The results presented in this study indicate that irradiation of cells from the
HTORI-3 and 340-RPE T53 cell lines, at the plateau phase or in the exponential phase of
growth, can induce the process of genomic instability (as measured by the induction of
delayed reproductive death) following UVB but not UVA irradiation (Bakirtzis et al.,
2000). However, the reduction in PE is more enhanced on cells irradiated in the

exponential phase rather than in the plateau phase, indicating that cells in the exponential
phase are damaged to a greater extent as compared with the cells in a confluent stage of
growth . This suggestion is supported by the survival curves described in Chapter 3,
obtained when UV irradiating the cells at the exponential or plateau phase (Fig. 3.5). It
appears that cells irradiated in the exponential phase of growth are not able to repair DNA
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damage to the same extent as the cells irradiated at the plateau phase. This will be
probably the reason why, the reduction in PE is more enhanced in cells irradiated with
UVB, in the exponential rather in the plateau phase of growth. Furthermore, the
speculation that DNA repair is strongly involved in the process of genomic instability, is
further supported by the observation that, the HTORI-3 cell line (UV radiosensitive)
exhibits reduction in PE to a greater extent following UVB irradiation, as compared with
the 340-RPE T53 cell line, for approximately the same levels of initial cell survival. This
further supports the idea that the inability of the HTORI-3 cell line to repair efficiently
UVB-induced photoproducts, leads to a much larger destabilisation of the genome

compared with the 340-RPE T53 cell line. High doses of UVB irradiation will destabilise
the genome of irradiated but surviving cells, and this destabilisation will be expressed as

reduction in PE, giant cell formation or mutation induction. It has been proposed that
cells in exponential phase are most likely to be mutated as compared with cells in plateau
phase (Morgan et al, 1996). This is because the former have a high rate of DNA
synthesis and therefore they are more likely to accumulate mutations as compared with
cells which grow at a much slower rate (plateau phase) and therefore have more time to

repair the induced damage.

4.4.3 The reduction in PE is enhanced only in the first 20 population doublings
post-irradiation

Analysis of the data obtained from all the experiments, showed that the reduction
in PE, in both cell lines, was dose dependent and clearly enhanced for the first 20 to 30
population doublings, at which point the irradiated population recovers from the genotoxic
insult of UVB and returns almost to control levels. These results are in partial agreement
with O'Reilly et al., (1997), because the data presented in this thesis clearly supports the
idea that, firstly, DCD can be induced in a dose dependent manner after UVB but not
UVA irradiation and secondly, it can persist for a period which corresponds
approximately to 20 population doublings. On the other hand, O'Reilly et al., (1997)
showed that DCD can be induced after both UVA and UVB irradiation in a dose

dependent manner and that it can also persist for a period of 20 population doublings.
Chang and Little, (1992) failed to observe induction of DCD on the CHO cell line after
exposure to UVC irradiation. However, differences in the irradiation conditions among

these studies, makes a direct detailed comparison of these studies difficult.
Cells which survive after irradiation and further propagated for a period of time

carry a specific mutation burden which is expressed as a reduction in PE, colony
formation with giant cells or reduced proliferation rate. This is evident for the progeny of
the initially irradiated cells, approximately 20 population doublings post-irradiation.
However, it appears that the offspring of the initially irradiated cells have the ability to

repair efficiently this damage in a relatively short period of time following irradiation, as
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this can be judged by the large increase in PE in both cell lines, approximately 20 and 30
population doublings post-irradiation. Nevertheless, this does not indicate that the DNA
repair is complete, because there might be a number of lesions being left unrepaired. The
contribution of these lesions to the expression of genomic instability will be minimal, and
therefore they will not influence the expression of this phenomenon (as this is assessed by
the colony assay, for example). In the long term, these lesions might serve as a scaffold
upon which additional changes will be accumulated leading eventually, through the
existence of an unknown mechanism, to the onset of carcinogenesis. Therefore, it can be
suggested that, human epithelial cell lines which express the phenomenon of genomic
instability following a specific genotoxic insult, might have a higher probability of cell
transformation.

4.4.4 The existence of a specific threshold for the induction of DCD
One of the most interesting observations in this study, is the dose dependent

reduction in PE. This observation was first made by O'Reilly et al., (1997), and further
confirmed by Mothersill et al., (1998) in a study using both UVA and UVB irradiation
and also various chemicals. Recently, Seymour and Mothersill, (2000) and Mothersill et
al., (2000a) further demonstrated the existence of a specific threshold for the induction of
genomic instability using a and y irradiation in human epithelial cell lines. In the latter
study, it was shown that the descendants of HPV-G cells surviving 1 or 3Gy but not
0.5Gy of y-irradiation, exhibited a reduced colony forming ability. However, while the
chromosome instability declined between 30 and 72 population doublings in the 0.5Gy
and 3Gy y-irradiation, it persisted up to 72 population doublings in the lGy group.

Differences in the expression of genomic instability at different times post-irradiation are

not very well understood, but a number of investigations has shown temporal effects on

the expression of instability in a number of different cell lines (Kadhim et al., 1995; 1998;
Ponnaiya et al., 1997; Mendoca, 1998).

O'Reilly et al., (1994) suggested that a particular type of lesion or cell response
plays a significant role in the induction of DCD. It appears that either the number of these
lesions per cell is not relevant after a specific number of population doublings or that the
response induced by radiation persists in survivor cells and causes cell death in the
progeny at a constant rate. Little, (1998) also indicated that delayed cell death probably
arises as an active cellular process and not a random damage process. The authors based
this assumption by studying growth and death patterns in a hybridoma culture. They
observed that the stable occurrence of cell death in this culture is due to apoptosis
occurring at a regular rate in the progeny of the dividing cell population. Furthermore,
Mothersill et al., (1998) suggested that the irradiated cell has the ability to handle the
induced damage either by repair or apoptosis up to a specific cytotoxic threshold. Once
this threshold has been exceeded, a new mechanism emerges from the cell which enables
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the cell to prevent immediate cell death and allows the survival of these cells which now

carry a specific level of DNA damage. The results presented in this thesis (dose
dependent reduction of PE of both cell lines) clearly support this hypothesis. In addition,
DNA repair studies using ara-C, showed that the ability of both cell lines to repair UVB
induced DNA damage is compromised at high cytotoxic doses of irradiation indicating
that the inability of both cell lines to repair properly the induced damage might lead to the
induction of DCD. However, the same speculation can also be made for UVA irradiation,
since it has been demonstrated that ara-C can inhibit DNA repair following UVA in both
cell lines. Nevertheless, it appears that the inability of both cell lines to correctly process

and remove UVB photoproducts, in contrast with UVA induced DNA damage, is one of
the major reasons for the induction of genomic instability. De Wind et al., (1990),
demonstrated that cells with mismatch repair deficiencies have higher spontaneous

suppression of recombination between diverged sequences. Furthermore, mice lacking
both copies of the Msh2 gene which codes for a protein responsible for the initial addition
of mismatched base pairs have an increased rate of cancer development. However,
currently there is no evidence supporting any correlation between radiation-induced
chromosome instability and mismatch repair deficiency, probably because irradiation and
mismatch repair deficiency may lead to the induction of genomic instability through
different pathways. Mothersill et al., (1996; 1997), suggested that only the repair taking
place in the first 2h post-irradiation can lead to lethal mutations, whereas inhibition of
repair using glycolysis inhibitors prevents expression of DCD as all lethality occurs in
the first few post irradiation divisions. Furthermore, Seymour et al., (1989) demonstrated
that irradiation of epithelial cells which have proficient gap-junction intercellular
communication induced fewer lethal mutations than when these cells were irradiated as

single cells or in the presence of gap junctions uncouplers.

4.4.5 UVB but not UVA induce delayed cell death in human epithelial cell lines:
the importance of UVB photoproducts for destabilising the genome and other
important pathways initiated by UVB irradiation

The second important observation from these results, is that UVB but not UVA
can induce DCD. This indicates that CPDs or 6-4PPs, which are the main photoproducts
of UVB and UVC irradiation, have the ability to initiate destabilisation of the genome in
contrast to UVA irradiation which exerts its effects on cells mainly through the induction
of oxidative stress. It has been documented that CPDs are lesions with a very slow repair
rate (Zelle et al., 1980; Ganesan et al., 1994) and that cell lines such as the CHO cell line
have the ability to replicate these DNA lesions (Spivak et al., 1992; Ventura et al., 1987).
Therefore, it appears that the persistence of these DNA lesions increases the probability
of base misrepairing errors during successive DNA replicative cycles leading to the
induction of DCD (Stamato et al., 1998). However, this mechanism assumes that the
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probability of producing a mutation as the replication complex encounters a pyrimidine
dimer is considerably less than one and thus a uniform distribution of mutant events
would be produced which is similar to that observed for spontaneous mutation.
Furthermore, it has been suggested that DCD can be induced as a secondary consequence

of DNA damage which generates a mutator phenotype by reducing the fidelity of the
replication machinery and/or DNA repair process (Little et al., 1994). Nevertheless, it can
be speculated that UVB may has the potential to influence the induction of DCD by more
than one mechanism. Apart from the induction of photoproducts, UVB can activate
several intracellular signalling pathways resulting in the activation of AP-1, which is
thought to contribute to tumour promotion (Chen et al., 1998; Huang et al., 1997). Denko
et al., (1992) demonstrated that the induction of the activated Ha-ras oncogene can lead
to rapid instability in the genome of mouse fibroblasts as detected within one cycle. A
number of reports have indicated the potential involvement of signal transduction
pathways in mediating various cellular responses following acute exposure to ionising
irradiation (Maity et al., 1994; Mumame et al., 1994). These reports underline the
importance of protein kinases and phosphatases which govern the transfer of intercellular
information. Therefore, it can be suggested that the activation of multiple signalling
pathways, following UVA and UVB irradiation can influence the expression of various
genes which play essential role in the maintenance of the genome following a genotoxic
insult leading to the initiation of the destabilisation process. Many of the genes and gene

products activated and/or stabilised after cellular irradiation are transcription factors like c-

jun, nuclear factor kB, the early growth response zinc finger genes and p53. Support for
this speculation comes from Morgan et al, (1996), who suggested that radiation may

cause deletion of genes controlling instability, induction of genes stimulating instability
and activation of endogenous viruses, underlying thus the possibility that perpetuated
activation of signal transduction pathways may be involved. In addition, UVB causes the
generation of free radicals and related oxidants (but not to the same extent as UVA) which
contribute to carcinogenesis by directly damaging cellular macromolecules including
DNA (Liebier et al., 2000).

Induction of genomic instability appears to be induced not only by signal
transduction cascades, gene induction or modulation of gene expression but also by
epigenetic events. One of the best examples of this event, has been reported by Kadhim et

al., (1992) who documented the transmission of chromosome instability following
exposure of stem cells to a-particle irradiation. In this study, it was calculated that the
probability of a stem cell surviving a hit of a single a-particle was approximately 10%. In
fact, analysis of a large number of metaphases showed that 40-50% were characterised by
chromosome abnormalities. Paquette et al., (1994) also demonstrated the involvement of
an epigenetic event in the process of genomic instability. In his study, it was shown that
injection of transformed type III foci from mouse C3HT101/2 into nude mice (and
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subsequent analysis of extracted DNA) produced a much a higher frequency of genomic
rearrangements in the clones derived from tumours that arose in vivo as compared with
the clones (derived from the foci) which were continuously passaged in vitro for 6
months. Furthermore, the demonstration that genomic instability is characterised by
significant genomic rearrangements further supports the concept of the "mutator"
phenotype which stems from reports on microsatellite instability in certain human
tumours. In vivo, enhancement of genomic instability in microsatellite sequences of
C3T101/2 cells transformed with X-rays has also been reported.

4.4.6 Are there any other possible candidates for the induction of DCD
A number of agents which have been demonstrated to induce genomic instability

in a variety of cell lines (a-particles, X-rays, y-irradiation), have the potential to induce
strand breaks in the DNA, therefore it is possible that induction of DCD could be initiated
by strand breaks. Support for this theory comes from the work of Alper et al., (1988)
who demonstrated that DCD could not be induced in cell lines which were deficient in

DNA double strand break repair. Stoler et al., (1992) showed that rat fibroblasts under
anoxic conditions show induction of an endonuclease activity that cleaves DNA without
sequence specificity, suggesting that this endonuclease activity underlies the known ability
of anoxic cells to undergo gene amplification. This activity could also be associated with
the break-related genomic instability of cancer cells. In addition, Chang et al, (1992)
documented that the use of restriction endonucleases in the CFIO cell line along with
ethylmethanesulphonate (EMS) (which both can cause a large number of DNA double
strand breaks), but not UVC (which cause a very small number of DNA strand breaks)
have the potential to induce delayed reproductive death. If it is supposed that genomic
instability is due to the inability of the irradiated cells to repair efficiently double strand
breaks, it could be speculated that the degree of instability will be dose dependent and not
constant, despite the fact that an induced mechanism resulting from the genomic
instability could also well be dose-independent (O'Reilly et al., 1994). In contrast, Limoli
et al., (1997) found no evidence of DCD in a large variety of clones using four different
endonucleases, however they did find evidence of DCD when ionising radiation and
chemicals such as bleomycin and neocarzinostatin were used. They suggested that the
induction of DCD is determined by the complexity of the strand break. Furthermore,
Wojcik et al., (1993) also failed to observe chromosome aberrations in cells from mouse

embryos after treatment with a variety of restriction endonucleases.
Another possible candidate for the induction of genomic instability is the process

of oxidative stress. In DNA, the formation of strand breaks and oxidated bases caused by
oxygen intermediates has been documented (Churchill et al., 1991). The importance of
the cellular antioxidant defence system to counteract the effects of oxidative stress (DNA
strand breaks) was underlined by Lehman et al., (1998) who documented that application
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of several antioxidant enzymes on the HACAT keratinocytes reduced significantly the
induction ofDNA strand breaks after UVA but not UVB irradiation. Therefore it appears

that the level of antioxidant enzymes such as superoxide dismutase, catalase or

glutathionine play a very important role against UVA induced oxidative stress.

Furthermore, Clutton et al., (1996) suggested that, following a specific genotoxic insult of
oxidative nature, a persistent increase in oxy-radical generation takes place in the progeny

of the irradiated cells leading to a persistent oxidative damage and consequent increase in
cell death, mutations and chromosome aberrations. This suggestion was confirmed by
Hauptmann et al., (1997) and Mothersill et al., (1998) who showed that genomic
instability can be induced in surviving progeny by a wide range of genotoxic agents which
cause oxidative stress. In contrast, substances which induce unrepairable DNA damage
or which prevent the assembly/disassembly of the cytoskeleton cannot induce genomic
instability. O'Reilly and Mothersill, (1997) and Mothersill et al., (1998) demonstrated
that the formation of double strand breaks probably is not the only critical lesion for
destabilising the genome.

The data presented in this thesis indicate that broadband UVB but not UVA
irradiation can induce the process of genomic instability in two different human epithelial
cell lines. Mothersill et al., (1998), suggested that the main mechanisms of action of
UVB in mammalian cells is the induction of oxidative stress, dimers and double strand

breaks, whereas the main mechanism of UVA irradiation is the oxidative stress and
double strand breaks. Thus, it appears that broadband UVB irradiation has the potential
to destabilise the genome through the combined interaction of UVB-induced
photoproducts and the process of oxidative stress. In contrast, the combination of the
oxidative stress and the formation of double strand breaks following UVA irradiation,
does not have the ability to initiate genome destabilisation. Therefore, it can be concluded
that, the combination of at least two different factors (dimers plus oxidative stress) plays a

significant role in the induction of delayed cell death. It is tempting to speculate that the
irradiation conditions using the broadband UVB lamp can, in theory, create an

environment which provides both the formation of UVB induced photoproducts plus a

generalised oxidative stress provided by the contamination of UVA in the UV lamp
spectrum. These conditions may have a particular influence in the process of genomic
destabilisation. Furthermore, it has been suggested that altered expression of tumour
suppressor genes or genes whose products might influence the stability of short repeat
sequences, such as telomeres, might be associated with the expression of instability.
Sabatier et al., (1994) showed that irradiation of human fibroblasts with heavy ions
resulted in chromosome instability which was correlated with telomere shortening. The
existence of a defined lethal mutation gene or a mutator gene that is hit or activated in an

unknown way in some cells causing their progeny to have a reduced ability for further
successful divisions, cannot be excluded (O'Reilly et al., 1997).
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4.4.7 Examination of individual colonies produced from the studies of DCD
The colonies produced from the experiments measuring DCD were analysed for

the presence of giant cells and colony diameter. Measurements of the colony diameter
from these studies (only in cultures irradiated in the exponential phase of growth) showed
that, the cells that have survived the initial genotoxic insult of UVA and UVB irradiation
and further propagated for 10 and 20 population doublings, give rise to colonies whose
diameter is the same size as that of the controls. This observation indicates that

expression of DCD in these cell lines does not have the potential to inhibit large colony
formation, either by increasing the cell cycle of the progeny cells or through apoptosis.
The phenotypic changes which are usually associated with DCD include: a persistently
reduced cloning efficiency up to 30 to 40 population doublings, increased frequency of
giant cells, a reduced capacity to attach to culture dishes and an increase in population
doubling (Chang et al., 1992). Mothersill et al., (1997) suggested that DCD occurs

mainly from apoptosis because all the post-irradiation survivor colonies contain apoptotic
bodies and cells with small pyknotic nuclei. Chang et al., (1991) demonstrated that the
progeny of irradiated cells have a significantly reduced ability to attach to tissue culture
dishes, and that the progeny which do have the ability to attach and proliferate do so at a
much reduced growth rate. Cellular attachment to tissue cultures dishes has been
demonstrated to involve several factors including collagen (Eldsdale et al., 1972) and
fibronectin (Julliano et al., 1980). It may be speculated that expression of DCD could be
due to the reduced ability of the progeny of the irradiated cells to express proteins which
are responsible for the attachment process of the cell to the plastic.

The formation of colonies with giant cells in the progeny of the irradiated cells in
HTORI-3 and 340-RPE T53 cell lines after 10 and 20 population doublings post-
irradiation (UVA), was similar to the control level (irradiation in the exponential and
plateau phase of growth). Thus, it can be concluded that UVA does not have the ability to
induce DCD, neither has the potential to induce the formation of colonies with giant cells,
10 or 20 population doublings post-irradiation, in either of the cell lines. In contrast,
UVB which has been shown in this chapter to induce DCD, can also induce the formation
of colonies with giant cells in both cell lines. In the HTORI-3 and 340-RPE T53 cell
lines, the percentage of these colonies is increased in a dose dependent manner 10
population doublings post-irradiation and then begins to decline in the same way 20
population doublings post-irradiation, indicating that recovery of the PE of the cells is
accompanied by the formation of a reduced percentage of these colonies. Interestingly,
the percentage of these colonies is larger in the 340-RPE T53 cells, when irradiated at the
exponential phase rather than when irradiated at the plateau phase of cell culture.

The formation of giant cells is a well recognised effect of radiation associated with
reproductive failure. Formation of non-homogenous colonies has been reported by
several authors (Sinclair et al., 1964; Nias et al., 1965; Westra et al., 1966; Todd et al.,
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1968) who experimented with a variety of cell lines and mainly ionising radiation. Later,
this work was extended and confirmed by other groups. Chang et al., (1991; 1992a;
1992b) showed that formation of colonies containing giant cells is a classic characteristic
exhibited in cell lines which express DCD. Chang and Little, (1991) treated the CHO and
SQ 20B cell lines with ionising radiation and showed that expression of the DCD
phenotype is closely correlated with the formation of giant cells in a significant number of
colonies. Lyng et al., (1996) showed that all post irradiation survivor colonies from the
HPV-G and CHO KI cell lines, in studies for DCD with ionising radiation, contain
pyknotic nuclei but there is also evidence of senescence or terminal differentiation (giant
cell formation, formation of vacuoles, lipid accumulation). However, the mechanism for
the formation of giant cells remains largely unknown. Bellatin et al., (1982) suggested
that giant HeLa cells arising following 1100 cGy of X-rays could be associated with the
appearance of some transformation sensitive polypeptides.

4.4.8 Growth rate of cells expressing genomic instability
The proliferative potential of cells from the HTORI-3 and 340-RPE T53 cell lines,

which have completed 10 population doublings following exposure to various doses of
UVB irradiation, was tested using the MTT assay. The cells from the HTORI-3 and 340-
RPE T53 cell lines showed a reduced proliferation rate as compared with the control cells
only at high doses of UVB irradiation. This reduction becomes apparent only after the
fourth day of the experiment, and then remains constant until the end of the experimental
period (cells have completed approximately 20 population doublings). The main reason

for the absence of linearity during the first four days of the experiment, probably is the
inability of the Mi l assay to measure accurately low numbers of cells. Nevertheless,
once the concentration of the cell number reaches a specific threshold, then the MTT assay

can provide very accurate information about the proliferation status of a specific cell line.
Therefore, it can be suggested that expression of genomic instability after various doses
of UVB in both human epithelial cell lines is characterised by a decreased proliferation
rate of cells surviving after irradiation. However, is this reduced proliferation rate due to
a longer cell cycle of the irradiated cells or due to the failure of a proportion of cells to
divide to give two viable progeny? Mendoca et al., (1989) and O'Reilly et al., (1997),
showed that CGL1 fibroblasts irradiated with 7Gy of ionising radiation and HPV-G
keratinocytes irradiated with 6Gy of ionising radiation exhibited a reduced growth rate, 20
population doublings post-irradiation, as compared with that of the control cells. In both
studies, it was suggested that the reduced growth curves, observed in these cell lines
following ionising irradiation, is due entirely to the reduced numbers of reproductively
viable cells. This observation was in agreement with Seymour et al., (1992) where it was
shown, by using CHO-K1 cells, that the correction of the growth curve for the non-viable
cells in the population, led to the production of a growth curve parallel to the control cells.
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These results contradicted the longer cell cycle hypothesis by Nias et al., (1965) and
Grote et al., (1981) that was used to explain the reduced growth rate of irradiated cells,
and further support the idea that the observed phenomenon is due to reproductive failure
of a number of irradiated cells. The effect of a reduced proliferation rate in human skin
fibroblasts was also documented by Mulgrew et al., (1989). It was suggested that the
observed effect, in the surviving irradiated cells post-irradiation, could be due to a higher
requirement for nutrients or energy substrates for repair leading to depletion of substances
in the medium at shorter times. Therefore, it appears that, experiments involving
correcting cell number counts for cloning efficiency similar to those performed by
O'Reilly et al., (1997), could provide more evidence for justifying the results observed in
this chapter.

Another attractive suggestion could be the existence of a "factor" secreted by the
cells, that express DCD, into the surrounding medium, and has been shown to reduce the
PE of unirradiated cells (Mothersill et al., 1997b). This factor maybe is secreted by the
cells which express DCD and through a currently unknown mechanism, it may has the
potential to reduce the growth rate of the cells into the surrounding medium. There is
ample evidence in the literature to suggest that cells can secrete factors which alter survival
of other cells. Soluble factors regulating cell death and proliferation have been identified
in cultures of endometrial cells (Lynch et al., 1986). Ishizaki et al., (1993; 1994), showed
by using lens and chondrocyte cultures that DCD occurred unless cells were signalled to
remain alive by their neighbours. This observation confirmed the general hypothesis
made by Raff in 1992, suggesting that survival factors secreted by neighbouring cells
prevent initiation of apoptosis. Moreover, the existence of a bystander effect which is
induced by broadband UVB irradiation and is mediated through the secretion of soluble
factors cannot be excluded. Bystander damage, is the term used to describe the killing or

damaging of cells not directly hit by irradiation. This effect is now well established by
both high and low LET radiation in a variety of cell types, and several publications have
documented that the factor or signal produced by the irradiated cells can affect cells in the
field, not hit or not even in the field. Lorimore et al., (1998) suggested that once this
phenomenon has been induced, it persists in the progeny of the irradiated cells which
survive irradiation. The cells which are affected by the expression of this phenomenon
are likely candidates to express the characteristics of genomic instability. However, the
role of cell communication in the establishment of this effect is not clear, and probably
there are multiple mechanisms involved in the transduction of the signal. Recently,
Mothersill et al., (2000) indicated that generation of ATP or generation of critical REDOX
potential may be critical to the production of a bystander effect. ATP would be required
for any energy dependent process and the NAD/NADH balance is critical for the
continued progress of metabolism. Nevertheless, it appears that the generation of a

bystander signal might be a different process from the expression of delayed reproductive

185



death. This assumption is based on data presented by Mothersill et al., (1997a; 2000b)
and Lorimore et al., (1998). Mothersill et al, (2000a) suggested that many of the
unusual characteristics of the genomic instability dose-response curve, might be more

easily understood if it is assumed that the phenotype results from a signalling mechanism
induced in a cell by irradiation which affects others in the vicinity. Some of the most
common tissue responses to DNA damaging agents or oxy-radicals is the production of
cytokines or other stress responses which are mediated by biochemical signalling
substances and receptors.

4.4.9 Induction of apoptosis after UVA and UVB irradiation
a) Measurement of cell detachment as an index of apoptosis

One of the most widely used criteria for measuring apoptosis in cell systems is the
measure of cell detachment from culture petri dishes or flasks after the exposure of the
cells to a specific genotoxic insult. Therefore, in this study, the ability of UVA and UVB
to induce apoptosis in HTORI-3 and 340-RPE T53 cell lines was tested.

The results obtained from measuring cell detachment in both cell lines, showed
that UVA and UVB irradiation, at the indicated doses, can cause cell detachment.

However, the ability of the individual cell lines under investigation, to respond to UVA
and UVB irradiation, in terms of cell detachment, is different. For example, at doses of
UVA irradiation which correspond approximately to the same level of cell survival, the
340-RPE T53 cells showed to be more sensitive in cell detachment as compared with the
HTORI-3 cells. In addition, higher doses of UVA irradiation, induced a larger number of
cells to be detached as compared with those detached following lower doses of UVA, in
both cell lines. The same observations can be made for both cell lines following UVB
irradiation, at doses which correspond approximately to the same level of cell survival,
with the doses of UVA irradiation. These results are in agreement with other authors
which showed that UVA and UVB irradiation can cause cell detachment from tissue

culture flasks and petri dishes (Godar et al., 1999b; Henseleit et al., 1996; 1997;
Alabanese et al., 1997; Gniadecki et al., 1997; 1998). Similar results have also been

reported using ionising radiation (Chen et al., 1994a; Ling et al., 1994; Guo et al, 1997;
Wang et al., 1997; Siles et al., 1998).

b) The relationship between p53 function and induction of apoptosis
The observation that, the 340-RPE T53 cell line is more susceptible to cell

detachment than HTORI-3, following UVA or UVB irradiation at doses that cause

approximately the same level of cell survival, can be partly explained by the p53 status of
the cells. The important role of p53 in maintaining cellular genomic stability is implicated
in inducing apoptosis. Unlike UVA irradiation, which predominantly induces a p53
independent apoptotic mechanism, both UVB and UVC induce a p53 dependent apoptotic
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mechanism (Kimura et al., 1998; Wang et al., 1998b). UVB irradiation causes

accumulation of the p53 protein which appears to be a key mediator of the apoptosis
process (Hall et al., 1993). Cotton et al., (1997), demonstrated that UVB irradiation leads
to the induction of apoptosis and accumulation of p53 in human keratinocytes. While
high doses of UVB, induced apoptosis, low levels of UVB stimulated DNA repair. This
suggestion may explain the reason why low doses of UVB irradiation induced a lower
percentage of detached cells as compared with the high doses of UVB irradiation in both
cell lines. They also demonstrated that the level of UVB influenced the cellular
localisation of p53 which in cells undergoing apoptosis shifted from the perinuclear space
to the blebs of the degenerating nuclei. It has been suggested that cells that are p53-
deficient will show a decreased level of apoptosis following UVB irradiation (Lowe et al.,
1993). The main reason for this observation probably will be the elimination or the
significant reduction of the p53-dependent apoptosis or the p53-dependent prolonged G1
arrest seen following irradiation (Yount et al., 1996; Linke et al., 1997). Human
fibroblasts lacking wild type p53 are more resistant to UV induced apoptosis than
parental strains (Ford et al., 1995). In vivo, skin of p53 nullizygous mice is resistant to
UV induced apoptosis (Ziegler etal., 1994). Accumulation of p53 in cells with wild type

p53, has been correlated with increased sensitivity to the induction of apoptosis in these
cells (McKay et al., 1998). Cells that have accumulated p53 may simply stop the cell
cycle, to allow time for DNA repair or induce the apoptotic pathway. HTORI-3 has been
immortalised by using the SV40 construct. Viral immortalisation of cell lines (HTORI-3)
has been shown to interfere with p53 function, indicating that p53 in the HTORI-3 cells
has a reduced ability to transactivate genes which mediate the signals for the induction of
the apoptotic pathway. The 340-RPE T53 cell line which has a functional p53 gene

(result from this study) responds to high doses of UVB irradiation by inducing
effectively the apoptotic machinery. In contrast, the HTORI-3 cells appear to have a

reduced ability to undergo apoptosis for doses which reduce cell survival at approximately
the same level as compared with the 340-RPE T53 cells. The suspected inability of the
HTORI-3 cells to remove UVB-induced lesions might attenuate the transactivation of
anti-apoptotic genes like p21 or pro-apoptotic genes like Box. Therefore the ability of the
HTORI-3 cells to apoptose following UVB induced damage will be reduced.

The importance of p53 in inducing the apoptotic pathway has been shown by
several authors. p53 was first shown to induce apoptosis in cells of hematopoietic origin.
Using p53-deficient mice it was shown that p53-/-thymocytes, bone marrow and intestinal
epithelial cells were resistant to the induction of apoptosis (Clarke et al., 1993; Lotem et

al., 1993; Lowe et al., 1993). Gniadesky et al., (1997) provided evidence for the existence
of two apoptotic pathways in human keratinocytes. They demonstrated that in addition to
the p53 dependent pathway, there is another which is independent of p53 status, is very

rapid, does not depend on the degree of keratinocyte differentiation and can be blocked by
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cell attachment via the (31 integrin. However, a number of studies have shown that,
apoptosis can be p53-independent. Li et al., (1996), showed that mutant p53 efficiently
supported UV-induced apoptosis in murine keratinocytes, whereas Allday et al., (1995)
showed that treatment of cells with DNA damaging agents can induce apoptosis in the
absence of a functional p53. Strasser et al., (1994) reported that T lymphoblasts from
p53-/- mice had the same sensitivity to ionising radiation as those from p53+/+ mice,
indicating that p53 is not the only inducer of apoptosis. Merlo et al., (1995) documented
that starvation-induced apoptosis is p53-independent. Siles et al., (1998) also failed to
find a statistically significant relationship between induction of apoptosis in tumour cell
lines following ionising radiation and p53 functionality.

c) Does the process of cellular immortalisation influences in any way the
apoptotic pathway?

The existing difference in the apoptotic response of the HTORI-3 and 340-RPE
T53 cell lines can also be partly explained by the nature of the immortalisation process

between transformed and non-transformed cell lines. Brezden et al., (1996), provided
evidence suggesting that the mechanisms of cell death may differ between transformed
and non-transformed cell lines under physiological stress conditions. They showed that
rat embryo fibroblasts (immortalised with SV40) died from apoptosis when grown to
confluence in a way that was independent of wild type or mutant p53. In contrast,

primary rodent and human cells entered a quiescent G1/G0 state and after a period of two
weeks they died from necrosis.

d) Does UVA membrane damage plays any role in apoptosis?
Irradiation of both cell lines with UVA induced a dose dependent increase in cell

detachment, with the 340-RPE T53 cell line being more sensitive as compared with the
HTORI-3 cell line for equilethal doses of UVA irradiation. In both cell lines the
percentage of detached cells increased with time. The difference between the two cell
lines cannot be explained in terms of p53 because, as it has been already mentioned,
UVA-induced apoptosis is p53 independent. Therefore, it could be suggested that the
observed difference between the cell lines, reflects differences in the ability of the cells to
handle membrane or cytoskeletal damage induced by oxidative stress caused by UVA. It
is well documented that UVA is a membrane damaging agent and induces peroxidation in
membrane lipids of cultured human skin keratinocytes and fibroblasts. Godar et al.,
(1995) showed that in a murine lymphoma cell line both immediate apoptosis and
membrane permeability were increased by UVA in a dose dependent manner. It was
demonstrated for the first time that UVA has the ability to induce "immediate" apoptosis
whereas UVB and UVC induced "delayed" apoptosis or programmed cell death. UVA
caused apoptosis within 4h, where equilethal doses of UVB and UVC irradiation caused

188



apoptosis several hours later. However, the results presented in this thesis show that there
are no differences between the cell lines concerning the kinetics of cell detachment after
UVA or UVB irradiation. No further comparisons can be made because there are major
differences between the two studies for example the use of different cell lines and most

importantly the use of different UV sources along with differences in the irradiation
procedure.

The main factor for the induction of immediate apoptosis after UVA was

suggested to be the increase in membrane permeability which will result in Ca++ influx.
In contrast, DNA damage induced by UVB or UVC (mainly CPDs and 6-4PPs) has been
demonstrated to cause delayed apoptosis in vivo (Applegate et al., 1985). Therefore, it
appears that immediate apoptosis is induced because of an increase in membrane
permeability, whereas UVB and UVC irradiation induce delayed apoptosis either due to
DNA damage or to insufficient repair. In addition, Ling et al., (1994) suggested that the
difference in the shapes of the survival curves might reflect the two different types of
apoptotic pathways activated by short and long wavelengths of UV.

Further quantification of the floating and attached cells revealed that the majority
of floating cells were apoptotic in both cell lines. UVB was shown to induce
morphological changes related to apoptosis to the majority of the floating cells in both cell
lines, whereas the remaining percentage of the floating cells was characterised as necrotic.
The percentage of live healthy cycling cells was very small in the floating population.
Interestingly, UVB was shown to induce apoptosis in the attached population, however to
a lesser extent as compared with the floating population. UVA also caused apoptosis
related morphological changes in both cell lines. Analysis of the data showed that a large
percentage of the floating cells, which increased over time in the 340-RPE T53 and
HTORI-3 cell lines was apoptotic. Apoptosis was also documented in the attached cell
population although, the percentage was significantly lower than that observed in the
floating population.

4.4.10 DNA fragmentation
Analysis of the DNA which was extracted from both floating and attached cells,

from both cell lines following UVA and UVB irradiation, showed no signs of DNA
fragmentation. This result contrasts the results obtained from the apoptosis quantification
experiments for the floating cells, where it was shown that the majority of these cells have
apoptotic morphology. On the other hand this result is in agreement with the results
obtained from the analysis of the attached cell population, showing that attached cells
which were irradiated with UVA and UVB and remained attached, retained the integrity of
their chromatin structure and did not show any signs of fragmentation.

The biochemical hallmark of apoptosis is the appearance of a fragmentation
pattern in chromatin which indicates DNA cleavage at the linker regions between
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nucleosomes. This produces a characteristic pattern of DNA segmentation into 180bp
oligonucleosome integer fragments when DNA from apoptotic cells is analysed by the
use of gel electrophoresis (Wyllie et al., 1980). It has been suggested that this
internucleosomal cleavage of DNA arises from the activation of endonucleases like NUC-
18, DNAase I or DNAase II (Compton et al., 1992).

A large number of studies have used DNA fragmentation as an additional
endpoint when examining apoptosis in a variety of cell lines. Many groups have
documented a close relationship between DNA fragmentation and the morphological
features of apoptosis. Nishigaki et al., (1999) showed DNA fragmentation in apoptotic
floating cells of the OCP13 cell line, 6h after UVA and UVB irradiation, whereas no

fragmentation was detected in the attached cells. Hagan et al., (1997) demonstrated the
same pattern when analysed CHO V79 cells irradiated with UVB, 36h after irradiation.
Bisonnette et al., (1998) irradiated A431 cells with high doses of UVB and documented a

dose dependent induction of DNA fragmentation after a period of 6h. Work on

keratinocytes by different groups (Li et al., 1996; Henseleit et al., 1996,1997) also
demonstrated the induction of DNA laddering. Studies on rat embryo fibroblasts using
various doses of ionising radiation further documented fragmentation ofDNA at different
times after irradiation (Ling et al., 1994; Chen et al., 1994b). Recently, Chigancas et al.,
(2000) used HeLa cells transfected with a photolyase gene and demonstrated, that HeLa
cells (untransfected) showed clear signs of DNA fragmentation after broadband UV light
whereas transfected cells showed no fragmentation at all, indicating that photorepair can

prevent UV-induced apoptosis in this cell line. It is also worth mentioning that activation
of the endonuclease mediated intemucleosomal DNA fragmentation, depends on the
composition of culture media and culture conditions. Benassi et al., (1997) demonstrated
DNA fragmentation in human neonatal keratinocytes irradiated with UVB by using
suboptimal growth factor concentrations.

4.4.11 Can we always correlate DNA fragmentation with apoptotic features in the
cell?

The reliability of the DNA ladder as a marker for apoptosis, has been questioned
because of the occurrence, in some model systems, of the morphological evidence of
apoptosis in the absence of a detectable DNA ladder (Collins et al., 1992; Oberhammer et
al., 1993). This observation questioned the mechanism of nuclear disintegration and
whether it can indeed occur in the absence of the activation of the endonuclease

responsible for production of the ladder of DNA fragments. During the recent years, the
absence of laddering in UV treated cells was reported. Cotton et al., (1997) observed
absence of laddering when human keratinocytes were irradiated with 50J/m2 of UVB, but
fragmentation was present when the cells were irradiated with 200J/m2 and 600J/m2.
Akagi et al., (1993) observed clear apoptotic features in MOLT-4 cells irradiated with
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ionising radiation but DNA analysis revealed no changes in chromatin structure. They
speculated that, either apoptosis is taking place in this cell line, but without some events

leading to DNA laddering, or that the apoptotic features result from the destruction of cell
membrane which leads to the release of lysosomal enzymes which can accelerate random
DNA breakdown. Gniadecki et al., (1998) also observed absence of laddering in human
keratinocytes irradiated with broadband UVB at 50J/m2 and 300J/m2. Siles et al., (1998)
examined the pattern of DNA fragmentation in 8 tumour cell lines after ionising
irradiation and concluded that some of them were showing a clear pattern, whereas others
showed an intermediate pattern or a smear pattern. Kerr et al., (1972) suggested that the
smear pattern is indicative of non-specific DNA degradation. Therefore, it appears that
the absence of DNA fragmentation in both cell lines could be due to the fact that,
chromatin degradation occurs at a much later time, as compared with the time where the
cells for analysis were collected. In the light of the previous reports, the absence of
fragmentation could also be due, to the use of the indicated doses, suggesting that higher
doses ofUVA and UVB irradiation maybe induce DNA fragmentation.

The existing discrepancy in the scientific literature concerning DNA degradation,
may also be the result of the use of different cell lines which behave dinstictively during
apoptosis. For example, Arrends et al., (1990) implied that chromatin condensation in
thymocytes is the result of DNA fragmentation. However, Oberahammer et al., (1993)
failed to demonstrate the classic appearance of DNA laddering in oligodendrocytes and
hepatocytes respectively. Cohen et al., (1992) by using FACS analysis on apoptotic
thymocytes suggested, that some changes in chromatin structure precede the initiation of
internucleosomal cleavage. Indeed, this was confirmed by several authors who
documented that DNA fragmentation during apoptosis commences with the generation of
high molecular weight DNA fragments detectable only by PFGE (pulse-field gel
electrophoresis) (Filipski et al., 1990; Roy et al., 1992; Walker et al., 1991, 1993). In
these studies it was shown that DNA degradation begins with the production of DNA
fragments of 300Kbp, which are then degraded to fragments of 50Kbp, which are then
further degraded in some but not all cell lines to smaller fragments of 10-40Kbp and
release the smaller 180bp fragments that are recognised as the classic DNA laddering.
Therefore, it seems that the process of apoptosis is much more complex than previously
believed and the appearance of DNA ladder is not compulsory in an apoptotic cell death
defined by characteristic changes in chromatin condensation. Furthermore, DNA
fragmentation appears to be a late or even absent event not coincident with chromatin
condensation in mammalian epithelial and mesenchymal cells (Ucker et al., 1992).
Analysis of the HTORI-3 and 340-RPE T53 cell lines after UVA and UVB irradiation by
PFGE could shed more light to the absence of DNA laddering in the cells. In addition,
analysis of the DNA extracted from the floating population at a much later times, may
reveal DNA laddering.
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The resistance of the HTORI-3 and 340-RPE T53 cell lines to DNA fragmentation
(floating cells) after UVA and UVB irradiation could also be explained by the existence of
an endonuclease which has a very low activity and therefore is unable to cleave the DNA
molecule (Oberhammer et al., 1993). It could also be due to differences in the chromatin
structure such that chromatin is not accessible to a pre-existing endonuclease. This was

supported by a study on cytotoxic T lymphocyte-mediated cell killing of murine
fibroblasts, where genome digestion was considered to be limited by the accessibility of
the chromatin to endonuclease attack (Ucker et al., 1992).

The absence of laddering in this study can also be attributed to various technical
reasons. For example, the demonstration of DNA laddering may require a large number
of apoptotic cells, much larger than the numbers used in this study. The apoptosis must
be synchronous for this analysis, a synchrony which is not always present. For example,
for apoptotic systems that depend on cell cycle alterations, the time from initial addition of
an agent to the beginning of the first stages of apoptosis can be several days, and the
actual completion of apoptosis to the point of cell lysis may require an additional day
(Willingham et al., 1999). Another possibility is that during the collection of the floating
(apoptotic) cells, a number of either necrotic or viable cells is present in the sample
(section 4.2.6). These cells which have intact chromatin may obscure the fragmented
chromatin thus not allowing the DNA ladder to be observed during gel electrophoresis.

4.4.12 DNA repair
a) DNA repair studies using ara-C

The primary purpose of the repair studies was to establish whether the observed
difference (in survival terms) between the F1TORI-3 and 340-RPE T53 cell lines after UV
irradiation, is due to a DNA repair deficiency in the HTORI-3 cell line. Therefore, ara-C,
a DNA repair inhibitor was used in order to study the response of both cell lines towards
ionising, UVA and UVB irradiation.

The results presented in this study indicate that the difference between the
HTORI-3 and 340-RPE T53 cell lines after UVA and UVB irradiation, probably is due to
a DNA repair deficiency of the HTORI-3 cell line, which cannot be detected using the
DNA repair inhibitor, ara-C. This is because both cell lines showed approximately the
same level of inhibition in terms of cell survival following UVA and UVB irradiation in
the presence of ara-C. The same result was also obtained using ionising radiation on both
cell lines. Collins et al., (1985) indicated that, only those repair events which proceed via
the insertion of a large number of bases (i.e. long patch excision repair) would be
susceptible to inhibition by ara-C. In normal human cells, the size of the repair patch
depends not only on the type of DNA damage, but also on the DNA polymerase
performing the repair synthesis reaction. Long patch repair is usually mediated by DNA
polymerases a, 5 and 8 all of which are effectively inhibited by ara-C (Mirzayans et al.,
1996). However, there are significant differences in the enzymology of the nucleotide
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1996). However, there are significant differences in the enzymology of the nucleotide
excision repair pathway operating in transcriptionally active genes and the corresponding
pathway operating to the whole genome. Evidence for this is provided by Jones et al.,
(1991) who showed that repair in active genes is unaffected by certain drugs which are

well known to inhibit repair of the whole genome. Sancar., (1994) reported that cells
from Xeroderma Pigmentosum patients (group C) can perform repair of active genes in a

normal way but have defects in the repair of the overall genome, whereas cells from
Cockayne syndrome patients exhibit a specific defect in transcription coupled repair. It
can be speculated that the HTORI-3 cell line is deficient in a repair pathway, not
identifiable by ara-C (i.e. short patch repair), or deficient to gene specific removal of T4
endonuclease V sensitive sites (CPD) from the DHFR and c-myc genes, as this was

demonstrated by Ford et al., (1995) in cells from Li-Fraumeni patients.
During the last ten years, it became apparent that p53 contributes to the repair of

UV-induced damage in both human and mouse cells. However, while it is accepted that
p53 contributes to global genome repair, its involvement in transcription coupled repair
remains controversial (McKay et al., 1999). However, evidence for a role of p53 in
transcription coupled repair has been provided by Mirzayans et al., (1996) who
demonstrated that, the excision rate of UV-induced damage in cells from Li-Fraumeni
patients was significantly reduced as compared with normal cells, both in the whole
genome and in the c-myc gene. Therefore, it was proposed that cells from these patients
are deficient in their capacity to remove UV-induced DNA damage, by both the global
genome repair and transcription coupled repair. The known disruption of p53 by its
interaction with the large T antigen, in the HTORI-3 cell line, may compromises the ability
of the gene to transactivate a whole series of p53 responsive genes (following exposure to

UV). Therefore, the possibility that, the radiosensitivity of the HTORI-3 cell line is due to
a deficiency in the transactivation of p53 responsive genes (following UV damage), rather
than a deficiency in a specific DNA repair pathway should be considered.

Ara-C has the potential to inhibit DNA repair synthesis, following UV irradiation,
by uncoupling the incision and resynthesis steps of excision repair: endonucleolytic
incision near excisible damage sites proceeds while repair synthesis and rejoining of
strand breaks is inhibited. It is believed that incision is taking place predominantly at

pyrimidine dimers. After crossing the cell membrane, ara-C can be converted to its
triphosphate derivative ara-CTP by deoxycytidine kinase. However, while a group of
studies suggest that inhibition of DNA replicative synthesis is due to the competitive
inhibition of polymerase a by ara-CTP, other studies suggested that ara-C can be
incorporated in internucleotide linkage as well as the chain terminus (Koo et al., 1999;
Pourquier et al., 2000). Since this cytidine analogue is a potent inhibitor of DNA
polymerase a, the incidence of ara-C induced strand openings during post UV cell
incubation can serve as an index of the capacity of a particular strain to perform long-
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patch excision repair (Cleaver et al., 1981). Nevertheless, the fact that ara-C functions as

a poor primer for chain elongation has been suggested by experiments in which exposure
of L1210 cells to increasing concentrations of ara-C has been associated with an

increasing proportion of ara-CMP residues at the chain terminus (Fram et al., 1985). In
addition, while the correlation between cytotoxicity and incorporation of ara-C in DNA is
probably the result of inhibition ofDNA synthesis and the irreversibility of this inhibition
at high concentrations of ara-C, other effects like DNA fragmentation and terminal
differentiation have been proposed to contribute to cytotoxicity.

b) Potential lethal damage (PLD) induced in the HTORI-3 and 340-RPE T53 cell
lines following UVA and UVB irradiation

The term potential lethal damage is usually applied to the damage which is lethal
to the irradiated cells, unless this damage is repaired by a cellular mechanism. PLD can

be demonstrated in the cells following irradiation using a number of different treatments
such as incubation in balanced or anisotonic salt solutions, delayed plating of the cells,
incubation with inhibitors of macromolecular synthesis or incubation at low temperatures.
These treatments can either decrease the expected survival, probably to inhibition of the
repair of PLD, or increase the expected cell survival due to the repair of PLD which
occurs under the appropriate conditions (Iliakis, 1981). Iliakis et al., (1985) demonstrated
that, PLD can be divided into fast and slow, and that the repair of slow PLD is quite
different from that of fast PLD, based on the effect of ara-A on cytotoxicity induced by
X-rays in CHO cells.

The results presented in this chapter indicate that ara-C has the potential to inhibit
the repair of PLD, following ionising, UVA or UVB irradiation in both human epithelial
cell lines. The data obtained following all kinds of irradiation showed that inhibition of
PLD depends on the concentration of ara-C used. The higher the concentration of ara-C,
the larger is the decrease in cell survival following irradiation, thus confirming the results
reported by Iliakis, (1980) for ionising irradiation. Collins et al., (1980) proposed a

model for the inhibition of DNA repair, as this is mediated through the action of ara-C
following UV-induced DNA damage. According to this model, the inhibition occurs at
the site of DNA repair, where the DNA polymerase molecule is tied up at the site of the
repair, effectively removing it from the polymerase pool and holding the repairing site
open. As more sites initiate the process of repair, more inhibited sites would be formed
until all of the available repair polymerases are tied up, at which point breaks would no

longer increase. This inhibition is particularly evident at high doses of ionising, UVA and
UVB irradiation, where there is a very significant difference, in terms of cell survival,
between the points obtained without using ara-C and those obtained following the
addition of ara-C. These results are in agreement with Dunn et al., (1979), Collins et al.,
(1980) and Mirzayans et al., (1991). However, Iliakis and Bryant, (1983) observed that
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ara-C was less effective than ara-A in inhibiting PLD repair, although it inhibited cell
growth and repair of double strand breaks more effectively than ara-A. No inhibition of
PLD repair by ara-C was reported by Evans et al., (1974) in density inhibited plateau
phase cultures of CHO cells. The lack of effect in this paper could be due to the high cell
density, because Iliakis, (1980) reported that the effect of ara-A and ara-C decreases with
increasing cell density. However, a direct comparison between the HTORI-3 and 340-
RPE T53 cell lines should be treated with caution, since the conditions which allow the

expression of PLD cannot be attained reliably in all cells to an equally (McMillan et al.,
1992). For example, a plateau growth phase cannot always be easily achieved in tumour
cells and thus, this makes comparison of the degree of PLD in different cell lines difficult.

Addition of ara-C lh before irradiation (all types of irradiation), appears to reduce
cell survival to a larger extent as compared with the survival curves obtained immediately
after irradiation plus ara-C. This difference is particularly evident in the survival curves
obtained following ionising irradiation, and probably indicates a time gap between drug
addition and its action at the cellular level, probably due to transport restrictions through
the cell membrane (Iliakis, 1980). Ara-C showed to have no effect on both cell lines

following all kinds of irradiation (in terms of further reducing cell survival as compared
with the untreated plateau phase cells), when it was added 2 or 5h after irradiation,
indicating that the repair of the major lesions which contribute to the reduction of cell
survival is complete after this time (probably within lh post-irradiation). In the case of
ionising irradiation, these lesions will probably correspond to DNA double strand breaks.
Extensive studies on PLD suggest that DNA double strand breaks are potentially lethal
lesions that are converted into lethal damage in G1 at or near the Gl/S cell cycle boundary
(Iliakis, 1988). Olive, (1998) suggested a strong correlation between DNA double strand
breaks and cell killing following ionising irradiation. This assumption was based on the
idea that damage on both sides of the DNA strand will deprive the cellular repair system
from the template required for efficient and accurate restoration of the molecule. In the
case of UVB irradiation, the most likely candidate lesions will be photoproducts like
CPDs and 6-4PPS or single strand breaks, whereas in the case of UVA irradiation it will
be mainly single and double strand breaks.

It was recently reported that the conversion of PLD to lethal lesions might be a

p53 dependent process (Schwartz et al., 1999; 2000). Cell lines with a normal p53
expression were more sensitive to irradiation, but only when sensitivity was measured in
plateau-phase cultures under conditions where PLD repair was minimised. Mutation or

functional inactivation of p53 by HPV E6 transformation led to a more radioresistant
phenotype under these conditions as well as a significant reduction in PLD repair. In the
light of the results presented in this chapter, it can be speculated that differences in the
p53 status of both human epithelial cell lines (HTORI-3, non functional, 340-RPE T53
functional) might influence to a certain degree the fixation or the repair of PLD following
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UVA and UVB irradiation plus ara-C treatment. However, more extensive studies are

required in order to elucidate the mechanism by which p53 might contribute to the
induction of PLD in both human epithelial cell lines following ionising, UVA and UVB
irradiation.

4.4.13 Ionising and UV irradiation can activate in different ways p53
Another interesting aspect which may account for the observed difference in cell

survival between HTORI-3 and 340-RPE T53 cell lines following UVB irradiation is the
function of the p53 gene. This aspect has been already discussed in Chapter 3, however,
evidence has been presented indicating that ionising and UV irradiation have differential
abilities to modify p53 post-translationally in response to DNA damage. One of the first
studies indicating that p53 shows distinct kinetics of activation following UV and ionising
radiation is that published by Lu et al., (1993). In these studies, it was shown that the
induction of p53 after ionising radiation was immediate but returned to normal levels
within 3h after the initial genotoxic insult whereas the response of p53 following UVB
irradiation was delayed for approximately 2h, reached a plateau at 12h and then returned
to control levels. Khanna et al., (1993) demonstrated that p53 induction in cells from
patients suffering from AT is reduced or delayed after ionising radiation, whereas p53
induction in the same cells after UVB irradiation is normal. However, it was not until

1997 that Siciliano et al., mapped ionising radiation-induced phosphorylation to 2 serine
residues situated in the N-terminal 24 amino-acid residues of human p53. Later on, Shieh
et al., (1997) demonstrated that Serl5 was the site of p53 phosphorylation in response to
DNA damage induced by UV or ionising radiation. The kinetics of Serl5
phosphorylation following UV differ from those of ionising radiation. Several reports
have provided data consistent with a model in which p53 interacts with Mdm-2 in
undamaged cells which targets it for ubiquitin-mediated degradation (Fuchs et al., 1998;
Haupt et al., 1997; Honda et al., 1997). It is believed that Mdm-2 translocates p53 from
the nucleus to the cell cytoplasm where it undergoes degradation, indicating that the
increase in half life of p53 after DNA damage is due to the disruption of the ability of
Mdm-2 to target p53 for degradation (Tao el al., 1999). When the cell is damaged by
radiation p53 is phosphorylated through two different pathways. If the damage has been
caused by ionising radiation, the ATM protein mediates phosphorylation of Serl5 of p53
in vitro. Furthermore in response to ionising radiation Ser376 is dephosphorylated in an

ATM-dependent manner resulting in activation of p53 DNA binding via interaction with
14-3-3 protein (Khanna et al., 1998). Therefore, it appears that stabilisation of p53 in
response to ionising radiation results in part by ATM dependent phosphorylation of p53
in Serl5 thus disrupting the Mdm-2/p53 complex and thus increasing the half life of
p53. On the other hand UV irradiation phosphorylates Serl5 in a ATR (ATM-related
polypeptide)-dependent manner. Lakin et al., (1999) suggested that ATR plays a very
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important role in the up-regulation of p53 after UV-induced damage, by illustrating that
ATR might detect and signal UV-induced DNA damage to p53. However, it remains to
be established whether similar dephosphorylation events like the one of Ser-376 occurs in
response to UV irradiation.

In the light of these results, it can be suggested that, the radiosensitivity of the
HTORI-3 cell line as compared with the 340-RPE T53 cell line following UVB but not
ionising irradiation might be due to the ability of the p53 protein to be activated in
different ways following different kinds of irradiation. It appears that, following exposure

to ionising irradiation, activation of p53 in response to DNA damage follows the usual
pathway of activation (probably the same pathway in the 340-RPE T53 cell line), which
results in approximately the same levels of cell survival with the 340-RPE T53 cell line.
However, following exposure to UVB irradiation, p53 should be activated in theory, in the
same way in both cell lines thus resulting approximately in the same levels of cell survival.
Therefore, it appears that activation of p53 following exposure to UVB, may not take
place in the HTORI-3 cell line as compared with the 340-RPE T53 cell line. The question
which then arises is why and how?

4.4.14 Does the interaction of SV40 with p53 plays any role in the differential
activation of p53 either by ionising or UV irradiation?

Levine, (1997) suggested that the SV40 large T antigen blocks the DNA binding
domain of the p53 protein. By doing so it may change the structural conformation of the
protein itself. It is well known that modification of a given site in a protein leads to
conformational changes that are propagated to other regions of the protein. In addition,
p53 makes specific contact with a number of proteins and DNA, and phosphorylation of
p53 can affect these interactions. When HTORI-3 and 340-RPE T53 are irradiated with
ionising radiation, it may be speculated that the conformational changes induced in the
p53 protein by its interaction with the SV40 T antigen (in the HTORI-3 cells) will not
cause any significant conformational changes in the position of the main phosphorylation
targets of the protein. This would result to the activation of the same genes in response to
DNA damage and approximately to the same levels of clonogenic survival after
irradiation. In contrast, it can be speculated that the conformational changes which are not

regarded as significant in the case of ionising radiation may well be regarded as very

significant in the case of UV irradiation. This is because, following UVB or UVA
irradiation a number of yet unknown kinases will not be able to gain access to several yet
unidentified phosphorylation sites in p53, thus compromising the ability of p53 to be
activated in response to UV-induced DNA damage. Therefore, while the 340-RPE T53
cells will have a normal response towards p53 activation and therefore DNA repair after
UVB or UVA induced DNA damage, the HTORI-3 cells will not be able to activate p53
and therefore will show an enhanced inability to repair UV-induced DNA damage.
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4.4.15 Conclusion

The results presented in this chapter indicate that broadband UVB, but not UVA,
can destabilise the genome of the HTORI-3 and 340-RPE T53 human epithelial cell lines
in a dose dependent manner. This genomic destabilisation is characterised by the
induction of delayed cell death, the formation of colonies containing giant cells, and a

reduced proliferation rate. The expression of these markers is maximum during the first
20 to 30 population doublings, and it appears to be abolished following the completion of
thirty to forty population doublings. Further studies using a number of different end
points, like chromosome instability, mutation induction in a number of different loci (e.g.
HPRT), or induction of SCEs will shed more light into the mechanism underlying the
induction of genomic instability following exposure of human cells to UV irradiation.

The ability of UVA and UVB irradiation to induce apoptosis in two human
epithelial cell lines (HTORI-3 and 340-RPE T53) was documented in this chapter, using
as an endpoint cell detachment. Analysis of the detached cells showed that the majority of
them were apoptotic, as this was demonstrated by the use of DNA staining dyes.
However, analysis of the integrity of DNA in the apoptotic cell population showed that,
the DNA remained intact and did not produce the characteristic laddering. Nevertheless,
in order for this study to be more conclusive, more end points have to be used to further
confirm the identity of the apoptotic cell population. Examples of these include the use of
the TUNEL assay (in situ tailing technique) where terminal deoxynucleotidyl transferase
incorporates nucleotides onto fragmented DNA of apoptotic cells, further examination of
DNA laddering (probably using a different gel analysis, including the presence of a

positive control), or the use of the COMET assay (Siles et al, 1998). In addition another
very useful marker is the extemalisation of phosphatidyl-Ser and phosphatidyl-
ethanolamine on the cell surface during apoptosis which can be identified by annexin V
using either microscopy or flow cytometry.

Studies on the observed difference in clonogenicity between the HTORI-3 and the
340-RPE T53 cell lines showed that, this difference is due to a DNA repair defect not
identifiable by the use of ara-C. Several possibilities should be considered including,
deficiency in UV-induced repair pathways identifiable by the use of other inhibitors of
DNA repair or the differential activation of p53 following exposure to UV or ionising
radiation. Experiments involving the use of the COMET assay might shed light in the
removal of various UVB or UVA induced photoproducts which will further elucidate the
existing difference between the two cell lines, concerning cell survival. Experiments
involving the study of p53 expression at different time intervals following UV and
ionising irradiation may also provide further evidence for the existing difference between
the two cell lines in terms of cell survival.
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CHAPTER 5

Transformation studies using UVA or UVB irradiation
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5.0 Introduction

In order to study the process of UV-induced transformation in HTORI-3 and 340-
RPE T53 cell lines, two end points were used. The first endpoint involved the formation
of tumours in nude mice, following injection of HTORI-3 and 340-RPE T53 cells
irradiated with UVA or UVB. The second endpoint involved anchorage independent
growth (AIG) colony formation in soft agar, following single or multiple exposures of the
parent 340-RPE T53 cell line to various doses of UVA or UVB irradiation, at different
time intervals following the completion of the irradiation regime. The colonies were then
isolated from the agar and a series of cell lines were established in order to characterise the
changes which might have taken place in these cells during the process of transformation.
The characterisation of the cloned lines involved a large series of experiments, including
growth curves in 1% and 10% FCS, focus formation, chromosome changes, soft agar
colony formation, response to UVA or UVB exposure, cell cycle changes following
irradiation and p53 status using immunocytochemistry (ICC).

5. 1 Ultraviolet induced transformation

Objective: to investigate if UVA or UVB irradiation can induce cell transformation in
human epithelial cell lines
5. 1. 1 Experimental procedure

Exponentially growing cells in T75 cm2 flasks from the HTORI-3 and 340-RPE
T53 cell lines were exposed to single and multiple doses of UVA or UVB irradiation.
Prior irradiation, the cell layer was washed twice with PBS in order to remove any traces
of medium in the flask. Following the completion of the irradiation regime, fresh
complete growth medium was added to each flask and returned to the incubator until the
next irradiation. Irradiation of the HTORI-3 with UVA (47KJ/m2 and 96KJ/m2) and
340-RPE T53 cells with single doses (475J/m2 and 1418J/m2) of broadband UVB, for
tumour formation and AIG, was performed by irradiating the cells in petri dishes through
the lid (HTORI-3) or without the lid (340-RPE T53). In all the other experiments for
tumour formation and anchorage independent growth colony formation, the parent 340-
RPE T53 cell line was irradiated through the culture flask using UVA or UVB.

Two endpoints were used for the study of UV-induced neoplastic transformation,
tumour formation in nude mice and AIG colony formation. Table 5.1 describes the
combination of different doses of UVA or UVB used during the transformation studies
involving injection of irradiated cells in nude mice, whereas Tables 5.2a and 5.2b
describe the combination of different doses of UVA or UVB used during the experiments
investigating AIG in agar.

Fig. 5.1 illustrates the protocol for multiple exposure to UVA or UVB irradiation.
In the experiments involving irradiation through the lid of the petri dish (HTORI-3, UVA)
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Thetumourigenicpotentialofthecelllinesusedduringthetransformationexperiments
Cellline

Accumulateddose
UVA

UVB

Miceinjected

Micewithtumours
Tumoursize

HTORI-3

OKJ/m2

-

+

6

3

2mm2,56mm2,133mm2

HTORI-3

47KJ/m2

+

-

6

1

16mm2

HTORI-3

96KJ/m2

+

-

6

4

16mm2(2x),56mm2,261mm2

340-RPET53

OJ/m2

-

-

6

0

0

340-RPET53

475J/m2

-

+

6

0

0

340-RPET53

1418J/m2

-

+

6

0

0

340-RPET53

OJ/m2

-

+

6

0

0

340-RPET53

1512J/m2

-

+

6

0

0

340-RPET53

3024J/m2

-

+

3

0

0

340-RPET53

4536J/m2

-

+

3

0

0

340-RPET53

OJ/m2

-

-

3

0

0

cloneC1.11A

OJ/m2

-

-

6

0

0

cloneC1.12A

OJ/m2

-

-

3

0

0

cloneC1.13A

OJ/m2

-

-

3

0

0

cloneC1.14A

OJ/m2

-

-

3

0

0

cloneC1.15A

OJ/m2

-

-

3

0

0

cloneC1.16B

OJ/m2

-

-

3

0

0

cloneC1.17B

OJ/m2

-

-

3

0

0

cloneC1.18B

OJ/m2

-

-

3

0

0

cloneC1.19B

OJ/m2

-

-

3

0

0

cloneC1.20B

OJ/m2

-

-

3

0

0

Table5.1.TheabilityoftheHTORI-3and340-RPET53celllinestoformtumoursinnudemicefollowingirradiationwithUVAorUVB,
atdifferenttimeintervalspost-irradiationandthetumourigenicpotentialofanumberofdifferentclonesisolatedduringthetransformation experiments.



DOSE

SF

repeat
ofdose

totalaccum dose

weeksafter irradiation
subculture codename

DOSE

SF

repeat ofdose
totalaccum dose

weeksafter irradiation
subculture codename

475J/m2UVB
90%

xl

475J/m2

6

ND

56KJ/m2UVA
60%.

xl

56KJ/m2

6

NI)

1418J/m2UVB
2%

xl

1418J/m2

6

ND

84KJ/m2UVA
42%

xl

84KJ/m2

6

ND

504J/m2UVB
93%

x3

1512J/m2

3

ND

112KJ/m3UVA
25%.

xl

112KJ/m2

6

ND

504,J/m2UVB
93%

x6

3024J/m2

3

ND

28KJ/m2UVA
82%.

x3

84KJ/nr2

6

CI.7A

504,J/m2UVB
93%

x9

4536J/m2

3

ND

28KJ/m2UVA
82%.

x6

168KJ/nr

6

CI.8A

504,J/m2UVB
93%

x3

1512J/m2

6

ND

28KJ/m2UVA
82%

x9

252KJ/m2

6

CI.9A

504,J/m2UVB
93%.

x6

3024J/m2

6

ND

28KJ/m2UVA
90%.

Xh.

336KJ/m2

6

C1.10A

504J/m2UVB
93%

x9

4536,J/m2

6

ND

139KJ/m2UVA
19%

x5

695KJ/m2
2daysafter
ND

1008,J/m2UVB
66%

x3

3024J/m2

6

CI.IB

139KJ/m2UVA
19%

x5

695KJ/nr

2

ND

1008,J/m2UVB
66%

x6

6048J/m2

6

C1.2B

139KJ/m2UVA
19%

x5

695KJ/m2

6

NI)

1008,J/m2UVB
r>6%

x9

9072J/nr

6

C1.3B

139KJ/m2UVA
19%

xlO

1390KJ/m2
2daysafter
ND

1008J/m2UVB
66%.

x5

5040J/m2

6

CL4B

139KJ/m2UVA
19%

xlO

1390KJ/m2

2

ND

1008J/m2UVB
66%.

xlO

10080J/m2

6

C1.5B

139KJ/m2UVA
19%

xlO

1390KJ/m2

6

ND

1008J/m2UVB
66%

x!5

15120J/m2

6

CI.615

139KJ/m2UVA
19%

xl.5

2085KJ/m2
2daysafter
ND

3360J/m2UVB
20%.

xl

3360J/m2
2daysafter
ND

139KJ/m2UVA
19%

xl5

2085KJ/m2

2

ND

2520J/m2UVB
28%.

x5

12600J/m2
2daysafter
ND

139KJ/m2UVA
19%

xl5

2085KJ/nr

6

X

2520J/m2UVB
28%

xS

12600J/m2

2

ND

139KJ/m2UVA
19%

x20

2780KJ/m2
2daysafter
ND

2520J/m2UVB
28%

x5

12600J/m2

6

ND

139KJ/m2UVA
19%

x25

3475KJ/m2
2daysafter
NI)

2520J/m2UVB
28%.

xlO

25200J/m2
2daysafter
NI)

139KJ/m2UVA
19%

x30

4170KJ/m2
2daysafter
ND

2520J/m2UVB
28%.

xlO

25200J/m2

2

ND

2520J/m2UVB
28%

xlO

25200J/m2

6

ND

Table5.2aThecombinationofUVAorUVBirradiationandperiodoftimefollowingirradiation,usedduringthetransformation experiments.Xcorrespondstothecodenamesoffiveclonesisolatedfollowingirradiationoftheparent340-RPET53celllinewithatotal accumulateddoseof139KJ/m2,6weekspost-irradiation.Thesecodesare.CI.)IA,C1.12A,C1.13A,C1.14AandCI.ISA.NDstandsfornot done



DOSE

SF

repeat
ofdose

totalact'tirt] close

creeksafter irradiation
subculture codename

2520J/nrUVB
28%

x15

37800J/rn2
2daysafter
Ml)

2520,1/m2UVB
28%

xlS

37800,1/m2

2

NI)

2520J/ni2UVB
28%

*15

37800j/nr

6

X

2520.J/m2UVB
28%

x20

50400.1/in2'
2daysafter

NI)

2520J/iii2UVB
28%

x25

MOOOJ/nr
2daysafter

NI)

2520.1/in2UVB
28%.

x30

7S600J/m2
2daysafter

ND

2520J/nrUVB CloneC1.I9B
12%.

xS

252<M),J/m2
2daysafter
C2.I9II

2520.1/in2UVB CloneC1.20B
12%

xS

25200J/tnr
2daysafter
C2.20B

139KJ/nvUVA CloneCI.ISA
28%

xS

695KJ/ur
2daysafter
C2.15A

Tabic5.2bThecombinationofUVAorUVBirradiationandperiodoftimefollowingirradiation,usedduringthe transformationexperiments.Xcorrespondstofiveclonesisolatedfollowingirradiationoftheparent340-Rf'K'I'53 celllinewithatotalaccumulateddoseof37800J/rrrcfIIVB,6weekspostirradiation.Ihecodenamesforthese clonesare.C1.16B,CI.17B,C1.18B,C1.19B,C1.20B.NDstandsfornotdone.
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or without the lid (340-RPE T53, UVB) once the cells were irradiated, they were plated in
flasks to yield approximately the same number of viable colony forming cells based on

the cell PE and the cytotoxicity of the particular dose. In the experiments involving
multiple irradiation of the parent 340-RPE T53 with UVA or UVB through the flask, the
number of cells plated in the flasks before the start of the experiment, was designed to

give approximately the same number of viable colony forming cells following the first
exposure to UV, both in the control and irradiated flasks, taking into consideration the
plating efficiency and the cytotoxicity of the particular dose. The cells in the irradiated
flasks were passaged at least twice a week in 1/20 split ratio. The control cultures (flasks
or petri dishes) were handled in exactly the same way, except that during irradiation they
were always covered with aluminium foil. During the experiments involving irradiation of
the HTORI-3 with UVA and 340-RPE T53 with broadband UVB, for subsequent testing
of tumour formation, each flask was kept independent and passaged without pooling cells
for a period of 6 weeks following the completion of the irradiation regime. At the final
passage each flask was expanded to three flasks per group for transplantation into the
nude mice. All the flasks were prepared for injection at a concentration of 2-3xl06
cells/flask/mouse. The mice were monitored for a period of 4-6 months, following the
injection of cells for tumour formation. However, during the transformation experiments
for AIG colony formation, the irradiated flasks were not kept independently but by
pooling cells. Once the irradiation regime was complete, the ability of the irradiated cells
to form colonies in soft agar was tested, 2 days, 2 and 6 weeks post-irradiation. Once
colonies were formed, they were isolated and cloned lines were established (20 lines in
total). Three of these cloned lines were further irradiated with UVA or UVB irradiation,
and tested for AIG, 2 days after irradiation. Once colonies were formed, three new cloned
lines were established and further irradiated with different combinations of UVA or UVB.

No more cloned cell lines were established after that point.
Finally, in a separate experiment which examined the ability of the parent 340-

RPE T53 cells to form colonies in agar, following irradiation of five different flasks/dose,
with selected doses of UVA or UVB irradiation, each flask was kept independent and
passaged without pooling cells, in a 1/20 ratio. The cells from these irradiated flasks were

examined for AIG colony formation, 2 days, 2 and 6 weeks after irradiation.

5.1.2 Results

a) Tumour formation in nude mice
Table 5.1 illustrates the data collected from the experiments conducted using the

HTORI-3 and 340-RPE T53 cell lines following UVA or UVB irradiation. In the first set
of experiments, the HTORI-3 cell line was used as the basic model for cell
transformation. HTORI-3 cells were irradiated with UVA (one single dose of 47KJ/m2
and one single dose of 96KJ/m2) and passaged for 6 weeks, prior injection into the mice.
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The mice were monitored for a period of 4-6 months. The first tumours appeared on the
mice which received the irradiated cells. A tumour of 16mm3 appeared in one mouse (out
of 6) injected with cells exposed to a single dose of 47 KJ/m2 of UVA, approximately 2
months after the injection. This tumour increased in size to 56mm3 after 1 month, it
retained that size for 2 months and dien towards the end of the experiment regressed
again to 16mm3. In the second group of mice, injected with cells irradiated with a single
dose of 96KJ/m2 of UVA, 4 mice (out of 6) developed tumours. The first tumour

appeared approximately 2.5 months after the injection, having a size of 56mm3 in the first
mouse. This tumour grew progressively until the end of the experiment, where it finally
reached a size of 452mm3 after a period of 6 months. The mouse bearing the tumour was

sacrificed, the tumour was excised and a new cell line was developed, named TCL1.
Subsequently, tumours were formed in 3 other mice of the group (3 months after the
injection) with sizes 16mm3, 16mm3 and 56mm3 respectively. However, the size of these
tumours remained constant until the end of the experiment. The group of the mice
injected with control cells, showed tumour formation in 3 out of 6 mice approximately
3.5 months following injection. One of these tumours retained a size of 2mm3 for the
whole experiment, however, the other 2 tumours grew progressively and reached after a

period of 6 months sizes of 56mm3 and 133mm3 respectively.
Experiments were also performed using the 340-RPE T53 cell line as an

alternative model for studying UV-induced transformation. 340-RPE T53 cells received
single and multiple doses of UVB irradiation (Table 5.1), passaged for 6 weeks, and
injected into nude mice. However, none of the doses used to irradiate the cells, induced
tumour formation over a period of 6 months. The control cells also did not form any

tumours for the same experimental period.

b) Colony formation in soft agar
I) Single or multiple exposure of the parent 340-RPE T53 cell line to UVA or

UVB irradiation

Exposure of the parent 340-RPE T53 cell line to UVA and UVB irradiation
involved a multiple combination of exposure (number of exposures), dose (total
accumulated dose) and period of time required for the acquisition of the anchorage
independent phenotype, following completion of the irradiation regime. In general, the
irradiation doses used to induce the transformed phenotype, reduced cell survival from
90% to 20%. The testing for the acquisition of AIG was performed, 2 days, 2 and 6
weeks after irradiation. During the initial stages of the transformation experiments, the
parent cell line was exposed to single and multiple doses of UVA and UVB irradiation.
The total accumulated dose, in which the cells from the parent cell line were exposed,
ranged between 84KJ/m2 to 336KJ/m2 for UVA, and from 475J/m2 to 15120J/m2 for
UVB irradiation. The doses ofUVA and UVB irradiation, used for irradiating die cells at
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this stage, reduced cell survival between a range from 90% to 20%. The data obtained
from these experiments, indicated that single or multiple exposures of the parent cell line
to UVA or UVB can induce AIG. The number of colonies (cloning efficiency) formed
using all the combinations of irradiation, was increased, ranging from 9 colonies/petri dish
(the lowest) to 162 colonies/petri dish (the highest) (plating 105 cells/petri dish). Two

^ 2
single doses of UVB irradiation (475J/m" and 1418J/m") induced the highest colony
number 6weeks after irradiation (162±7.6 and 124± 12.8 colonies/petri dish respectively),
whereas all the other multiple combinations of UVA or UVB irradiation, 6 weeks after
irradiation yielded on average, lower number of colonies (from 9±1.9 to 84±7.9
colonies/petri dish) (Fig. 5.2) as compared with single doses of UVB. A total of 10
clones were isolated and established as cloned cell lines, following the completion of that
series of experiments. Table 5.2a illustrates the combination of doses used to induce
AIG, and the code names of the first 10 cloned cell lines which are, CI.IB, C1.2B, C1.3B,

C1.4B, C1.5B, C1.6B, C1.7A, C1.8A, C1.9A, C1.10A (The number 1 after the letter C
indicates that the cloned line was established from an agar colony, following irradiation of
the parent 340-RPE T53 cell line, and A and B stand for a clone isolated following
irradiation of the parent 340-RPE T53 with UVA or B respectively).

The transformation experiments were then expanded in order to include mom

combinations of irradiation. These combinations involved, the irradiation of the parent
340-RPE T53 cell line with an increased number of multiple exposures, to doses which
significantly reduce cell survival (19% for UVA and 28% for UVB), and tested for AIG, 2
days, 2 and 6 weeks after irradiation (105 cells/petri dish). The results obtained from
these experiments indicated that, as the number of multiple exposures increases, the
number of colonies in agar also increases. In addition, it was observed that the number of
colonies increases in some cases with passage time (Fig. 5.3). However, it appears that
only a combination which involves at least 15 multiple exposures of irradiation can induce
dramatic changes in the formation of AIG colonies in the irradiated cells. Interestingly,
15 multiple exposures of UVA, induced a very large number of colonies/petri dish
(274±11.7), 2 days after irradiation, whereas the same number of exposures using UVB
irradiation induced only 52±7.4 colonies/petri dish at the same time after irradiation
(plating 105 cells/petri dish). These numbers continued to increase with passage time
reaching 412± 12 colonies/petri dish for UVA and 170±16.5 colonies/petri dish for UVB,
6 weeks after irradiation (105 cells/petri dish). Another 10 clones were isolated and
established as cloned cell lines, during these transformation experiments. Table 5.2a and
b illustrates the combination of doses used to induce AIG, and the code names of the next
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Formationofagarcoloniesfollowingmultipleexposureof
theparent340-RPET53celllinetoUVAandIJVBsixweeksafter UVAirradiation
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10 isolated cloned cell lines which are, CI. 11 A, CI. 12A, CI. 13A, C1.14A, CI. 15A,

C1.16B, C1.17B, C1.18B, C1.19B, C1.20B (the use of the nomenclature for these

clones, is identical to the one used to name the first 10 clones).
At this point, it is worth noting that multiple exposure of the parent 340-RPE T53

cell line to UVA or UVB, induced a series of morphological changes in the irradiated
cells. More specifically, the shape of the irradiated cells became more elongated (with
extensions) as compared with the parent cell line (Fig. 5.4). However, at later times
following the completion of the irradiation regime the cells acquired their normal shape
again. Many of the multiple irradiated cells, in several flasks, were also characterised by
the presence of macroscopically visible three-dimensional protrusions from the cell
surface. These structures became apparent when the cells had received at least 10 multiple
exposures of UVA or UVB irradiation.

It has to be mentioned that at this stage, the cells which have received 15 multiple
exposures of UVA or UVB and passaged 6 weeks after irradiation were frozen, in order
to retest their potential to form colonies in agar. Repeat experiments using 104 cells/petri
dish (because of the significant increase in the number of colonies when using 105
cells/petri dish) indicated that, the cells which received 15 multiple exposures of UVA
formed 115±3.9 colonies/petri dish and the cells received 15 multiple exposures of UVB
formed 16.7±2 colonies/petri dish (Appendix 6c). Continuous irradiation of the cells
which received 15 multiple exposures of UVA or UVB with another 15 multiple
exposures and subsequent testing for colony formation 2 days after irradiation, showed
that the number of colonies continued to increase. After a total of 30 multiple exposures,

the cells irradiated with UVA formed 521 ±7.5 colonies/petri dish whereas the cells
irradiated with UVB showed 319±12.5 colonies/pd (plating 104 cells/petri dish)
(Appendix 6c).

II) Continuous irradiation of cloned cell lines with UVA or UVB
irradiation

Once the experiments involving the characterisation of the new cloned lines were

complete, it was decided to select a series of clones and further irradiated them, in order to
examine if continuous irradiation might induce more changes in the already
"partially"transformed phenotype. The selection was mainly based on the ability of the
clones to form a higher fraction of colonies when subcultivated. The selected clones were

C1.19B, C1.20B and C1.15A. These clones were irradiated five times with the type of
irradiation (SF for UVA 19% and SF for UVB 28%) which induced their formation

(following irradiation of the parent 340-RPE T53 cell line with UVA or UVB) and 2 days
after irradiation, their ability to form a higher fraction of colonies was tested (104
cells/petri dish, Fig. 5.5). The results indicated that the irradiated clones showed on
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Extension formed by
the cells following
UVA irradiation

Fig. 5.4 Photographs of the parent 340-RPET53 cell line.
a) Non irradiated control
b) Cells irradiated 10 times with 279KJ/m2 UVA (lh after irradiation).



FormationofcoloniesinagarfollowingexposureoftheclonesC1.15A,C1.19B Totalaccumulateddose

Fig5.5Formationofcoloniesinagar,followinginitiallyexposureoftheclonesC1.15A,C1.19BandC1.20BtoUVAorUVBirradiationtodoses whichreducecellsurvivalto12%and8%respectively.Isolationandsubsequentsubcutlivationofcoloniesfromtheseclones(C1.15A,C1.19Band C1.20B)gaverisetothreenewclonesC2.15A,C2.19BandC2.20B.Continuousirradiationoftheseclonedcelllineswithdoseswhichreducecell survivalto50%and12%forUVBand42%and12%forUVAfurtherincreasedthecolonyformationabilityoftheclones.Eachcollumncorrespond
tothemeanvalueoftenpetridishes±S.E.Constandsforthecontrolcellsoftheparent340-RPET53cellline.



average, only a very small increase of approximately 30 colonies/petri dish as compared
with the colony forming ability of the unirradiated cloned lines.

Once the irradiated clones C1.19B, C1.20B and C1.15A formed colonies in soft

agar, it was decided to isolate three new clones (agar colonies) from these petri dishes and
establish new cell lines. These clones were named as C2.15A (derived from C1.15A

irradiating with UVA) C2.19B (derived from C1.19B irradiating with UVB) and C2.20B
(derived from C1.20B irradiating with UVB). The number 2 next to the letter C,
indicates that these new clones were formed following continuous irradiation and
subcultivation of already established clones. Subcultivation of these three new clones (no
irradiation) showed again no dramatic increase in the number of colonies formed in agar,

except from clone C2.15A, whose colony forming ability was enhanced from 223+6.8 to
379+8.5 (a 1.69 fold increase in the cloning efficiency). Once the three new cloned lines
were fully characterised, it was thought that it will be of considerable interest, to test if
continuous irradiation of these clones will induce more changes in the phenotype of the
cells. Therefore, the clones were irradiated with two doses of irradiation which reduce
cell survival to 50% and 12% for UVB, and 42% and 12% for UVA, and subsequent
testing for AIG 2 days after irradiation. The results showed that multiple irradiation (5
and 10 times) of the three new clones, C2.15A, C2.19B and C2.20B, further increased
their ability to form colonies in soft agar (104 cells/petri dish). For example, the colony
forming ability of clone C2.19B was increased from 234+3.8 (no irradiation) to 313+8.5
following 5 multiple exposures to UVB with a dose which reduces cell survival to 50%,
and further increased to 370+7.1 after 10 multiple exposures to UVB with the same dose.
However, one of the most significant observations was that, the doses which reduce the
SF to 50% induced a much higher number of colonies/petri dish in contrast with the dose
which reduces SF to 12%. This observation can be equally applied for both UVA and
UVB irradiation, although this difference was particularly enhanced following UVB
irradiation. Clone C2.20B, for instance, showed an increase from 287+2.7 colonies/petri
dish (no irradiation) to 477+8.4 colonies/petri dish following 10 multiple exposures to
UVB with a dose which reduces cell survival to 50%, but only a very small increase of
292+6.9 colonies/petri dish following 10 multiple exposures to UVB with a dose which
reduces cell survival to 10%. In contrast, clone C2.15A showed an increase from
379+8.5 colonies/pd (no irradiation) to 463+5.7 following 10 multiple exposures to UVA
with a dose which reduces cell survival to 42%, whereas multiple exposure of the same

clone (10 times) with a dose which reduces cell survival to 12% caused an increase from
379+8.5 to 403+5.9 (Fig. 5.5).
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Ill) Irradiation of the parent 340-RPE T53 cell line with UVA or UVB and
testing of AIG colony formation from flasks kept independently during the
irradiation procedure

Fig. 5.6 illustrates the results obtained from a large experiment, following
irradiation of the parent 340-RPE T53 cell line, which was set up in five different flasks,
for each group of irradiation (UVA or UVB) (multiple doses) and tested for AIG, 2 days,
2 and 6 weeks after irradiation. The primary purpose of this experiment was to examine
if the process of UV-induced transformation (AIG) involves more than one steps. As it
can be observed, the number of colonies formed following irradiation of the parent cell
line with UVA or UVB (10 multiple exposures) was relatively small (15-65 colonies/petri
dish for both groups of irradiation), 2 days and 2 weeks after irradiation. However, 6
weeks after irradiation, the number of colonies derived from the irradiated flasks
increased significantly (approximately 200 colonies/petri dish), and it appears that UVB
caused the formation of more colonies than UVA irradiation, at this particular time point
(more than 200 colonies/petri dish following UVB, and approximately 110 colonies/petri
dish following UVA). The number of colonies formed following UVA or UVB
irradiation (15 multiple exposures) 2 days and 2 weeks after irradiation, was also
relatively similar amongst the flasks of each irradiated group (20-100 colonies/petri dish
for UVB and 170-200 colonies/petri dish for UVA). At 6 weeks after irradiation, the
number of colonies from each irradiated flask, from each group (UVA or UVB), was

increased to a significant extent, but on this combination of irradiation, it appears that
UVA formed much more colonies (300-350 colonies/petri dish) as compared with UVB
(110-250 colonies/petri dish).

5.1,3 Characterisation of the clones isolated from soft agar

The cloned cell lines which have been established following their isolation from
colonies in soft agar, were further characterised using a number of different endpoints, in
order to investigate if they have similar or different properties as compared with the parent
340-RPE T53 cell line. The morphology of the clones was examined, by fixing, staining,
and observing their characteristics under an inverted microscope. The ability of each
individual cloned cell line to form foci was tested by culturing the cells in flasks for a

period of 7 weeks. The growth rate and serum independence was tested by growing the
clones in 1% and 10% FCS. The chromosome content of each clone was investigated by
preparing and examining chromosome metaphases using solid staining and G-banding.
The tumourigenic potential of the clones was examined by performing a series of
injections to nude mice. The ability of the clones to form colonies in soft agar following
subcultivation, was tested by plating them in soft agar at different cell number
concentrations. The radiosensitivity of each individual clone towards UVA or UVB
irradiation as compared with the parent 340-RPE T53 cell line, was tested by irradiating
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Formationofcoloniesinagarfromindependentflasksintheparent340-RPET53celllinefollowingmultiple exposuretoUVAorUVBirradiationatdifferenttimeintervalsfollowingthecompletionoftheirradiationregime
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the clones with 112KJ/m2, 139KJ/m2, 167KJ/m2 and 224KJ/m2 of UVA and 3360J/m2,
5040J/m2 and 6720J/m2 of UVB irradiation. The p53 status of the parent 340-RPE T53
cells and all the isolated clones was examined using ICC. In addition, the ability of the
parent cell line and all the clones to express p53, following exposure to UVB, was

analysed at different time intervals post-irradiation, also using ICC. Finally, cell cycle
arrest of the parent 340-RPE T53 cell line and all the clones, was investigated by
irradiating the cells with 2520J/m2 and 7620J/m2 of UVB irradiation and harvesting at Oh,
lh, 4h, lOh and 24h following irradiation.

5.1.4 Results

a) Morphological characteristics
Morphological examination of all 23 isolated clones, showed that they had

retained the same morphological characteristics as the parent cell line (340-RPE T53).

b) Focus formation
13 different clones (C1.11A to C1.15A, C1.16B and C1.17B to C2.20B) were

tested for focus formation. The results obtained showed that none of these clones had the

ability to form foci. A focus is defined as densely piled, clonal proliferation of cells
exhibiting an altered morphology on a confluent monolayer, visible when the flasks were

illuminated from beneath with a light source. These focal areas stain very heavily with
Giemsa and they can be clearly distinguished from the stained background of the flask
(Herschman and Brankow, 1986).

c) Survival curves

Fig. 5.7 and 5.8 showed the survival curves obtained by irradiating the isolated
clones with UVA or UVB irradiation. The clones CI.IB to C1.6B and C1.7A to C1.10A

were irradiated only with the type of irradiation, which induced their formation, following
irradiation of the parent 340-RPE T53 cell line. Fig. 5.7 illustrates two typical examples
of the clone radiosensitivity using UVA or UVB irradiation, for the first 10 isolated
clones. As it can be seen, these cloned lines were not significantly radiosensitive when
compared with the parent cell line for the same doses of UVA and UVB irradiation
(analysis of variance, p=0.089). However, irradiation of the clones C1.11A to C1.16B
and C1.17B to C2.20B with UVA or UVB did show a differential radiosensitivity
towards UVA or UVB irradiation. This radiosensitivity (when compared with the parent
cell line for the same doses of UV) was only evident when the irradiation of the clone was

performed using the type of irradiation used to induce cell transformation. When these
clones were irradiated using the opposite type of irradiation, there was no difference in
cell survival between the parent cell line and the individual clone. For example, if a clone
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Aparent340-RPET53AcloneCI.3BAparent340-RPET53AcloneCI.8A

Fig5.7Clonogenicsurvivaloftheparent340-RPET53celllineandtwooftheclonesisolated,followingvariousdosesofUVAand UVBirradiation,a)parentcelllineandcloneC1.13BwithUVBb)parentcelllineandcloneC1.8AwithUVAThesesurvivalcurves representatypicalexampleoftheradiosensitivityoftheclonesCI.IBtoC1.6BandC1.7AtoC1.1OAwhichwereisolatedduringthe transformationexperiments,towardsthetypeofirradiationwhichinducedtheirformation.Inalltheexperiments,cellswereirradiated throughtheflask.Eachpointcorrespondstothemeanvalueofthreeindependentexperimentswithfourreplicatedishesforeach experiment±S.E.(n=3).



J/n2J/m2
Aparent340-RPET53AcloneCI.15AAparent340-RPET53AcloneCI.19B

Fig5.8Clonogenicsurvivaloftheparent340-RPET53celllineandtwooftheclones(C1.15AandC1.19B)followingvariousdoses
ofUVAandUVBirradiation,a)parentcelllineandcloneC1.15AwithUVAb)parentcelllineandcloneC1.19BwithUVAc)parent celllineandcloneC1.15AwithUVBd)parentcelllineandcloneC1.19BwithUVB.Thesesurvivalcurvesrepresentatypicalexample oftheradiosensitivityofclonesC1.11AtoC1.15AandC1.16BtoC1.20BandC2.19B.C2.20B,C2.15Atowardsthetypeof irradiationwhichinducedtheirformationbutnottotheoppositetypeofirradiation.Inalltheexperiments,cellswereirradiatedthrough theflask.Eachpointcorrespondstothemeanvalueofthreeindependentexperimentswithfourreplicatedishesforeachexperiment +S.E.(n=3).



was isolated by a colony in soft agar, whose formation involved irradiation of the parent
cell line with UVA and subsequent testing of the parent cells for AIG, then this clone will
be radiosensitive as compared always with the parent cell line towards UVA but not UVB
irradiation. Fig. 5.8 illustrates two representative examples of clone radiosensitivity
following UVA or UVB irradiation for the clones C 1.11A to C1.15A, C1.16B to C1.20B
and C2.15A, C2.19B and C2.20B. Analysis of variance showed that each individual
(radiosensitive) clone is statistically different from the parent cell line in terms of cell
survival (pcO.OOl).

d) Growth curves

Growth curves were performed, firstly at 10% FCS comparing the growth rates
of the isolated clones with that of the parent cell line. Secondary growth curves were

performed in 1% FCS in order to compare the ability of the isolated clones to grow in low
serum concentration compared with the parent cell line. Fig. 5.9 and 5.10 illustrate
representative results obtained from the analysis of all the 23 isolated clones. The clones
CI.IB to C1.6B and C1.7A to C1.10A showed no difference in growth rate as compared
with the parent cell line and no serum independence (Fig. 5.9). However analysis of the
clones C1.11A to C1.15A, C1.16B to C1.20B and C2.15A, C2.19B, C2.20B showed
that all the 13 clones can reach saturation at a much higher cell concentration when
compared with the parent cell line (Fig. 5.10). Furthermore, calculation of the population
doubling time for the same series of clones (at 10% FCS) showed that, on average, the
population doubling time was decreased approximately to 24h as compared with that of
the parent 340-RPET53 cell line (approximately 41h). In addition, all the 13 clones were

serum independent, and as it can be observed from the graph, they can reach a higher
saturation density as compared with the parent cell line at 1% FCS. The population
doubling time for the clones at 1% FCS was also found to be decreased approximately to
24h as compared with the parent cell line (41h) at the same serum concentration.

e) Chromosome analysis
Analysis of all the 23 clones which have been isolated, showed that all the clones

retained their diploid status (46, XX). No structural or numerical abnormalities were

observed in any of the clones when analysed by solid staining and G-banding staining.

f) Colony formation in soft agar
Fig. 5.11 shows the average number of colonies per petri dish for each one of the

20 established cloned cell lines. The results obtained by subcultivating the clones CI.IB
to C1.6B and C1.7A to C1.10A showed that the increase in colony number (ratio, second
cultivation versus first cultivation) ranged from 1.18 (the lowest) to 5.3 (the highest).
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Growthcurvesoftheparent340-RPET53andcloneCI.IBin10%and1%FCS Days

*parent10%FCSAparent1%FCS-—a—-cloneCI.B10%FCScloneCI.IB1%FCS
Fig.5.9Thegrowthoftheparent340-RPET53andcloneCI.IBin1%and10%FCS.ThegrowthcurveofcloneCI.IB representsatypicalexampleofthegrowthcurvesperformedfortheclonesC1.1BtoC1.6BandC1.7AtoC1.1OA(10clonesin total).Thefigureshowsthemeancellnumberpresentataninitialconcentrationof2000cells/mlinafinalvolumeof3mlof mediuminpetridisheswith62mmdiameterinallculturesplated,0to14dayspreviously.Eachpointinthegraphcorresponds

tothemeanvalueofthreereplicateexperimentswiththreereplicatedishescountedforeachday±S.E(n=3).



Growthcurvesoftheparent34G-RPET53celllineandcloneC1.19Bin10%and1%FCS
10000000 1000000 100000 10000 1000

02468101214 Days

*parent10%FCSAparent1%FCS....4....cloneCI.19B1010%FCS—cloneCI.19B101%FCS Fig.5.10Thegrowthoftheparent340-RPET53andcloneCI.19Bin1%and10%FCS.ThegrowthcurveoftheCI.19B clonerepresentsatypicalexampleofthegrowthcurvesperformedforalltheclonesC1.11AtoC1.15A,C1.16BtoC1.20B, C2.15A,C2.19B,C2.20B(13clonesintotal).Thefigureshowsthemeancellnumberpresentataninitialconcentrationof 2000cells/mlinafinalvolumeof3mlofmediuminpetridisheswith62mmindiameterinallculturesplated,0to14days previously.Eachpointinthegraphcorrespondstothemeanvalueofthreereplicateexperimentswiththreereplicatedishes countedforeachday±S.E(n3).



Theabilityofeachindividualclonetoformcoloniesinagarfollowingisolationandsubsequentsubcultivation
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This result indicates that these clones do not have the potential to form a higher fraction of
colonies, as compared with the number of colonies formed following irradiation of the
parent cell line from which these clones were established.

The ability of the clones C1.11A to C1.15A, C1.16B to C1.20B and C2.15A,
C2.19B, C2.20B to form colonies in soft agar, was characterised by a certain degree of
variability. The data indicated that some of the clones, following subcultivation, acquired
the ability to form a much higher fraction of colonies as compared with the number of
colonies formed following irradiation of the parent cell line from which these clones were

established. For example, clone CI.20B (isolated following UVB irradiation) showed an

increase of 3.66 fold (105 cells/petri dish) whereas other clones like clone C1.15A
(isolated during UVA irradiation) show a very poor increase (105 cells/petri dish, 0.47
fold). Clones C2.15A, C2.19B and C2.20B did not show any significant increase in the
number of colonies/petri dish following subcultivation.

g) Tumour formation in nude mice
None of the 10 clones C1.11A to C1.15A and C1.16B to C1.20B, which have

been tested for their tumourigenic potential, formed any tumours in nude mice after a

period of 6 months. However, it is worth noting that some of the clones did show some

signs of tumour formation, which persisted for a period of time but then disappeared
completely. One of these clones was clone C1.19B, which showed tumour formation in
two (out of 3) mice. Tumours in these mice appeared immediately after injection. Their
size was subsequently reduced from 133mm3 to 2mm3 over a period of 3 months, but
unfortunately, these mice died from an infection. Clone C1.20B, along with clones
C1.16B and C1.14A also formed tumours, but these tumours were only of 2mm3 in size,
appeared only in one mouse (out of 3) and after 3 months, they disappeared completely
from the site of the injection. The mice that have been injected with the control parent cell
line did not form any tumours for the experimental period of 6 months.

h) Analysis of the p53 status of thirteen different clones using ICC
During the course of this study, all 23 isolated clones were tested for p53 status

by ICC, along with the parent cell line. All the clones and the parent cell line were tested
with the antibody, using various dilutions ranging from 1:10,000 to 1:1,000 (1:10,000,
1:8,000, 1:5,000, 1:4,000, 1:3,000, 1:2000, 1:1,000). No staining of the nucleus (either
in the parent cell line or the clones) was observed in any of the dilutions used, indicating
that both the parent cell line and the isolated clones are negative for p53 staining. A
positive control was always included (HTORI-3 cell line) in order to make sure that the
antibody was working efficiently each time. For the parent cell line, by using only the
secondary antibody tests were also performed in order to establish if there is non-specific
binding. Again, the test proved negative.
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The cell lines used as positive controls in this study were A431 cell line (mutation
in p53 on amino acid 273 arg-his), and HTORI-3 cell line (immortalised with the SV40
plasmid expressing large T antigen which stabilises the p53 protein). The cell line HI299
which has been used as negative control, is p53 null (does not express p53) and thus
shows no staining with the p53 antibody. All the cell lines were tested for p53 staining
using various dilutions of the antibody. HTORI-3 and A431 showed positive staining in
all the performed dilutions from 1:1,000 to 1:10,000, whereas HI299 showed no staining
over the same range of dilutions. All the cell lines have been tested by SAPU (except for
HTORI-3) and they are recommended as positive and negative controls respectively.

i) Expression of p53 in the parent 340-RPE T53 cells and all the isolated
clones

A small series of experiments were performed, in order to investigate if p53 can

be expressed in the parent and cloned cell lines following UVB irradiation, since neither
of the parent cell line or the cloned cell lines showed any positive staining with the p53
antibody (no irradiation). Preliminary experiments indicated that, the staining of the
nucleus with the p53 antibody, following UVB irradiation, is characterised by a certain
degree of heterogeneity among different cells. Therefore, it was decided to characterise
the staining density of the nucleus. Three categories were used, strong nuclear staining,
intermediate nuclear staining and no staining at all. However, the use of these definitions
is arbitrary and therefore the interpretation of the results is subjective. Two doses were

used for irradiating the parent 340-RPE T53 cell line, one which reduces survival to 90%
(80J/m2) and another one which reduces cell survival to 50% (475J/m2). The results
indicated that the parent cell line showed a large number of stained cells (intense nuclear
signal) with the antibody (1:1000 dilution) approximately 2h following UVB irradiation.
The number of intensely stained cells was reduced, lOh after irradiation, and returned
almost to normal levels at 24h after irradiation. No significant differences were observed,
in terms of the number of intensely stained cells, between the two doses of UVB
irradiation (Fig. 5.12). Fig. 5.13a illustrates the positive (nuclear) staining identified in
the HTORI-3 cell line following the use of the p53 antibody, whereas Fig. 5.12b shows
the parent 340-RPE T53 cell line without irradiation or being irradiated with 475J/m2 of
UVB 2h after irradiation (intermediate (c) and strong nuclear staining (d).

A second experiment was performed, comparing the response of the parent cell
line with all the cloned cell lines, using the same irradiation conditions used to irradiate the
patent cell line, 2h, lOh and 24h after irradiation. The main aim of this experiment was to
establish if p53 can be induced in the cloned cell lines, since none of them show any

positive staining with the antibody and to standardise the assay in the light of the
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Fig. 5.13 Photographs showing staining of the HTORI-3 and the 340-RPE T53 cell lines
using a polyclonal p53 antibody at a concentration of 1:1000
a) HTORI-3 (positive control)
b) 340-RPE T53 cells (non irradiated)
c) intermediate staining of 340-RPE T53 cells 2h after UVB irradiation (475J/m2)
d) intense staining of 340-RPE T53 cells 2h after UVB irradiation (475J/m2)



heterogeneity observed in the staining of the nucleus. No major differences were

observed between the parent cell line and the cloned lines, in terms of the number of
intensely or intermediate stained cells. Fig. 5.14 illustrates a representative example of
the average response of the clones, in terms of p53 expression, following exposure to

UVB, 2h, lOh and 24h following irradiation.

j) Cell cycle analysis
A series of preliminary experiments was conducted initially in order to establish

the dose of UVB and the time following irradiation required for the parent cell line to
show a cell cycle arrest. Once this dose was established, further experiments were

conducted in order to compare the parent 340-RPE T53 cell line with a number of cloned
lines (C1.11A to C1.15A, C1.16B to C1.20B and C2.15A, C2.19B, C2.20B). Fig.
5.15 and 5.16 show a series of line graphs indicating the DNA distribution of each phase
of the cell cycle for the parent cell line and clone C1.19B (raw data, Appendix 8a and b).
These graphs are representative of the average response of the parent cell line and the
clones at different time intervals, following completion of irradiation with the two
different doses of UVB (2520J/m2 and 6720J/m2). As it can be observed from Fig.
5.15, in the mock-irradiated cells of the parent cell line, the proportion of cells in Gl, S
and G2/M phases of the cell cycle were 41%±3.7, 37%±4 and 18%±12 respectively at
the start of the experiment. These proportions did not change appreciably over the 24h
period following mock irradiation. In contrast, after treatment of the parent cell line with
2520J/m2, the proportion of cells in the various phases of the cell cycle changed
dramatically over time. Initially, the proportions were similar to those in the mock-
irradiated cells. However, by lh after irradiation, the proportion of cells in G2 increased
to 57%±3.2 with a subsequent decrease in the proportions of cells in the other two phases
of the cell cycle. lOh after irradiation, the cells returned approximately to the same levels
of their normal distribution (Oh) and remained on the same level until the end of the

experimental period, 24h after irradiation.
Irradiation of the parent cell line with 6720J/m2 of UVB showed a totally different

picture, in terms of cell cycle changes, as compared with the dose of 2520J/m2. The
irradiated cells showed changes in cell cycle distribution lh after irradiation with
approximately 59%±7.6 of the cell in S phase and a subsequent decrease of the cells in
Gl. The distribution of cells in each phase of the cell cycle returned to normal 4h after
irradiation and remained the same for the rest of the experimental period (24h). The
mock-irradiated cells showed approximately the same picture as the first experiment
(irradiation with 2520J/m2), as far as the proportion of cells is concerned for the duration
of the whole experiment.
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Fig. 5.14 The effect of UVB irradiation on the induction of p53 in clone CI. 19B. The
cells were stained with the p53 antibody, at various times after irradiation and scored as
has been described in Materials and Methods. The bars correspond to the mean value of
two independent experiments, with 400 cells being counted per experiment ±S.E (n=2).
The response of clone C1.19B to the induction of p53 following IJVB irradiation
represents a typical example of the average response of all the cloned cell lines towards
p53 induction following UVB irradiation.
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Analysis of the data obtained, following the irradiation of the isolated clones,
indicated that the clones respond to UVB irradiation in a totally different way. In general,
the mock irradiated cells of all the isolated clones did not show any changes in cell cycle
distribution, during the 24h experimental period.

Irradiation of the isolated clones with the 2520J/m2 of UVB irradiation showed

that only two clones, C1.15A and C1.14A, had the ability to partially arrest in G2, lh
after irradiation, like the parent cell line. Clone C1.11A showed also a partial G2 arrest at
lOh following irradiation, whereas clones C1.16B and C2.20B showed approximately
the same picture as with clone CI. 11A, 24h after irradiation. All the other eight clones
did not show any changes, in any phase of the cell cycle, for the duration of the 24h
experimental period. However, irradiation of the clones with 6720J/m2 showed an

elevation of cells in S phase, 4h after irradiation. Neverheless, this elevation differed
markedly amongst the clones, with some clones having an increase of approximately 15%
of cells in the S phase of the cell cycle, whereas others showed an increase of only 6-
10%. At lOh after irradiation, the proportion of cells in each phase of the cell cycle, in
each one of the clones, returned to normal levels and remained constant until the end of
the experimental period (24h). The data obtained following the analysis of the parent cell
line and all the isolated clones is illustrated in Table 7, a to h in the Appendix. Tables
5.3a and 5.3b summarise the characteristics of all the cloned cell lines that have been

established during the transformation experiments.

5.1.5 General discussion

Research on the complex mechanisms which lead to UV-induced carcinogenesis
has been based mainly using mouse models. These various mouse models led eventually
to the establishment of a skin cancer action spectrum, for the induction of skin cancer in
mice. Based on this spectrum, a human skin cancer action spectrum was estimated by
correcting for differences in UV transmissions between human and murine epidermis (de
Gruijl et al., 1994). Despite the fact that the mouse model has contributed substantially to
the knowledge acquired so far on the process of UV carcinogenesis on mammalian
organisms, it is obvious that the results obtained from these studies cannot always be
applied directly to humans. Therefore, a model based on the use of human epithelial cell
lines (epithelial because almost 90% of human cancers are of epithelial origin) was

needed. However, a very limited number of models have been established so far using
human cell lines, because it has proven very difficult to maintain primary human cell
cultures without immortalisation by using a viral agent, and secondly because of the very

low transformation frequency that UV irradiation induces in these cells.
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CLONES

CI.IB

C1..2B

C1.3B

C1.4B

C1.5B

C1.6B

CI.7A

C1.8A

C1.9A

C1.1OA

Morphologicalcharacteristics
ascomparedwiththeparent cellline

same

same

same

same

same

same

same

same

same

same

Focusformation

NO

NO

NO

NO

NO

NO

NO

NO

NO

NO

Growthrateascompared withtheparentcellline
same

same

same

same

same

same

same

same

same

same

highersaturationdensityas comparedwiththeparentcellline
NO

NO

NO

NO

NO

NO

NO

NO

NO

NO

serumindependence

NO

NO

NO

NO

NO

NO

NO

NO

NO

NO

chromosomeabnormalities
NO

NO

NO

NO

NO

NO

NO

NO

NO

NO

tumourformationin nudemice

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

formationofcoloniesinagar
YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

radiosensitivitytowardsUVA
NO

NO

ND

ND

NO

ND

ND

ND

ND

NO

radiosensitivitytowardsUVB
ND

ND

NO

NO

ND

NO

NO

NO

NO

ND

P53status

normal

normal

normal

normal

normal

normal

normal

normal

normal

normal

cellcyclearrestfollowing UVBirradiation(2520J/m2)
ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

cellcyclearrestfollowing UVBirradiation(7620J/m2)
ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

Table5.3a.Asummaryofthecharacteristicsofthefirsttenclonesisolatedclones(ND,notdone).



CLONES

C1.11A

C1.12A

C1.13A

C1.14A

C1.15A

C1.16B

C1.17B

C1.18B

C1.19B

C1.20B

C2.15A

C2.19B

C2.20B

Morphologicalcharacteristics
ascomparedwiththeparent cellline

same

same

same

same

same

same

same

same

same

same

same

same

same

Focusformation

NO

NO

NO

NO

NO

NO

NO

NO

NO

NO

NO

NO

NO

Growthrateascompared withtheparentcellline
increased
increased
increased
increased
increased
increased
increased
increased
increased
increasec
increasec
increasec
increase

highersaturationdensityas comparedwiththeparentcellline
YES

YES

YES

YES

YES

YES

YES

YES

YES

/YES

YES

YES

YES

serumindependence

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

chromosomeabnormalities
NO

NO

NO

NO

NO

NO

NO

NO

NO

NO

NO

NO

NO

tumourformationin nudemice

NO

NO

NO

NO

NO

NO

NO

NO

NO

NO

NO

NO

NO

formationofcoloniesinagar
YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

radiosensitivitytowardsUVA
YES

YES

YES

YES

YES

NO

NO

NO

NO

NO

YES

NO

NO

radiosensitivitytowardsUVB
NO

NO

NO

NO

NO

YES

YES

YES

YES

YES

NO

YES

YES

P53status

normal

normal

normal

normal

normal

normal

normal

normal

normal

normal
normal

normal

normal

cellcyclearrestfollowing UVBirradiation(2520J/m2)
YES

NO

NO

YES

YES

YES

NO

NO

NO

NO

NO

NO

YES

cellcyclearrestfollowing UVBirradiation(7620JAn2)
YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

Table5.3b.Asummaryofthecharacteristicsoftherestoftheclonesisolatedduringthetransformationexperiments(ND,notdone).



The main aim of the transformation studies was to examine if UVA and UVB

irradiation can induce in vitro, tumourigenic conversion of two non-tumourigenic human
epithelial cell lines (HTORI-3 and 340-RPE T53). In addition, the relationship between
the dose of irradiation and the number of irradiations required to induce neoplastic
transformation, plus the time required for the expression of the transformation in these
cells was investigated.

5.1.6 The formation of tumours in nude mice as an endpoint for studying the
process of neoplastic transformation

The results presented in this chapter indicate that irradiation of the HTORI-3 cell
line with single doses of UVA, and subsequent passaging for a minimal period of 6
weeks, can induce tumour formation in nude mice. However, these results have to be

treated with caution since it was observed that 3 out of 6 mice in the control group (50%)
developed tumours of approximately the same size of those observed in the nude mice
injected with the irradiated cells. It appears that, immortalisation of human cell lines using
viral constructs can interfere with basic cell cycle checkpoints, thus increasing the genetic
instability of the cell line. In this case, it is well known that p53 interacts with the large T
antigen of SV40. The HTORI-3 cell line has been immortalised by using the SV40 viral
construct. This interaction probably inhibits p53 to transactivate other genes following
DNA damage. In addition, this interaction will probably enhance the genomic instability
of the cell line, making it susceptible to the accumulation of additional genetic changes
and chromosomal rearrangements at an increased rate with subsequent passages. This
process will eventually lead to the formation of cells with transformed characteristics
which probably will give rise to neoplastic cells in the control population.

This hypothesis is supported by experiments conducted using p53-deficient mice.
These mice are susceptible to spontaneous tumour formation (Donehower et al., 1992).
In addition, it has been shown that SV40 immortalised human keratinocytes, can be
spontaneously converted to neoplastic cells (formation of invasive squamous cell
carcinomas in nude mice) following approximately 46 in vitro passages (Brown et al.,
1987). Furthermore, the instability of this particular cell line was demonstrated in this
study, by the observation that the average number of chromosomes was increased steadily
with subsequent passages. A steady increase in the average number of chromosomes
might subsequently lead to the overexpression of a number of tumour suppresor genes or

oncogenes, whose products may play a particular role in the process of tumour formation.
Therefore, the appearance of tumours in the control group illustrates that the HTORI-3
cell line should be regarded, as an unstable cell line in terms of spontaneous neoplastic
transformation.
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Nevertheless, neoplastic transformation of various cell lines has been achieved
successfully (by using as an endpoint tumour formation in nude mice) using different
kinds of irradiation. Mouse cell lines have been tumourigenically transformed following
single exposures to low or high LET radiation (Hill et al., 1985; Yang et al., 1985; Miller
et al., 1989). Suzuki et al., (1989) also reported transformation of primary hamster
embryonic cells following a single exposure to high LET radiation. Human bronchial
epithelial cells, human fibroblasts and human embryo cells have all also been successfully
transformed following single and multiple exposure of these cells to a-particle and y

irradiation (Su et al., 1992; Watanabe et al., 1992; Hei et al., 1994a; Hei et al., 1993b).
There are however a number of reports indicating that a single exposure of cells to

ionising irradiation is insufficient to induce transformation (Willey et al., 1991; Yang et

al., 1991). Unfortunately, there are no reports to this date with transformation of cells
following exposure to UV irradiation by using as an endpoint tumour formation in nude
mice. This is probably because, in general, UV irradiation induces a very low
transformation frequency in human and rodent cells. The formation of tumours in nude
mice will indicate that the cells have a fully transformed phenotype, however, because of
the very low transformation frequency of UV, any changes in the phenotype of the cells
will not be detected. This is supported by the data obtained irradiating the parent 340-
RPE T53 cell line with UVB (single and multiple exposures). Irradiation and subsequent
passaging (6 weeks) of these cells with UVB showed that, at these doses, UVB irradiation
cannot fully transform the parent cell line (no formation of tumours in nude mice).
However, the data obtained by examining the ability of the same cells to form colonies in
soft agar showed that, all the combinations of irradiation used induced the formation of
colonies in soft agar. Therefore, these results indicate that, the study of the process of
UV-induced neoplastic transformation using formation of colonies in soft agar is much
more sensitive, than formation of tumours in nude mice. The use of this assay will depict
changes in the phenotype of the irradiated cells that are not be observed using the
formation of tumours in nude mice as an endpoint.

5.1.7 Colony formation in soft agar following single or multiple exposures of the
parent cell line to UVA and UVB irradiation

The main objective of the transformation studies was to induce cellular
transformation of the parent 340-RPE T53 cell line, following exposure to UVA and
UVB irradiation. Since it was illustrated that UV has a very low transformation
frequency, the use of tumour formation in nude mice as an endpoint was replaced with the
formation of colonies in soft agar. Therefore, the objective of the experiments conducted
using as an endpoint colony formation in agar were the following: a) to characterise the
relationship between the fractions of irradiation which are required in order to induce
changes in the phenotype of the parent cell line, and the period of time which is necessary
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for these changes to be fixed and then expressed by the transformed cell b) the
optimisation of the doses and time following irradiation which are required in order to
induce changes in the formation of colonies in agar c) to isolate, establish and characterise
cloned cell lines from these colonies in agar.

5.1.8 Colony formation in soft agar: is there any correlation between the
irradiation exposure, type of irradiation and the time required for the
transformed phenotype to be expressed?

The results presented in this study indicate that, irradiation of the parent 340-RPE
T53 cell line with UVA and UVB irradiation can induce formation of colonies in soft

agar. A total of 46 different combinations were used in order to define the dose and time
which is required in order to obtain the maximum number of colonies following a specific
irradiation regime. The data from these studies highlighted the importance of three very

important factors influencing the outcome these studies: a) the total accumulated dose b)
the type of irradiation [UVA, UVB (without the lid of the petri dish, or through the flask)]
c) the time required for the expression of changes in the phenotype.

Irradiation of the parent 340-RPE T53 cells with single exposures of broadband
UVB irradiation (without the lid of the petri dish), indicated that it can induce a significant
number of colonies/petri dish, 6 weeks after irradiation. In contrast, exposure of the cells
to multiple doses of UVA and UVB (broadband, through the flask) irradiation (total
accumulated dose ranged from 84KJ/m2 to 336KJ/m2 for UVA, and from 1512 J/m2 to
15120J/m2 for UVB) induced on average a lower number of colonies/petri dish, 3 and 6
weeks after irradiation. These results indicate that, single exposures to broadband UVB
can induce significant changes in the phenotype of the cells leading to the formation of
colonies in soft agar. This is probably indicative that, the major factor for the induction of
colonies is the contamination of the broadband spectrum by UVC, since irradiation of the
cells with UVB irradiation not contaminated with UVC (broadband UVB, contaminated
with UVA) induced a much lower number of colonies. Interestingly, multiple doses of
UVB (through the flask) irradiation induced on average, a higher number of colonies as

compared with multiple exposures of the parent cell line to UVA, 6 weeks after
irradiation.

Analysis of the data obtained by irradiating the parent 340-RPE T53 cells with an

increased number of multiple exposures to UVA and UVB irradiation (total accumulated
dose ranged from 1395 KJ/m2 to 4185 KJ/m2 for UVA, and from 12600 J/m2 to 37800
J/m2 of UVB) confirmed the observation made when irradiating the cells with
significantly lower total accumulated doses of irradiation, that transformation frequency
increases with significant reduction in cell survival. Multiple irradiation of the parent 340-
RPE T53 cell line with UVA and UVB (5 and 10 multiple exposures) showed no

significant increase in the number of colonies (2 days, 2 and 6 weeks after irradiation) as
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compared with the colonies obtained when irradiating the parent cell line with lower doses
of UVA and UVB irradiation. However, when the number of multiple exposures

increased up to 15, a dramatic increase in colony formation was observed following UVA
but not UVB irradiation (2 days after). The number of colonies continued to increase up

to 6 weeks after multiple UVA irradiation, but in the case of UVB, a significant increase in
the number of colonies was observed only at 6 weeks after irradiation. These results
indicate that, there might be a specific threshold in the parent cell line, after which the
transformation frequency increases following UVA irradiation. This threshold probably
lies between 10 and 15 multiple exposures for UVA. Continuous multiple irradiation of
the parent cell line (30 in total, 104 cells/petri dish), further increased the transformation
frequency of the cells. The picture becomes more complicated for UVB irradiated cells,
because an increase in the number of colonies is obvious only 6 weeks following
completion of the irradiation regime. Nevertheless, continuous irradiation of the parent
cell line with UVB (30 exposures in total, 104 cells/petri dish) also further increased the
transformation frequency of the cells. It appears that UVA has the ability to induce the
formation of a much higher fraction of colonies/petri dish than with UVB irradiation.
This result was unexpected, since it is well known that UVB is a more potent carcinogen
as compared with UVA. However, the reproducibility of these results confirmed that, in
this study, UVA has the potential to induce a much higher transformation frequency in the
340-RPE T53 cell line than UVB.

As it was mentioned in the beginning of this section, three important factors
influenced the outcome of these results. The first factor, is the total accumulated dose (or
the number of multiple exposures) which is required to induce a dramatic increase in the
number of colonies/petri dish. The existence of a specific cytotoxic threshold after which
the transformation frequency increases to a significant extent is supported by the data
obtained following exposure to UVA (10 and 15 multiple exposures). This threshold
indicates that, multiple exposure of the parent cell line to UVA, at doses which reduce cell
survival significantly (19%) will eventually lead to the production of a transformed
phenotype. This is because, after a specific point, the cell's DNA repair ability will be
compromised due to a saturation of the continuous induced damage. When this point of
saturation is reached, the cell does not have the ability to repair efficiently UVA induced
DNA damage, and thus begins to accumulate mutations which may eventually lead to the
induction of AIG. The same observation can be made also for UVB irradiation, although
the picture is more complicated. This is because, the dramatic increase in the number of
colonies is observed following a continuous passage of 6 weeks and not 2 days after
irradiation, as this was the case with UVA. It appears that, the capacity of the parent 340-
RPE T53 cell line to repair more efficiently the UVB and not the UVA induced DNA
damage might be the primary reason for the immediate induction of the transformed
phenotype following UVA irradiation. Nevertheless the observation that UVA (10 and 15
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multiple exposures) induces high numbers of colonies immediately and not 6 weeks after
irradiation, introduces the second factor that played a significant role in the outcome of
these studies, which is the time required for the transformed phenotype to be expressed.

5.1.9 A specific period of time in vitro is required for the induction of significant
changes in the transformed phenotype

Continuous increase in the number of colonies/petri dish, 2 and 6 weeks after
irradiation, probably resulted from the continuous accumulation of mutations in the
irradiated cells, although the possibility that this increase is due to the expansion of the
already transformed cells should not be ignored. In general, it has been shown that
(studies using X-rays and chemicals), mammalian cells which have been treated with
various carcinogens, need a certain period of passaging in culture before being examined
for the induction of the transformed phenotype. This time appears to be required by the
cells in order to 'fix' the initial damage and then begin express the transformed
phenotype. The results obtained in this chapter are in contrast with Milo et al., (1981)
who reported that, human foreskin cell cultures form colonies in agar (following exposure

to UVC) 20 population doublings after irradiation. However, Sutherland et al., (1980)
showed that, multiple irradiation of human embryonic skin and muscle fibroblasts with
UVC can induce immediately formation of colonies in agar, although they have also
observed that, passaging of the cells will further increase the number of colonies/petri
dish. The data presented in this chapter following UVA irradiation indicate that, once the
threshold for the induction of transformation has been exceeded, the expression of the
transformed phenotype is immediate. However, cells irradiated with UVB needed a

period of 6 weeks before increase significantly the number of colonies/petri dish,
indicating that, UVA induces AIG in the 340-RPE T53 cell line following a completely
different pathway from UVB irradiation. One reason for this result could be the existing
difference between UVA and UVB irradiation in terms of UV-induced damage. It may be
speculated that the parent 340-RPE T53 cell line might has the ability to repair UVB
induced damage more efficiently as compared with UVA damage. This paradox
introduces the third factor that contributed significantly to these results which is, the type
of irradiation used in order to induce AIG.

5.1.10 UVA induces cell transformation following a different pathway than UVB
Sutherland et al., (1988) suggested that, the changes which have to take place in a

cell in order to acquire the ability to grow in agar include, production of increased
quantities of highly active growth factors, alterations in the cellular exterior or interior
membranes, changes in structural proteins or those involved in cell division. It is well
established that UVA has the ability to directly cause significant damage not only to the
cell membrane (Godar et al., 1997) but to other various organelles as well, through the
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induction of oxidative stress. Immediate cellular effects of physiologically relevant doses
ofUVA include, depletion of cellular glutathionine content, membrane lipid peroxidation,
alteration in transcription factor activity and gene expression. Therefore, one possibility is
that, multiple exposure of the parent 340-RPE T53 cell line to UVA might damage the
structural components of the cell to a significant extent, or cause the mutation of structural
proteins which support the cytoskeleton. These mutated proteins may help the cell to
retain its capacity to respond to the repeated exposures of UVA efficiently. However, it
may also lead to the beginning of the accumulation of other mutations, which will
eventually lead to the production of the transformed phenotype. Among the reactive
oxygen species which might play a very important role in the process of UVA-induced
transformation, it has been suggested that generation of singlet oxygen plays a major role
in UVA mutagenicity in mammalian cells (Le Page et al., 1995). However, despite the
fact that different types of DNA damage have been reported after UVA irradiation, the
type of damage that accounts for the induction of transformation is not yet known. Tyrell
et al., (1996) suggested that, oxidative reactions of nucleosides with reactivated oxygen

species, as the 8-hydroxyguanine, which is highly mutagenic in mammalian cells, could be
a possible candidate. The involvement of other non-dimer lesions such as thymine
glycols, DNA strand breaks, DNA crosslinks and alkaline-sensitive pyrimidine
nucleoside-cytidine lesions in inducing neoplastic transformation, also cannot be ruled
out. Interestingly, Suzuki et al., (1981) reported, that although the induction of mutation
in V79 CHO cells and induction of transformation in C3H10T1/2 cells by UVC and 290-
345nm broadband lamp matched the DNA action spectrum, this was not the case when
the same experiments were performed using 300-345nm broadband lamp irradiation. At
these wavelengths, the yield of mutation and transformation was more than can be
accounted for pyrimidine dimer formation, suggesting that a chromophore other than, or
in addition to DNA, may be involved in transformation at these longer wavelengths.

On the other hand, UVB causes the production of photoproducts like CPDs or 6-
4 PPs. These photoproducts can cause significant distortion in the DNA helix, and it has
been shown that they are highly mutagenic to mammalian cells (Drobetsky et al., 1995).
The involvement of these photoproducts in short wavelength- induced transformation was

shown by Hart et al., (1975; 1977) who demonstrated that injection UV-irradiated tissue
homogenates of Poecilia formosa into isogenic recipients will cause thyroid carcinoma.
However, when UV-irradiated tissue homogenates were exposed to photoreactivating light
prior to injection, the tumour incidence was reduced significantly, thus underlying the
importance of pyrimidine dimers in UVB induced carcinogenesis. Sutherland et al.,
(1980) showed that UV-induced transformation of human cells to anchorage independent
growth was susceptible to photoenzymatic reversal, again implicating pyrimidine dimers
in UV-induced transformation. Setlow et al., (1993) illustrated that UV wavelengths
between 300 and400nm also produce pyrimidine dimers in the DNA molecule, although
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at much reduced efficiencies as compared with UVC irradiation. Nevertheless, it appears
that UVB induced photoproducts, which are directly damaging the DNA molecule, will
probably initiate the transformed phenotype in the parent 340-RPE T53 cell line due to
direct DNA damage.

One of the most important questions which arises at this point from the
transformation experiments, is that, are the anchorage independent clones that have been
established in this study due to induction of transforming event(s) by the UV, or to
selection by UV of the radiation-resistant fraction of cells? Firstly, both UVA and UVB
irradiation produced anchorage independent colonies at doses which do not reduce
significantly cell survival. Secondly, survival curves constructed for all the cloned cell
lines, indicate that the radiosensitivity of the individual clones is greater than that of the
parent cell line, suggesting that a differential selection process is not taking place.
Therefore, it appears that all of the cloned cell lines have been produced from the
radiation-induced transformation of the parent cell line, they are induced by UVA and
UVB irradiation and not by a selection process.

5.1.11 Correlation of transformation frequency with cell survival
Different wavelengths ofUV irradiation induce different types of damage to DNA

and consequently different kinds of mutations. Applegate et al., (1992) and Robert et al.,
(1996) established the mutagenic potential of UVA, through the evaluation of mutation
induction by 365nm at specific locus in human cells, and the correlation between
mutagenicity and lethality in the 254-365nm wavelength range. Enninga et al., (1986)
determined the precise wavelength dependence of UV-induced pyrimidine dimer
formation, cell killing and mutation induction in human diploid skin fibroblasts with
UVA, UVB and UVC. They suggested that, whereas there is very good correlation
between cytotoxicity and mutagenicity in the 254-365nm range, the relative wavelength
dependence for cell lethality and mutation induction cannot be correlated with that of
pyrimidine dimer formation. The ratio of cytotoxicity to mutagenicity per pyrimidine
dimer was enhanced at longer wavelengths. Therefore, it was concluded that cell lethality
and mutation induction at higher wavelengths are partly due to DNA damage other that
pyrimidine dimers.

The results presented in this chapter indicate that, the transformation frequency
(the number of colonies/petri dish) is increasing with decreasing levels of cell survival.
This conclusion is in contrast with the results obtained from transformation studies

performed using chemicals or ionising irradiation. The data from these studies showed
that, at low values of carcinogen treatment (chemicals or ionising irradiation), there is a
small decline in cell survival but an increase in the transformation frequency (Borek et al.,
1973; Terzaghi et al., 1976). It has been suggested that, treatment of cells with a potential
carcinogen at doses that do not reduce cell survival significantly, can enhance the
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transformation frequency. This is because the possibility for the cell to survive and
replicate the accumulated damage (fix the mutation) is greater at low doses of irradiation.
At high doses of carcinogenic treatment which reduce cell survival to a significant extent,
the possibility of the cell to survive and replicate the damage is reduced considerably.
Nevertheless, the data presented in this chapter, are in agreement with other published
data (UV studies) indicating that the transformation frequency (in UV-induced
transformation) increases with subsequent decrease in cell survival. Maher et al., (1982)
demonstrated that both normal human cells (new-bom foreskin) and cells from
Xeroderma Pigmentosum patients exhibit a dose-dependent increase in transformation
which corresponded to a dose-dependent decrease in cell survival. In this study, it was
also demonstrated that irradiation of both sets of cells before the onset of DNA synthesis
exhibited a higher frequency of colonies in soft agar, whereas cells irradiated in early G1
showed no increase over the background. The authors suggested that, the formation of
colonies in soft agar probably arises from mutations induced by DNA replication on a

damaged template. The same conclusion (increase in transformation frequency with
decrease in cell survival) was also reached by Sutherland et al., (1980; 1981; 1988) and
Milo et al., (1981). However, in the study presented by Milo et al., (1981), it was shown
that in order to achieve UV-induced transformation of human fibroblasts, the cells have to

be irradiated in the beginning of the S phase, the cell killing should not exceed 50%, if a
dose response is to be obtained, and growth medium which selects for transformants has
to be used. In addition, an expression period of 20-25 population doublings should be
allowed. West et al., (1995) also successfully transformed neonatal human fibroblasts
following irradiation with three different UV lamps. However, in this study, the
relationship between cytotoxicity and the induction of colony formation in agar varied
with the light source. The use of UVC irradiation produced variable but high frequency
of transformation over a small range of doses that correspond to >50% of cell survival.
At higher cytotoxicity, the transformation frequency was decreased. The use of a lamp
emitting 87% UVA and 13% UVB, yielded its highest transformation frequency at

relatively high cytotoxicity (<0.5% cell survival). Finally, the use of a third lamp emitting
94% UVA, 5% UVB and 1% UVC, showed maximum transformation frequency at about
60% cell survival with transformation values being reduced at higher cytotoxicity.

The demonstration of an increased transformation frequency with decreasing cell
survival was consistent throughout the duration of the transformation experiments.
However, continuous irradiation of the isolated clones C2.19B, C2.20B and C1.15A, with
two doses which reduce cell survival to 50% and 12%, showed a different picture. The
number of colonies/petri dish obtained at doses which reduce cell survival to 50% was

larger than the number of colonies induced using a dose which reduces cell survival to
approximately 10%. This result is in contrast with the pattern of transformation which
has been obtained during the initial transformation experiments. However, since these
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results have been collected from irradiating clones which can be considered as "partially
transformed" it will indicate that, further increase in the transformation of these clones is
achieved by irradiating at doses which do not reduce significantly cell survival. Therefore,
it appears that, where during the initial steps in the process of UV-induced transformation,
significant reduction in cell survival is essential, enhancement of the "partially"
transformed phenotype is achieved with doses which do not reduce cell survival to a

significant extent. This illustrates that the relationship between cell lethality and
transformation is completely different during the early and the late stages of UV-induced
transformation.

The observation that, UVA has the potential to induce a greater transformation
frequency as compared with UVB, at approximately the same level of cell survival (2 days
after irradiation) indicates that UVA is a more potent inducer of cell transformation than
UVB. This result was unexpected, since it has been shown that UVB can transform
human and mouse cell lines with a greater efficiency as compared with UVA, the main
reason being attributed to the mutagenic potential of UVB-induced photoproducts.
However, the data presented in this chapter clearly indicate that, oxidative stress, which is
the main effect of UVA irradiation, might be responsible for the induction of a much
larger number of colonies in soft agar as compared with UVB. This result clearly
underlines the mutagenic potential ofUVA irradiation, if cells of the parent 340-RPE T53
cell line are irradiated with fractionated doses which reduce cell survival to a considerable

extent.

5.1.12 How many steps are involved in the induction of colonies in soft agar?
Carcinogenesis is a multi-stage process which is initiated by carcinogen-induced

genetic and epigenetic damages in susceptible cells that have gained a selective growth
advantage. These cells will undergo clonal expansion as a result of activation of
oncogenes or inactivation of tumour suppressor genes and subsequently progress to a

malignant state of growth. The process of neoplastic transformation in vitro is also
complex and multistep. During that process, normal cells acquire various characteristics.
Four major steps are involved in this process, morphological transformation, growth in
agar, immortality and tumourigenicity (Rhim, 1993).

The cell line used in this study (340-RPE T53) has already been immortalised,
using the catalytic subunit of the telomerase gene, thus committing a critical initial step
and rate limiting for in vitro neoplastic transformation. Nevertheless, the parent cell line
has shown so far no signs of a transformed phenotype (Jiang et al., 1999; Peddie,
personal communication). Treatment of the parent cell line with UVA and UVB
irradiation, induced the second step towards transformation, the formation of colonies in
soft agar. Silinskas et al., (1981) indicated that, AIG is the result of a single mutational
event. This suggestion was supported by the authors because, in their study, there was a
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50-200 fold increase in the number of colonies formed in soft agar, following exposure of
human fibroblasts to a strong mutagen (propane sulfate). Furthermore, the anchorage
independent phenotype was a stable characteristic of the cell lines which were established
in their study, following isolation of individual colonies from the soft agar. These
observations are in agreement with the observations made in this chapter. However, the
results presented in this chapter (clones which can form colonies in agar but have
differences in terms of growth rate or serum independence), support the notion that, this
single mutational event might consists of more than one step, required to induce more

changes in the phenotype of the cell. Nevertheless, it appears that anchorage independent
growth is due to a single event in the carcinogenic continuum. This event may involve
mutations in a variety of oncogenes or tumour suppressor genes. For example, human
fibroblasts expressing sis, the transforming gene product of simian sarcoma virus (coding
for platelet derived growth factor) exhibit colony formation in agar in the same way as

human fibroblasts do, which have been transfected with the H-ras oncogene and
expressing the ras p21. Stevens et al., (1987) reported that a fraction of cell lines isolated
from soft agar colonies also express the ras oncogene. However, currently is unknown
how these regulatory genes can induce normal human cells to AIG.

At this point, it is interesting to compare the experiment performed, by irradiating
the parent 340-RPE T53 cell line with 10 and 15 multiple exposures to UVA and UVB
irradiation, with the experiment where five flasks per dose (also 10 and 15 multiple
exposures of UVA and UVB) were set up. While the number of colonies observed
following UVB irradiation (10 multiple exposures, 25200J/m2 total accumulated dose),
ranged between 59 colonies/petri dish (2 days after) to 98 colonies/petri dish (6 weeks
after), the numbers observed following UVB irradiation of the multiple flasks with the
same accumulated dose (5 flasks per dose) were quite different. In fact, 2 days and 2
weeks after irradiation, the number of colonies observed/petri dish was relatively small
(20-30 colonies/petri dish) but 6 weeks after irradiation, the number of colonies exceeded
200/petri dish. The same phenomenon was also observed following irradiation of the
parent cell line with UVA (10 multiple exposures, 2790J/m2, total accumulated dose).
While the number of colonies obtained following the specific accumulated UVA dose,
ranged between 30-50 colonies/petri dish, 2 and 6 weeks after irradiation the number of
colonies obtained following the irradiation of the multiple flasks (same accumulated dose)
dose exceeded the 100 colonies/petri dish, 6 weeks after irradiation. Multiple exposure of
the parent cell line to UVB (15 multiple exposures, 37800J/m2 total accumulated dose)
also illustrated that, while the number of colonies/petri dish increased from 80 (2 weeks)
to approximately 170, 6 weeks after irradiation, the same accumulated UVB dose induced
the formation of colonies whose numbers ranged from 110 to 270, in the multiple
irradiated flasks. No significant differences were observed in the number of colonies
obtained following multiple exposure to UVA (15 multiple exposures, 4185KJ/m total
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accumulated dose) and the number of colonies obtained from the experiment involving
five flasks per dose (15 multiple exposures, 4185KJ/m total accumulated dose) for all the
experimental time intervals.

The question which arises at this point is, why there is a such difference between
the number of colonies observed during the experiments involving 10 and 15 multiple
exposure of cells to UVA and UVB (single flasks), and the experiment involving
irradiation (10 and 15 multiple exposure of UVA and UVB) of multiple flasks
(25200J/m2 and 2790KJ/m2), 2 and 6 weeks after irradiation? It can be speculated that,
this difference might be due to the fact that, once formed, the transformed cells in the
multiple flasks were expanded within the flask much quicker as compared with the
expansion of the transformed cells formed during irradiation of the cells in the single
flasks. This expansion might be due to an enhanced growth rate of the transformed cells,
a property acquired by the cells probably because of an additional second mutation during
multiple exposures of the cells or during continuous passage. This mutation might have
taken place at any point, between the beginning of the irradiation procedure and the end of
the period for continuous passaging. Therefore, it can be speculated that, the process of
AIG in the 340-RPE T53 cell line, is characterised by at least two separate steps. Another
theory could also be that, during the initial stages of transformation, more than one cells
were transformed spontaneously within the same flask, thus expanding within the flask to
a much shorter time as compared with the transformed cells in the irradiated single flasks.
In this scenario, the transformed cells would probably have acquired only one mutation, at

any stage, between the beginning of irradiation and the end of continuous passaging.
However, the possibility for one of the initial transformed cells to acquire a second
mutation during multiple irradiation or continuous passage cannot be excluded.

5.1.13 Characterisation of the clones isolated from colonies in agar

a) Morphology and focus formation as transformation markers in the cloned cell
lines

The clones established following isolation of colonies from the soft agar,

following exposure of the parent 340-RPE T53 cell line to single and multiple doses of
UVA and UVB irradiation, were characterised by examining 10 different properties of the
cells. One of the first properties examined, was the morphology of the cloned cell lines as

compared with the parent 340-RPE T53 cell line. Careful observation of all the cloned
lines, indicated that they had retained the original epithelial morphology and cell shape of
the parent cell line.

The second property examined in these cloned cell lines was their ability to form
foci. However, none of the cloned cell lines has the ability to form foci. Focus formation
has been used extensively as an endpoint in studies of UV-induced transformation. One
of the best examples of a cell line used in the induction of focus formation following UV
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irradiation is the C3H10T1/2 rodent cell line. It has been demonstrated that irradiation of

this particular cell line, with various wavelengths of UV irradiation, can lead to the
production of increased numbers of foci in culture (Chan et al, 1976, 1979, 1988;
Mondal et al., 1976; Suzuki et al., 1981; Papadopoulo et al., 1983; Ananthaswamy et al.,
1984; Herschman et al., 1986; Chen et al., 1988; Kennedy et al., 1994). Other rodent cell
lines which have been used in UV-induced transformation studies for focus formation,
include the Syrian hamster cell line (Di Paolo et al., 1976; Doniger et al., 1981), BALB
mouse epidermal cells (Ananthaswamy et al., 1981) and C57L mouse pre-crisis cells
(Zhang et al., 1997). However, it appears that focus formation is an inducible property of
rodent and not human cells (following exposure to a potential carcinogen) since a very

limited number of studies have shown so far focus formation in human cell lines.

b) Growth potential of the cloned cell lines in 1% and 10% FCS
The results presented in this chapter indicate that, the cloned cell lines CI.IB to

C1.6B, and C1.7A to C1.10A isolated following exposure of the parent 340-RPE T53 cell
line to single and multiple doses of UVA and UVB irradiation (which do not reduce cell
survival to a significant extent), showed no difference in terms of growth rate and serum

dependence as compared with the parent cell line. However, the rest of the cloned lines
C1.10A to C1.15A and C1.16B toC1.20B, did show significant differences in terms of
cell growth, as compared with the parent cell line (higher saturation density, enhanced
growth rate and serum independence). These clones were established following exposure

of the parent 340-RPE T53 cell line to 10 and 15 multiple doses of UVA or UVB
irradiation, and multiple exposure of the clones C1.15A, C1.18B and C1.20B to UVA or

UVB (5 exposures) which do reduce cell survival to a significant extent. This result
indicates that, these cloned cell lines can meet three of the criteria for characterising a

cloned cell line as partially transformed, namely high saturation density, enhanced growth
rate and serum independence (Rhim, 1993). These results are in agreement with Withrow
et al., (1979), Sutherland et al., (1980) and Zhang et al., (1997) who also demonstrated
that a series of cloned cell lines (initially isolated from agar colonies) could reach a higher
saturation density, were serum independent, and they had enhanced growth rate as

compared with the parent cell line used in the corresponding studies.
The question which arises in this point is, why the clones CI.IB to C1.6B and

C1.7A to Cl.lOAdo not show the same characteristics (enhanced growth rate, high
saturation density and serum independence) as the rest of the cloned cell lines did?
Results from this chapter indicate that, these clones have a relatively poor ability to form
colonies in agar (as compared with the other clones), so theoretically they can meet one of
the criteria for partial transformation. However, it appears that during the process of
transformation (AIG), more than one steps are required in order for a cloned cell line to

acquire all the necessary characteristics which will allow the cell line to be named as "
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"partially" or "fully" transformed cell line. This notion is supported by Zhang et al.,
(1997) who showed that a series of cloned cell lines (initially established from foci) could
form colonies in agar, but they also did show higher saturation density or serum

dependence as compared with the parent cell line. Sutherland et al., (1981) also showed
that, cloned cell lines which can form colonies in agar and reach higher saturation density
as compared with the parent cell line were not serum independent. Therefore, in the light
of these results and the results presented in this chapter it can be speculated that AIG
precedes reduced serum requirement in the steps towards the acquisition of the
transformed phenotype.

c) Chromosome analysis of the cloned cell lines
Analysis of the chromosome content of all the cloned cell lines showed that, all the

clones retained their normal chromosome content (46, XX). No increase or decrease in
the chromosome number was observed or any other chromosomal abnormalities
(translocations, deletions or inversions). However further analysis of the chromosome
content of these cell lines using spectral karyotyping, or comparative genomic
hybridisation would help to determine any chromosomal abnormalities which cannot be
detected using a standard G-banding analysis.

The observation that, all the cloned cell lines did not show any major
chromosomal abnormalities indicate that, UVA and UVB have the ability to induce
transformation (using as an endpoint AIG) but this transformation is induced without the
obvious contribution of major chromosomal abnormalities. Since there are no other
reports on UV-induced transformation concerning the chromosome analysis of cloned
lines, these results cannot be compared with other studies. However, as it was mentioned
previously, the possibility that chromosomal changes which are not detectable by G
banding might have been induced during the process of UV-induced transformation
cannot be ruled out. Nevertheless, it is worth noting that, ionising and chemical induced
neoplastic transformation can induce major chromosomal changes. Pazzaglia et al.,
(1994) reported deletions in chromosomes 3, 6, 10, 11, 13 and 18 in ionising radiation
induced human uroepithelial tumours, whereas Kuettel et al., (1996) demonstrated loss
of chromosomes 9 and 18 in ionising radiation induced human prostate tumours. Thraves
et al., (1990) reported alterations in chromosomes 1, 9 and 11 in human keratinocytes
which were transformed following ionising irradiation. Reznikkof et al., (1990)
observed significant alterations in chromosomes 3, 5, 6, 9, 11 and 13 in human urinary
tract epithelial cells transformed following exposure to the chemical 3-
methylcholanthrene. Finally, results from our lab (Peddie et al., 2000 accepted) indicated
that, the process of neoplastic transformation of the parent 340-RPE T53 cell line
following multiple exposures to ionising radiation, is characterised by very important
chromosomal changes. A series of cloned cell lines which were established following
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their initial isolation from soft agar, were characterised by gain or losses of particular
chromosomes and various structural and numerical rearrangements.

d) The ability of the cloned lines to form tumours upon injection in nude mice
The results presented in this chapter indicate that the cloned cell lines C1.10A to

C1.15A and C1.16B to C1.20B do not have the ability to form tumours following
injection in nude mice. This indicates that, while the injected cloned cell lines meet some
of the criteria for "partial" transformation like, high saturation density, colony formation
in agar and serum independence, they do not form tumours, which is usually regarded as

one of the final steps towards the process of UV-induced transformation. Giovanella et

al., (1974) suggested that nude mice can discriminate between normal and malignant cells
by permitting the growth of injected cells derived from malignant tumours, while not

permitting the growth of cells derived from normal tissues.
The observation that some of the tumours, which appeared initially in a number of

nude mice injected with clones C1.19B and C1.15A, remained for a period of
approximately 2 months and then regressed completely, raises questions about the
tumourigenic potential of the cloned lines. Schmitt et al., (1981) suggested that the
regression of the tumour appears to be related to the number of cells injected into the mice
rather than being an intrinsic property of the tumour. Therefore, it can be suggested that
re-injection of the cloned cell lines using higher number of cells/mouse may give rise to
tumours of a larger size which will remain for longer at the site of the injection, thus
confirming the tumourigenic potential of some of the cloned cell lines.

The correlation between colony formation in agar and tumour formation in nude
mice has been demonstrated so far by a number of authors in studies of radiation and
chemical transformation (Thraves et al., 1990; Su et al., 1992; Hei et al., 1994; Kuettel et

al., 1996). This correlation has also been demonstrated in studies of UV-induced

transformation, where the formation of foci was used as an endpoint (Ananthaswamy et

al., 1981; 1984; Chen et al., 1988; Zhang et al., 1997). There are only two studies in the
literature (UV-induced transformation) where a correlation between colony formation in
agar and tumorigenicity in nude mice was attempted. Sutherland et al., (1980) showed
that cloned lines, which have been isolated from agar, did not form any tumours upon

injection in mice, whereas Maher et al., (1982) observed a very good correlation between
the ability of the cloned lines to form colonies in agar and very large tumours in nude
mice. However, none of these authors gives any reasonable explanation for this result.
One possible explanation for that could be the activation of oncogenes (for example ras)
through the induction of major chromosomal rearrangements in the karyotype of the
cloned lines developed from colonies in agar. Results from our lab (Peddie et al., 2000,
accepted) showed that, cloned cell lines which have been developed from colonies
isolated from soft agar (following ionising radiation of the parent 340-RPE T53 cell line)
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are characterised by major chromosomal rearrangements. For example a number of cell
lines are hypodiploid with loss of chromosome 13 and a high amplification of lOp 11.2
associated with a deletion of the remaining short arm segment of chromosome 10 distal to
lOp 11.2. Nevertheless, it has to be underlined that other mechanisms, whose actions are

currently unknown should play a significant role to the acquisition of the tumourigenic
potential and should be considered as possible candidates for the induction of tumour
formation.

e) The ability of the cloned cell lines to form colonies in agar

The cloned cell lines, which have been established during the transformation
studies, showed a significant degree of variability, as far as their ability to form colonies
in soft agar is concerned. While the cloned lines CI.IB to C1.5B and C1.6A to
C1.10A showed a very small increase in the number of colonies/petri dish following
subcultivation, the clones C 1.11A to C1.15A and C1.16B to C1.20B showed a

significant increase in the number of colonies/petri dish during subcultivation. Silinskas
et al., (1981) suggested that, the efficiency of growth in agar, when the cells examined
are progeny of carcinogen-treated cells, is enhanced when the cells isolated from agar are

propagated and re-inoculated in agar. One possible reason for this enhancement must be
the enrichment for cells with the AIG phenotype by cycling cells through agar. When
colonies of cells are isolated from agar using a Pasteur pipette, there is a possibility to
transfer with the agar some cells that remain viable but they were unable to form colonies
in agar. By recycling the cells through agar as soon as possible, it is presumed that a

process of selection against the cells without the anchorage independent phenotype is
taking place, thus reducing the number of these cells in the cell population. However,
Kakunaga et al., (1979) reported that the colonies isolated from soft agar, following
exposure of human cells to chemical carcinogens did not retain their ability to from
colonies following subcultivation. It was suggested that this observation probably was

the result of the AIG cells being diluted out by normal cells during an extensive
propagation. Nevertheless, the results presented in this chapter are in agreement with
those presented by Withrow et al., (1980), Sutherland et al., (1981) and Maher et al.,
(1982), who demonstrated that the cloned cell lines (established from colonies in agar)
showed a significant increase in the number of colonies/petri dish following
subcultivation. Formation of colonies in soft agar, following the establishment of cloned
cell lines from UV-induced foci, has also been documented (Ananthaswamy et al.,
1981; 1984; Chen et al., 1988; Zhang etal., 1997).

The observation of a significant degree of variability in the ability of the cloned
cell lines to form colonies in agar may depend on the factors which have contributed to

acquisition of this phenotype. Production of active growth factors, alterations in cellular
exterior or interior membranes, or changes in structural proteins, or those involved in cell
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division, must be considered as possible candidates to induce formation of colonies in
agar. Recently, it has been shown that intercellular adhesions mediated by the cell surface
receptor E-cadherin were required for the survival and anchorage independent growth of
human HSC-3 oral squamous carcinoma cells and human HCT116 colon carcinoma cells
(Kantak et al., 1998; Mueller et al., 2000). In contrast, another study described that
transfected E-cadherin resulted in the suppression of AIG of EMT/6 mouse mammary

carcinoma cells (Croix et al., 1998). Similar hypotheses can be formed for other factors,
indicating that, the determination of the mechanism(s) responsible for the acquisition of
the AIG phenotype will contribute substantially to the understanding of the
transformation process.

Malignant cells are generally anchorage independent and this is thought to be of
fundamental importance for invasiveness and metastasis. All the tumour cells can

circumvent the anchorage requirement of normal cells by bypassing the signalling
pathways, which are triggered by matrix attachment. Richardson et al., (1996) showed
that Src transformation results in constitutive phosphorylation of a number of signalling
proteins that are normally activated upon integrin-mediated cell attachment. Detachment
of cells from matrix results in changes in cell cycle regulation. For example in human
fibroblasts, detachment causes up-regulation of p21 and p27 and these inhibitors arrest
the cell cycle at the Gl/S transition by inactivating E-cdk2 complex (Fang et al., 1996).
Zhu et al., (1996) also reported an increase in the levels of p21 and p27 accompanied by
inactivation of cyclin D-cdk4 or cyclin E/A-cdk2 complexes in cells like Rat-1 fibroblasts,
NIH3T3 and NRK. Other potential inhibitors of cyclin D or E complexes include the
INK4 family (pl5, pl6, pl8, pl9) which shows a very broad substrate specificity. The
flow cytometry results presented in this chapter, indicate that the absence of cell cycle
checkpoints to a large number of cloned lines (which form colonies in agar) following
UVB irradiation, can be attributed to the suppression of one or more cyclins. However, it
is highly likely, that the suppression of these cyclins could be attributed to the up-

regulation of p21 or p27. Therefore, it appears that mutations in one or more of these
inhibitors may have contributed to the induction of anchorage independence of the parent
340-RPET53 cell line. Fang et al., (1996) demonstrated that, the activity of the cyclin E-
cdk2 complex is suppressed in fibroblasts in suspension, and is mediated by up-

regulation in p21 and p27. Kawada et al., (1998) also demonstrated by examining 39
different human carcinoma cell lines (which form colonies in agar) that, p27 was up-

regulated in the majority of the cell lines whereas levels of cyclins A, Dl, and E were low.
Recently, Mueller et al., (2000) showed that cells engineered to lack p21, abolish their
potential to form colonies in agar, revealing an important link between an important
regulator of the cell cycle machinery and the acquisition of the anchorage independent
phenotype.
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At this point one could would argue that the ability of the parent 340-RPE T53
cell line to form colonies in agar could be due to a possible cross-contamination from
another cell line, capable of colony formation in agar, and not necessarily due to the
transformation process. However, this is unlikely because the 340-RPE T53 cells are

transfected with a vector containing the hygromycin gene as a selection marker and are

able to grow in culture medium supplemented with hygromycin. Cells that do not contain
the selective marker are unable to grow in this selective medium and therefore the above
argument is not valid.

f) ICC analysis of the cloned cell lines using a p53 antibody
Under physiological circumstances, the wild type p53 protein has a very short

half-life and is present in such small quantities that it is not detectable by ICC. There are

different pathways that lead to accumulation of the p53 protein up to levels detectable by
ICC. The first pathways involves DNA damage which gives rise to a temporary
accumulation of the wild type p53 protein resulting in an arrest of the cell cycle assumed
to prevent replication of damaged DNA. The second pathway involves missense
mutations in the p53 gene which in general lead to a dramatic increase in half-life of the
p53 protein. In contrast to the transient accumulation of wild type p53, the latter can lead
to a constitutively high p53 level in the cell. The third pathway involves accumulation of
p53 due to activation of certain viral oncogenes. (Berg et al., 1996).

The detection of increased levels of p53 in tumour cells by ICC, has been
proposed as a way of identifying p53 mutations (Bartek et al., 1990; Gannon et al., 1990;
Iggo et al., 1990). In addition, ICC for tumour cells can provide information about
differences in p53 expression between cells, the intercellular location of p53, which may

vary for different mutants (Shaulsky et al, 1990). However, some p53 mutations found in
human and animal tumours actually result in lack of expression of p53 mRNA and
protein (Bodner et al., 1992).

The results presented in this chapter indicate that, none of the 23 clones which
have been isolated during the transformation studies showed any positive staining (either
nuclear or cytoplasmic) using the p53 antibody. The use of two different cell lines in this
chapter (HTORI-3, A431) as positive controls, indicated that the antibody has the ability
to recognise both wild type p53 (HTORI-3) and mutant form of p53 (A431). However,
this antibody cannot distinguish between the mutated and the normal forms of the p53
protein. Nevertheless, its use was based on the principle that mutations in the p53 gene

will increase the half-life of the protein and thus it will be detected in the cell nucleus. In
addition, staining of the parent 340-RPE T53 cell line showed no nuclear staining,
indicating that p53 in this particular cell line is intact. This was further supported by the
observation that a large number of cells stained positive following irradiation with 80J/m2
and 475J/m2 of UVB, 2h after irradiation. Morales et al., (1999) also observed induction
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of p53 following exposure of human fibroblasts, expressing the catalytic unit of the
telomerase gene, to 100J/m2 of UVB irradiation, whereas Kiyono et al., (1998) confirmed
the wild type p53 status of human keratinocytes and mammary epithelial cells also
immortalised with the catalytic unit of the telomerase gene by using Western blot
analysis. These results indicate that p53 appears to be intact and functional in cell lines
immortalised with the hTERT construct, further supporting the theory that p53
inactivation is not a necessary step during the process of immortalisation of a human cell
line with the telomerase construct.

Since none of the cloned cell lines showed any staining with the antibody, it was
of considerable interest to see if UVB irradiation of the cloned lines will give the same or

different staining pattern to that of the parent cell line. Moll et al., (1992) documented by
using a p53 antibody that, a series of cancerous cell lines, showed a pattern of cytoplasmic
staining with nuclear sparing. Analysis of these cell lines using DNA sequencing
techniques revealed that the majority of these cell lines contained wild type p53
sequences. It was suggested that, this observation could explain why, in a number of
breast cancer cases, cells inactivate p53 function without mutation. In the light of this
report, it can be speculated that, if the cloned cell lines (this chapter) had inactivated p53
function following UVB irradiation, one could expect that p53 will be produced in the
nucleus but, because of some mutation in the nuclear localisation signals (through an

unknown mechanism), the protein will not be accumulated in the nucleus but diffused into
the cytoplasm. However, irradiation of all the cloned cell lines with the 475J/m2 of UVB,
gave approximately the same results (in terms of staining within the cell) as compared
with the parent cell line, 2h, lOh and 24h after irradiation. These data indicate that p53 is
probably intact in these cloned cell lines as well. However, the observation that p53
staining, following UVB irradiation, is heterogeneous, suggests that the interpretation of
these results should be treated with caution. This heterogeneity could be due to several
factors which regulate the intercellular levels of p53, like transcriptional and post-
translational regulation, degradation, stage of the cell cycle, protein binding, the presence

of introns, and stabilisation (Lehman et al., 1993). Therefore, it appears that these results
have to be further confirmed on the protein level, using Western blot analysis.
Identification of p53 induction following UVB irradiation using ICC, has been
demonstrated in several studies (Campbell et al., 1993; Hall et al., 1993; Lu et al., 1993;
Cotton et al., 1997). In all these studies, p53 accumulation in the cell nucleus is usually
identifiable l-3h after irradiation, and returns to undetectable (normal) levels

approximately 24h after irradiation.
ICC analysis of human epithelial cells using p53 antibodies has been used

extensively (especially in the area of clinical diagnosis) in order to identify the p53 status
of cells in various neoplasms. In general, a good correlation has been demonstrated so

far, between the clinical diagnosis of different kinds of cancer in histopathological
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sections, and the presence of mutated p53 in these sections (McGregor et al., 1992; Shea
et al., 1992; Campbell et al., 1993; Joypaul et al., 1993; Nagano et al., 1993; Baas et al.,
1994). However, the demonstration that a clinical tissue sample stains positive for mutant
p53, has to be backed by molecular analysis, because of the possibility of false positive or

false negative results (Wynford-Thomas, 1992). Burns et al., (1992) reported that p53
immunostaining can be found in the absence of p53 mutations, in particular in the
presence of a mutant ras oncogene. False positive results like this one, however, may still
be of biological value if abnormal stabilisation of p53 by other mechanisms also abolishes
its function.

Another problem of some importance is the degree of nuclear staining in cells
expressing p53. Several distinct patterns of overexpression have been defined. In some

tumours the majority of the cells show p53 overexpression and this is often at very high
level giving very intense staining. In contrast, other tumours show variable levels of
expression and sometimes only occasional staining. It appears that these phenotypes
have a very different biological basis. Barnes et al., (1993) suggested that the presence of
strong staining in the majority of the cells is frequently associated with mutation. In
contrast, occurrence of just occasionally strongly positive cells in a tumour does not seem
to correlate with abnormalities in p53. This is because, these cells may represent the
normal expression of p53 in cells in which the wild type p53 protein accumulates in
response to spontaneous genetic errors occurring at higher frequency in the tumour than
in the normal surrounding tissue.

Technical problems can also influence the outcome of a cytochemical analysis.
For example, the ICC detection of an antigen will be influenced by a large number of
variables including, the absolute level of the antigen, affinity of the antibody, duration of
the incubation, sensitivity of the detection system, and the consequences of fixation (Hall
et al., 1994). The signal given in an ICC assay is not linear with the antibody
concentration, or with any other variable, and with a given set of conditions in an

experimental system, there will be a threshold below which no signal is detected.

g) Radiosensitivity of the cloned cell lines following UVA and UVB irradiation
The cloned lines which were isolated during the studies of UV-induced

transformation, have been exposed to various doses of UVA and UVB irradiation, in
order to examine their radiosensitivity following irradiation, as compared with the parent
cell line 340-RPE T53. The clones CI.IB to C1.5B and C1.6B to C1.10A showed to be

not radiosensitive as compared with the parent cell line, for the same doses of UV
irradiation, when irradiated with the type of irradiation, which induced transformation. On
the other hand, the clones C1.11A to C1.15A, C1.16B to C1.20B and C2.15A, C2.19B,
C2.20B showed to be radiosensitive, as compared with the parent cell line, for the same

doses of UV irradiation, when also irradiated with the type of irradiation which induced
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transformation. However, when these cloned lines were exposed to the opposite type of
irradiation, cell survival remained on the same level as compared with the parent cell line.

These results probably indicate that, during the process of transformation, the
gene(s) which control one of the DNA repair pathways responsible for repairing UVB or

UVA induced DNA damage, were mutated following repeated exposure to the type of
irradiation which induced the transformation event. Wright et al., (1998) identified a

human homologue (ATR) of the rad3 gene in fission yeast whose product plays a critical
role in sensing DNA structure defects and activating damage response pathways.
Introduction of this homologue (using transfection) into a normal fibroblast cell line and a

p53 mutant cell line, resulted in a significant increase of radiosensitivity of both cell lines
following exposure to UV irradiation and loss of cell cycle checkpoint control. The
authors indicated that, the newly identified protein should have an intrinsic protein kinase
activity, and that the active form of ATR must exists as part of a higher molecular mass

complex which must play a very significant role in mediating responses to cellular
damage induced by UV irradiation thus, influencing cell viability through the use of a

currently unknown mechanism. It can be speculated that ATR might be a homomultimer,
or more likely a complex, which recruits a number of different subunits following UVA
and UVB irradiation, in order to regulate cell survival (by signalling different pathways)
following exposure to UV. If during the process of transformation, a mutation was

introduced into the protein which inhibits the formation of the complex formed following
UVB irradiation (for example), then the cloned cell line will be radiosensitive to UVB but
not to UVA. The opposite hypothesis can also be made for the protein complex
following UVA irradiation. Therefore, it appears that, there might be a direct link between
the type of irradiation, which induces cell transformation, and the capacity of the cell to
repair that specific damage (UVA or UVB).

The ability of UVA and UVB to differentially regulate a large number of genes
has been demonstrated by a number of independent groups. The basis of this differential
regulation resides in the initial damage caused either by UVA or UVB. UVB damages
directly the DNA molecule, and cellular function is altered as a result of that damage or

during the process of DNA repair. On the other hand, UVA (and to a less extent UVB)
generates various forms of reactive oxygen species which in turn modulate cellular
functions, either by peroxidising membrane lipids or by altering the structure and function
of other macromolecules. Tyrell et al., (1996) underlined the relationship between the
activation events observed following exposure of cells to UV from quite distinct
wavelength ranges. However, the end product of the up-regulation of genes is the
appearance of a series of stress proteins, which are expected to play some role in adapting
the cells to the primary consequences of UV irradiation.

A central event in many of the UV-inducible pathways of gene expression studied
so far in eukaryotes has been the activation of one of three types of transcription factor
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complex, related to either AP-1, NFkB or p53. Soriani et al., (2000) demonstrated that
UVA irradiation can activate c-jun and c-fos in human fibroblasts and human KB cells,
whereas UVB activated these oncogenes only in KB cells. In the same study, decreased
intracellular levels of glutathionine, in both cell lines, lowered the UVA dose threshold for
c-jun and c-fos activation several fold and greatly amplified the UVA-mediated activation
of such genes. In contrast, UVB irradiation of both glutathionine -depleted cell lines,
failed to amplify the same genes, indicating that the oxidative component of UVB
probably plays a minor role in the modulation of these oncogenes. Tyrell et al., (1996)
also showed that, the UVA and UVB modulation of stress response proteins differs
considerably between KB and FEK4 cells, and that this difference might be correlated
with differences in modulation at the transcriptional level. In addition, Ariizumi et al.,
(1996) documented that UVB irradiation can up-regulate c-jun and down-regulate fra-1
and c-myc, whereas UVA can up-regulate fra-1 and c-myc.

The important role played by the nuclear mediators in UV-signalling pathways
has also been demonstrated by Devary et al., (1993) using the HeLa cell line. In that
system, UVC irradiation induced the activation of c-jun, c-fos and NFkB, whereas Ha-
Ras, Src tyrosine kinase and JNK1 mediated the UVC-dependent c-jun activation.
Rosette et al., (1996) showed that damage on the plasma membrane leads to the
multimerisation of receptor molecules such as EGF-, IL-1R and TNF-R, which instantly
triggers a cascade of kinase reactions resulting in the activation of NFkB. Inactive NF¬
kB dimers are located in the cytoplasm and become activated by either, phosphorylation
and degradation of the attached IkB polypeptide, or by proteolytic cleavage of precursor
NF-kB 1 and NF-kB 2 molecules (pl05, p98 or plOO) dimerised with c-rel or RelA
(Paunesku et al., 2000). Immediate NF-kB regulation of gene expression following UV
irradiation depends on the expression of genes for NF-kB complex components which is

usually accomplished by autoregulation (Fombardi et al., 1995).
The tumour suppressor gene p53, has also been shown to be induced following

exposure to various wavelengths of UV irradiation. Induction of p53 following UVC
irradiation in rodent cells, was demonstrated for the first time by Maltzman et al., (1984).
Since then, various authors have documented that p53 can be activated by UV irradiation.
Cambpell et al., (1996) documented that, UV induction of p53 accumulation in human
cells is not restricted to UVC and UVB irradiation but also occurs following UVA
irradiation of human skin, as detected by ICC. In this report, staining occurred deeper in
the epidermis with UVB irradiation than with UVC, consistent with the tissue penetration
properties of UV. However, staining after UVA irradiation was predominantly in the
basal layer of the epidermis. Recently, Wang et al., (2000) further underlined the
significant role played by p53 in regulating cell survival, and its ability to be differentially
regulated by UVA and UVB. In this study, it was shown that UVA induces immediate
apoptosis and down-regulated bcl-2 expression, in the MCF-7 cell line, whereas p53
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levels were not affected by UVA. In contrast, UVB irradiation exhibited an entirely
different action than UVA in that, UVB substantially induced p53 expression, but had no

effect on bcl-2 expression. These results indicate that UVA and UVB can cause cell
damage through different mechanisms and that the balance between p53 and bcl-2 play an

important role in regulating cell survival following exposure to UV irradiation.
In the light of the previous reports, it appears that UVA and UVB irradiation have

the ability to induce the expression of a whole variety of different sets of genes, which
probably play a very significant role in regulating cell survival. The results presented in
this chapter, indicate that the differential radiosensitivity of the cloned cell lines towards
UVA and UVB irradiation, probably stems from a mutation which has taken place in one

of the several pathways which govern cell survival, after exposure to different wavelengths
of UV irradiation. As mentioned in the previous paragraph, likely candidates for that
mutation will be critical genes like p53, AP-1 or NFkB and/or components which
constitute the signalling pathways which are activated following the induction of these
genes by UV irradiation. Analysis of the expression of a large number of genes which
might be activated or not following exposure to UVA and UVB, can be performed using
2-D gel electrophoresis, on the cloned cell lines and could shed some light in the
mechanism which underlines this differential radiosensitivity.

Hypersensitivity to UV irradiation, as a result of DNA amplification in specific
oncogenes or tumour suppressor genes, has also been documented. Giulotto et al.,
(1991) showed that, cell lines which have an increased DNA amplification rate, are

hypersensitive towards UV irradiation. The phenomenon of DNA amplification (like the
mutator phenotype) may be is due to several mutations or changes in the expression level
of genes which are involved in DNA amplification. Stark et al., (1989) suggested that, the
phenotype of gene amplification is due to alterations of some factor(s) involved in DNA
replication, recombination or repair. A possible correlation between DNA damage and
gene amplification has also been postulated by the same authors. The results presented in
this chapter suggest that, following UVA and UVB induced transformation, genes in the
cloned cell lines, which control cell survival, might have been amplified to a certain extent.
Once this amplification has taken place, these genes might then be differentially regulated
following exposure to UVA or UVB, thus influencing through the use of an unknown
mechanism, cell survival in these cloned cell lines. Therefore it appears that, the molecular
mechanisms of gene amplification and of processing of damage in replicating DNA might
have steps in common that are altered in cells where various genes have been amplified.

Cellular radiosensitivity appears to be influenced by a whole variety of different
factors, with each of them contributing to a certain extent to the cellular response

following a genotoxic insult. McMillan and Peacock, (1994) suggested that, there are at
least six different factors which can equally contribute to the cellular radiosensitivity,
following ionising irradiation. These factors include, damage induction (the amount of
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DNA damage following irradiation), double strand break rejoining, repair fidelity, cell
cycle regulation, damage manifestation and tolerance of the induced damage by the
individual cell. Defects in any of these factors can contribute substantially to the ability of
a cell to respond effectively following exposure to irradiation. Therefore, it appears that
cellular radiosensitivity is a very complex area, depending not only on a number of
different factors but also on the individual cell type.

hi) Cell cycle analysis of the parent 340-RPE T53 cell line and the cloned cell
lines following UVB irradiation

DNA damage which is caused by exposure to genotoxic agents like UV
irradiation, can lead to the induction of cancer through the mutagenic activation of proto-
oncogenes or inactivation of tumour suppressor genes (Brash et al., 1991). It has been
demonstrated that cellular DNA repair mechanisms can overcome the mutagenic effects of
genotoxic agents by repairing mutagenic lesions from DNA, before these mutations are

fixed during the process of DNA replication. Transient cell cycle perturbations occur

following damage to DNA with cell cycle arrests noted in Gl, S and G2 phases of the cell
cycle. These arrests limit the development of heritable genetic alterations in the daughter
cells by delaying DNA replication and chromosome segregation until some repair of the
DNA has occurred (Cannan et al., 1994). In addition, these cell cycle arrests may affect
the ability of the cell to survive the insult to the DNA molecule.

The results presented in this chapter indicate that the parent 340-RPE T53 cell
line, shows a partial G2 arrest, lh following UVB irradiation with 2520 J/m2. Therefore,
it appears that the parent cell line has the ability to repair DNA damage, following UVB
irradiation, indicating that it has an intact cell cycle apparatus, which can respond
effectively to DNA damage. Irradiation of the parent cell line with a higher dose of UVB
(6720J/m2) induced an increase in the cells of the S phase (lh after), indicating that, at
this high dose, DNA replication is suppressed. However, this result is only indicative and
it has to be combined with studies involving measurement of BrdU incorporation or

tritiated thydimine in order to confirm that, at this dose, DNA replication is inhibited. In
contrast, only 5 out of 13 clones showed that they have the potential to partially arrest in
G2 following 2520J/m2 of UVB irradiation (at different time intervals), whereas,
irradiation of all the 13 clones induced an S phase arrest, approximately 4h after
irradiation. The later result probably underlines, that there are differences in repair of the
UVB-induced DNA damage, between the parent cell line and the clones. These results
indicate that, probably during the process of UV-induced transformation, gene(s) which
control cell cycle arrest in these cloned cell lines following UVB induced DNA damage,
have been mutated thus inhibiting the cell to arrest properly in order to repair the damage.
Several candidates for these mutations will be genes, which are known to regulate DNA
damage or cell cycle arrest, like p53, p21, gadd45, c-jun, c-fos and others.
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The ability of UVB irradiation to induce changes in the cell cycle has been
documented using a variety of human epithelial cell lines. However, the picture from
these studies is not uniform, and is characterised by a certain degree of heterogeneity. It
appears that, cell cycle arrest depends strongly on the type of the cell line under
investigation. A complete G1 arrest (no cells left in S phase at 17h) after UVC irradiation
of normal human fibroblasts has been described by Van Laar et al., (1994) as well as a

significant, although not complete, G1 arrest after UVC irradiation of normal oral
keratinocytes (Gujuluva et al., 1994). A prolonged G1 and S phase arrest in
asynchronous neonatal rat keratinocytes, was also observed following UVB irradiation by
Petrocelli et al., (1996). Medrano et al., (1995) and Pedley et al., (1996) documented that
UVB can induce a G1 arrest in human melanocytes by prolonged inhibition of the Rb
protein phosphorylation, whereas Hain et al., (1996) and Wang et al., (1999) showed
that UVB irradiation of the human adenocarcinoma MCF-7 cell line also induces a G1

arrest. In contrast, other studies with human and mammalian cells often show an increase
in S-phase cells after UVC irradiation. Wang et al., (1994) found by using three different
BrdU labelling schedules, a 4h retardation of G1 transit in UVC-irradiated HeLa cells and
in normal human fibroblasts. The number of cells which were found in S phase increased
after irradiation due to a slower transit time through S phase of cells that had been
irradiated in the G1 phase which, after the initial delay, travel through S phase at control
rates. Carty et al., (1994) observed a dramatic increase in the number of cells in S phase,
following irradiation of HeLa cells with UVC, 12h after irradiation, whereas Neades et
a I., (1998) documented that multiple exposure of asynchronous mouse keratinocytes to
broadband UVB produced an inhibition ofDNA synthesis and S phase arrest between 7h
and 25h after irradiation. Meyer et al., (1999) reported that irradiation of mammary
epithelial cells with UVC also elicited an S phase arrest. A number of studies have also
demonstrated that irradiation of cells in the G1 phase of the cell cycle can induce a short
delay in entry into the S phase (Kaufmann et al., 1994; Lu et al., 1993; de Laat et al.,
1996). Recently, Potter et al., (2000) reported that UVB irradiation of the HACAT cell
line can induce an S phase arrest which was reversible 22h after irradiation. Interestingly,
Allan et al., (1999) showed that, a human osteosarcoma cell line (U20S) failed to arrest

in G1 and G2 following UVC irradiation and the proportion of cells in S phase remained
largely unchanged when compared with the control cells.

A G2 arrest following UV irradiation has been documented in a limited number of
studies. Hain et al., (1996) and Weller et al., (1996), reported that the SCL-2 squamous

cell carcinoma cell line exhibits a G2 arrest following UVB irradiation. Herzinger et al.,
(1995) observed that, while normal human keratinocytes showed a delay in G1
following sublethal doses of UVB, only mutant keratinocytes (HACAT, mutated p53 in
both alleles), exhibited a prolonged G2 arrest which was attributed to rapid inhibition of
cyclin B-associated cdc-2 kinase activity. Arrest in G2 is always accompanied by an
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increase in phosphorylation at threonine 14 and tyrosine 15 of the catalytic p34 subunit of
the cyclin/Cdk complex and by a decrease in Cdkl kinase activity in human and hamster
cells (Hain et al., 1993; 1994). Ceraline et al., (1998) also reported a G2 arrest,

following irradiation of normal human fibroblasts with UVC. However, data on cell
cycle arrest using human cell lines immortalised with the telomerase construct are very

limited. Kiyono et al., (1998) reported intact G1 and G2 checkpoints in human
keratinocytes and human mammary epithelial cells immortalised with the telomerase
construct, following treatment with actinomycin D. Jiang et al., (1999) observed an S
phase arrest, following treatment of the parent 340-RPE T53 cell line with hydroxyurea
and a Gl/S phase arrest following treatment of the same cell line with aphidicolin and/or
thymidine, the antimetabolite PALA, X-rays and y-irradiation. Nevertheless, it has to be
mentioned that radiation induced cell cycle checkpoints depend always on the nature of the
irradiation, the doses applied, the pattern and the degree of damage and the cell type

analysed (Lu and Lane, 1993). The results presented in this chapter, showed that, the
parent 340-RPE T53 cell line arrest in G2 in order to repair UVB-induced DNA damage,
indicating that the parent cell line has an intact cell cycle checkpoint for assessing DNA
damage.

hll) Is there any correlation between p53 status and cell cycle arrest?
The tumour suppressor gene p53 is known to be involved in both G1 arrest and

nucleotide excision repair. The levels of p53 are elevated through an increase in the half-
life time of the protein in some cell types with DNA damaging agents leading to G1 arrest
or apoptosis (Kastan et al., 1995). This elevation induces increased levels of p21, which
is also involved in the G1 checkpoint control. However, while the contribution of p53 in
the G1 arrest has been well established following ionising and UV irradiation, its role in
the G2 checkpoint is a matter of controversy. Some studies suggest that p53 could be
involved in the G2/M restriction point, but numerous studies have shown G2/M arrest in
p53 deficient cells following treatment with DNA damaging agents (Guillouf et al., 1995;
Han et al., 1995; Powell et al., 1995; Hain et al., 1996; Wahl et al., 1996;). Ceraline et

al., (1998) documented that, irradiation of normal human fibroblasts with UVC and
inhibition of p53-induction, leads to a greater accumulation of cells in G2/M phase but
also to a decreased fraction of cells in Gl. Therefore, it was suggested that p53 does not
induce G2/M arrest directly and that the extent of this arrest may depend on the fraction of
cells that do not stop at Gl following exposure to DNA damaging agents. Recently,
McFeat and McMillan (2000) showed that UVC and UVB mediated accumulation of p53
is directly related to the timing of the initial genotoxic insult. In this study, it was
demonstrated that the greatest induction in p53 was observed when asynchronous cells
(the majority in S phase) were irradiated. Furthermore, by using synchronised cells in
G0/G1 and G2/M, it was shown that, the entrance of these cells to the S phase of the cell
cycle is a prerequisite for p53 stabilisation, following UV irradiation.
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The progression of mammalian cells through the cell cycle has been shown to be
regulated by the formation, activation and deactivation of a series of protein kinases.
Murray (1992), showed that these protein kinases consist of a regulatory subunit (cyclin)
and a catalytic subunit, a cyclin dependent kinase. The activity of the cdk/cyclin
complexes in different phases of the cell cycle is always regulated by post-translational
modifications and it appears that the complex between cdc2 and cyclin B contributes
significantly to the G2/M transition. In fact, it has been shown that the G2 arrest induced
by UVB irradiation in mammalian cells is primarily a consequence of rapid inhibition of
cdc/2cyclin B kinase activity by inhibitory tyrosine phosphorylation of cdc2. The G2
delay induced by other DNA damaging agents such as ionising irradiation and nitrogen
mustard has also been shown to involve the cdc2 pathway (Herzinger et al., 1995).

The results presented in this chapter indicate that, the parent 340-RPE T53 cell
line has a wild type p53 protein (as examined by ICC), suggesting that, p53 could
participate in the G2 arrest observed following UVB irradiation. However, this
speculation has to be backed with Western blot or ELISA studies, analysing the induction
of the p53 protein, at different time intervals following irradiation. Analysis of the cloned
cell lines, indicated that only 2 out 13 clones showed the same response with the parent
cell line (cell cycle arrest), following UVB irradiation. As it was mentioned previously,
this result will indicate that all the other cloned cell lines would have probably acquired
mutations in genes which regulate the G1 or the G2 pathway. These G1 or G2 arrests are

thought to provide additional time for cells to cope with damage before the onset of DNA
replication or mitosis respectively. Therefore, it appears that cells with mutations in genes

affecting the G1 or G2 arrest pathway will react adversely to treatment with DNA
damaging agents. Siede et al., (1993) documented that mutants from Saccharomyces
cerevisiae (rad9 andradl7) which have defects in G1 and G2, are more sensitive to UV
irradiation than the wild type cells. Weinert et al., (1992) showed that Saccharomyces
cerevisiae rad9, radl6, and rad24 mutants of which rad9 and rad24 mutants were deficient
in arrest in G2 following DNA damage, have decreased repair of UV-induced CPDs in
the inactive locus HMLa. In the light of these reports, it could be speculated that, the
differential clonogenic survival exhibited by the clones which have been isolated following
UVB irradiation in this chapter, could be linked to their inability to repair DNA damage
following UVB irradiation, since it was demonstrated that they do not exhibit any kind of
arrest following UVB irradiation (apart from clones C1.16B and C2.20B, 24h after
irradiation). However, the same conclusion cannot be applied to the clones isolated
following UVA irradiation, because they have not been irradiated with UVA for cell cycle
analysis. Russev et al., (1992) reported that the rate of removal of UV-induced DNA
lesions from active regions in the genome is constant through the S and G2 phase,
whereas the rate of removal of lesions from inactive regions of the genome increases
through S to G2 phase. Therefore, it appears that a DNA damage induced-G2 arrest
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provides additional time for repair of DNA lesions before cells commit to chromosome
segregation before mitosis.

The observation that UVB irradiation of the parent 340-RPE T53 cell line induces
a G2 arrest and not a G1 arrest is interesting, because raises questions about the integrity
of the genes which govern the G1 arrest cell cycle checkpoint in that particular cell line.
One of these genes might be the p53 tumour suppressor gene which, as mentioned earlier,
has been shown to play a considerable role in this particular cell cycle checkpoint.
According to the data presented in this chapter, it appears that p53 is intact and functional
and therefore it could be speculated that it might contribute to the G1 arrest of the parent
340-RPE T53 cell line following ionising irradiation. However, it appears that other
genes, like Rb or pl6 might play a significant role in the cell cycle response of the parent
340-RPE T53 cell line following UVB irradiation. The speculation that, Rb, might play
an important role in G1 arrest following UVB exposure, comes from the data obtained
from Harrington et al., (1998). In this study, it was demonstrated that cells which are

deficient in Rb (-/-) are not able to arrest in G1 following UVB irradiation, but they can

normally arrest in G2, despite the fact that p53 and p21 expression levels were up-

regulated post-irradiation. The authors concluded that Rb plays a very important role in
the regulation of Gl/S phase arrest following DNA damage and suggested that Rb acts as

a central downstream target of the p53-mediated arrest pathway. It is more likely that up-
regulation of p21 acts to prevent cdk phosphorylation of Rb and therefore maintains Rb
in a growth suppressive state. The theory that Rb acts downstream of p21 in the
irradiation response is further supported by the data obtained from Nicolescu et al.,
(1998). In this study, it was shown that the ability of p21 to elicit Gl/S phase arrest
correlates with the presence of functional Rb in a panel of cell lines. Jiang et al., (1999)
reported that, while the expression of Rb and pl6 are normal in the parent 340-RPE T53,
a number of cloned lines that derived from this parent cell line had undetectable levels of
pi6, despite an intact Rb response. Since the status of Rb or pl6 are currently unknown
in the 340-RPE T53 cells, it can be speculated that (based on the previous theory)
functional inactivation of either of these two genes, which might have been knocked out

during the process of immortalisation, probably abrogated the Gl/S phase arrest

checkpoint in the 340-RPE T53 cell line. However, since this is only a speculation,
further studies need to be undertaken in order to examine the relationship between cell
cycle arrest following UVB irradiation and p53 and/or RB status of the particular cell line.

5.1.14 Conclusion

The results presented in this chapter indicate that UV (UVA and broadband UVB)
irradiation can induce transformation of two human epithelial cell lines (HTORI-3 and
340-RPE T53). However, it appears that HTORI-3 is characterised by a certain degree of
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instability in the control cell population, and therefore its use as a model for study UV-
induced transformation should be treated with caution.

The formation of tumours in nude mice was the first endpoint used in this study
for examining the ability of UV to transform both human cell lines. UVA irradiation of
the HTORI-3 cell line (and subsequent injection) induced the formation of a number of
tumours in the nude mice. However, as it has been mentioned previously, the appearance

of tumours in mice injected with the control cell population underlined the degree of
genomic instability, which is present in the HTORI-3 cells. No tumours were formed
following irradiation and subsequent injection of the 340-RPE T53 cell line. Therefore, it
was decided to follow the steps of UV-induced transformation by examining the ability of
the parent 340-RPE T53 cell line to form colonies in soft agar.

A large number of different combinations, including dose, number of multiple
exposures and a certain period of expression following completion of the irradiation
regime, were used in order to identify the appropriate combination which will induce
transformation of the parent cell line. Following the identification of the best possible
combinations which can induce repeatedly UV-induced transformation, a series of cloned
cell lines (colonies isolated from the soft agar) were established and further characterised
in order to document any changes which might have taken place in these clones during the
process of UV-induced transformation. While the clones Cl.B to C1.5B and C1.6B to
Cl.lOAdid not show any changes as compared with the parent cell line, the clones
C1.10A to C1.15A, C1.6B to C1.20B and C2.15A, C2.19B and C2.20B were

characterised by a number of significant changes. A number of clones could form a

higher fraction of colonies following subcultivation, they were serum independent, they
had enhanced growth rate and could reach a higher saturation density as compared with
the parent cell line. In addition they were radiosensitive towards the type of irradiation
which induced their transformation, but not to the opposite type of irradiation. However,
they did not have the ability to form tumours in nude mice, or foci, they retained the same

morphological characteristics as the parent cell line, and no chromosome abnormalities
were observed. Analysis of the parent cell line and the clones using a p53 antibody,
showed no staining of the nucleus. Finally, an extensive analysis of cell cycle, following
irradiation of the parent and the cloned cell lines showed that, while the parent cells have
the ability to arrest in G2, following UVB irradiation, a number of clones cannot arrest
whereas others arrest in G2 but a much later periods as compared with the parent cells.
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CHAPTER 6

Final discussion and future directions
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The incidence of skin cancer in Caucausian people has been increasing
dramatically over the last twenty years world-wide. Overall, there is strong evidence that
ultraviolet irradiation is involved in the development of both melanoma and non-

melanocytic skin cancer (Camplejohn, 1996). However, while it is well established that
80% of melanoma cases are due to overexposure to sunlight, the relationship between
non-melanocytic skin cancer and excessive exposure to sunlight has not yet been
established and remains speculative (Diffey, 1998).

The analysis of the multistep pathway which eventually leads to the formation of
skin cancer in humans, has been based so far on the model which has been developed
using the hairless mouse (de Gruijl et al., 1994). The use of this model enabled the
estimation of the SCUP-m (Skin Cancer action spectrum Utrecht-Philadelphia, m for
murine). Based on the SCUP-m, a SCUP for humans could be estimated by correcting
for differences in UV transmission between the human and murine epidermis. The use

of this model provided, since its establishment, a plethora of information regarding the
molecular mechanisms and the complex pathways which lead to the onset of UV-induced
carcinogenesis. However, models for the study of UV-induced carcinogenesis based on

the use of human epithelial cell lines in vitro, are virtually non-existent. The main reason

for this, is mainly the refractory nature of the human epithelial cell lines towards
transformation, and especially towards UV-induced transformation. Therefore, the need
for the establishment of a model that will permit the dissection of the multiple steps

leading to the formation of tumours is obvious.
The study of the transformation process has been conducted so far, using a series

of human epithelial cell lines which have been immortalised using viral constructs. The
use of these constructs was found to be necessary, since all the primary cell lines will
senescence in culture, once they have completed a specific number of population
doublings. Immortalisation of these cell lines using viral constructs provided various
models for studying the process of chemical or radiation induced transformation.
However, the process of immortalisation using these constructs proved to cause

interference with basic cell cycle checkpoints, since the majority of all the immortalised
cell lines are characterised by a certain degree of instability. One of the best examples of
this interference is the interaction of the large T antigen of SV-40 with p53 protein, and
the interaction of E6 and E7 of HPV with Rb protein. However, recently, it has been
shown that human epithelial cells can be immortalised using the catalytic unit of the
telomerase gene. This process of immortalisation has shown to be more "natural" in
contrast with the use of viral constructs. The immortalised cell line (340-RPE T53) is

very stable in vitro, and is characterised by the absence of other transformed properties.
Therefore, currently it constitutes the best available model in order to study the process of
UV-induced transformation.
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The role played by UV irradiation in the process of cancer development is very

poorly understood. While it is generally accepted that the carcinogenic potential of UV
irradiation is related to its clastogenic and mutagenic effects, no causal relationship has
been established between changes in specific genes and the development of UV induced
cancer. The main reason for this, is the very long latent period that characterises the
onset of cancer and the complexity of this process which makes it very difficult to
dissect.

The multistep nature of carcinogenesis has indicated that, genomic instability or a

mutator phenotype may be required for the progression of a normal cell to a preneoplastic
and finally to the fully transformed state (Cheng et al., 1993). A number of genetic and
epigenetic mechanisms have been proposed in order to explain the process of neoplastic
transformation in vitro and in vivo (Mendoca et al., 1998). However, the molecular,

genetic and cellular events leading to an increased genomic destabilsation are not known.
Mutations in any of the genes which control genomic stability may be an early event in
tumorigenesis and may generate the multiple mutations observed in tumours. Activation
of signal transduction pathways and alternative gene expression may provide indirect
routes leading towards the formation of destabilised genomes. Once the process of
genomic instability is initiated, a whole variety of different cellular factors may be
involved in order to enhance the instability which is already present in the cell.

The results presented in this thesis clearly indicate that UVB but not UVA
irradiation can initiate the phenomenon of genomic instability in both human epithelial cell
lines examined. On the other hand, the results obtained from the transformation studies
showed that UVA and to a lesser extent UVB, can initiate the transformation process in
the 340-RPE T53 cell line. Therefore, it would be expected that since UVA irradiation
has the potential to induce transformation in a human epithelial cell line, it will have the
same potential in initialising genomic instability which will be detectable, as in the case of
UVB irradiation. However, it appears that this is not the case. This is because, while all
the single doses of UVA irradiation used during the transformation studies induced AIG
of the parent cell line, the same doses of UVA did not induce any signs of increased
genomic instability in the parent cell line. Therefore, it appears that the process of UV-
induced transformation and the process of UV-induced genomic instability might follow
distinct pathways (at least in the case of UVA). Cellular exposure to various wavelength
ranges results in variety of directly and indirectly induced DNA lesions. Cells have the
ability to react to the biological stress induced by UV irradiation by initiating signal
transduction pathways, activating gene transcription, repairing damaged DNA or causing
cell cycle arrest. All these early events will play a very important role in determining the
fate of the irradiated cells. If a cell survives following the initial cytotoxic insult, the
response of the cell towards that insult might determine whether the cell will undergo
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normal differentiation or proliferates and initialises the acquisition of the instability
phenotype which eventually will lead to neoplastic transformation (Morgan, 1996).

The question which arises at this point is, why broadband UVB has the potential
to initiate genome destabilisation which can be expressed for a specific period of time
post-irradiation, and eventually lead to transformation, whereas UVA cannot induce
expression of genome destabilisation but can finally lead to transformation? The answer

may lie in the nature of UVA and UVB induced photoproducts and the nature of the
damage which they cause. For example, it has already been mentioned that CPDs and 6-
4 PPs cause very bulky lesions along the DNA molecule which are difficult to repair, and
this maybe one of the main reasons why shorter wavelengths are much more deleterious
in mammalian cells than longer ones. The ability of both cell lines to repair UVB induced
DNA damage is severely compromised at high doses of UVB (as shown in Chapter 4),
indicating that the inability of the cell to repair efficiently these lesions will lead to the
initiation of genome destabilisation. Following the completion of a number of population
doublings, the cells will have repaired almost completely the initial damage. However, it
appears that UVB will induce a subset of lesions that are not repaired, or are fixed as

mutations, until many generations after the initial exposure. The inheritance of these
lesions will lead to the accumulation of genomic changes which will form the basis for
transformation. However, since it has been shown that UVB can also cause oxidative
stress (to a lesser extent when compared to UVA), the possibility that the combination of
UVB induced photoproducts and oxidative stress, acting as the primary mechanism on

genome destabilisation cannot be excluded. In fact, the use of the broadband UVB lamp
in this study whose spectrum contains a significant amount of UVA further supports this
theory. In contrast, cells irradiated with UVA appear to recover much more satisfactorily
as compared with cells irradiated with UVB (as far as expression of DCD is concerned).
This indicates that the parent 340-RPE T53 cell line has the ability to repair UVA induced
damage to a greater extent as compared with UVB induced DNA damage. Nevertheless,
the observation that the parent cell line does not express DCD following various doses of
UVA irradiation does not necessarily mean that it does not have the ability to destabilise
the genome. On the contrary, it appears that UVA through the induction of oxidative
stress, has the ability to destabilise the genome to a greater extent as compared with
UVB. In the light of the above data, it can be suggested that UV irradiation-induced
genomic instability may promote genetic or epigenetic changes in mammalian cells and
therefore might be involved in UV-radiation induced carcinogenesis. Once the process of
destabilisation is initiated, a rare second event (or more than one events) will enhance the

instability phenotype in the cell, thus leading the cell to acquire the malignant phenotype.
The results presented in this thesis, clearly indicate that UVB (broadband) but not

UVA irradiation can induce the process of genomic instability in both cell lines, and that
this phenomenon is expressed maximally between 20 and 30 population doublings post-
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irradiation. Since very little is known about the effects of genomic destabilisation
following exposure to UVA and UVB on human cell lines, these results may form the
basis for a more extensive study, where various other parameters could be examined.
For example, the expression of genes which play a very important role in regulating cell
survival like bcl-2, box or other genes from this particular family. Mothersill et al.,
(1998) showed increased bcl-2 expression levels in normal cells post-irradiation,
underlying the probable correlation between delayed apoptosis and DCD. Since it has
been documented that, genomic stability is maintained by error free DNA replication,
repair and recombination, it will be of great importance to investigate the function of
repair genes like hMSH2 and DNA (3 polymerase. Mutations in these genes can initiate
the process of microsatellite instability, one of the first steps towards the malignant
phenotype (Chen et al., 2000). Furthemore, since it has been shown in this thesis that
broadband UVB can induce genomic instability but not UVA, UVB induced
photoproducts like CPDs or 6-4 PPs and oxidative stress should be considered as strong
candidates for the acquisition of this phenotype. Therefore, the use of anti-oxidant and
other metabolic inhibitors can provide more information about the nature of the lesions
which initiate the process of destabilisation. In addition, the evidence that DCD is
induced in a dose-dependent manner, and that cells in exponential phase express that
phenomenon to a greater extent than cells in plateau phase, suggests that the potentiality
of genomic instability is determined during the repair process of the initial radiation
damage. Furthermore, the evidence that genomic instability (results presented in this
thesis) is always correlated with reduction in plating efficiency or the formation of giant
cells, can provide the platform for more extensive studies examining a number of other
different endpoints like, cell fusion, lowered cell attachment ability, delayed mutation,
delayed chromosomal instability (including alterations in telomeric repeats). These
studies can provide a wealth of information regarding the process by which UVA and
UVB irradiation initially damage the cell and then begin to destabilise the genome.

The second main objective of this thesis was to establish a model for the study of
UV-induced transformation. The results presented in this thesis are clearly very

important, because they illustrate for the first time that UVA irradiation (in addition to

UVB) can induce transformation of a human epithelial cell line (340-RPE T53) which has
been immortalised using the catalytic unit of the telomerase gene. Further studies
involving multiple exposure of the cloned cell lines to UVA or UVB irradiation (isolated
during the transformation experiments) will probably enhance the partially transformed
phenotype of these clones to a fully malignant state. More importantly, UVA was shown
to induce a much higher fraction of colonies/petri dish as compared with the parent cell
line, indicating that UVA has a greater mutagenic potential than UVB, at least in this
study. However, one of the most important results, is the total accumulated dose
(number of fractions) and the time after irradiation which are required in order to induce
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the transformed phenotype. Since UV irradiation has a very low transformation
frequency, it appears that in order to induce transformation, the cells have to be irradiated
several times with a specific dose. Nevertheless, the reproducibility of the results
obtained from the most important irradiation combinations (for producing a transformed
phenotype) used in this chapter indicate that, UV-induced transformation (based on this
model) can be induced repeatedly following the experimental protocol which has been
presented in this thesis. Therefore, it appears that this model will provide the basis for
more extensive studies into the induction of UV-induced transformation. One of the

most immediate studies will be further irradiation of the cloned cell lines with UVA and

UVB, and examination of the tumourigenic potential of the clones, since tumour
formation is the hallmark of a fully transformed cell line. Other studies will further
define the existing relationship between the dose per fraction and the number of fractions
which are required in order to induce AIG. Since the clones which have been established
during the transformation studies do not present any chromosomal abnormalities, it will
be very important to investigate if different combinations of UVA and UVB irradiation
plus different expression times following irradiation, can introduce any chromosomal
abnormalities, and if so what kind of chromosomal abnormalities. In addition, it appears
that a number of the cloned cell lines, have lost their ability to arrest following irradiation
with UVB, suggesting that during the process of UVA and UVB induced transformation
the cell cycle checkpoint in these cloned cell lines was abolished. It will be of great
interest to examine if different combinations ofUVA and UVB irradiation can give rise to
clones which have the ability to arrest or not, and if so to what extent as compared with
the parent cell line. Furthermore, changes in the expression and activities of cyclin-cdk
complexes have been implicated in anchorage independence, one of the fundamental
properties of transformed and tumour cells. It has been shown that a number of
anchorage-dependent cell lines down regulate their cyclin D expression when they lose
anchorage to a substrate, while in normal fibroblasts loss of adhesion results in
inactivation of the cyclin E-cdk2 complex by cdk inhibitors (Orend et al., 1998). It
would be interesting to investigate changes of various cyclins in the cloned cell lines, in
order to dissect the mechanism which correlates the acquisition of the anchorage
independent phenotype and important changes in the regulation of various cyclins with
the transformed cell.

One of the most important results presented in this thesis, is also the ability of a
series of cloned lines to respond differentially towards UVA and UVB irradiation, in
terms of cell survival. As it has been mentioned previously, this result indicates that cell
survival is controlled in these clones by gene(s) which activate different signalling
pathways following UVA and UVB irradiation. Studies using 2-D gel electrophoresis or

micro arrays will provide more information about the genes which are up- or down-
regulated following UVA and UVB irradiation of these cloned cell lines. The
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identification of these genes will then shed more light into the mechanism which governs

the ability of these clones to respond differentially to UVA and UVB and may lead to the
identification of novel sets of genes which regulate cell survival following UV
irradiation. Molecular studies involving the examination of very important genes like p53
or ras could also be performed, in order to examine if any of these genes has been
mutated during the process of transformation, and if so what kind of mutation and how
this mutation shapes the transformed phenotype. The use of PCR techniques in order to
amplify various parts of the genes in correlation with techniques like DNA sequencing,
heteroduplex analysis, single strand conformational polymorphism or others could
provide valuable information on the changes which might have taken place in these
genes.

It has long been recognised that non-transformed cell lines are contact-inhibited
when they reach confluence in monolayer tissue culture. However, only in the last few
years it has been shown using normal fibroblasts and epithelial cells that intercellular
adhesion molecules such as ICAM and E-cadherin respectively are involved in this
process. Although several authors have indicated that these molecules are involved in
the induction of anchorage independence and growth of epithelial cells, the exact
mechanism remains unknown. However, recent studies have provided evidence for the
linkage of cadherins to intercellular signalling pathways. In addition, it was suggested
that another mechanism by which cadherin-dependent interactions could modulate cell
growth and survival is by promoting the juxtaposition of specific growth factor receptors
and their ligands as cells from intercellular junctions (Kantak et al., 1998). The ability of
all the cloned cell lines to form colonies in soft agar could provide several clues into the
mechanism by which these adhesion molecules might regulate the transition from an

anchorage-dependent into an anchorage-independent cell. The evidence that, a number
of cyclins are up or down regulated in several anchorage independent cell lines indicates
that, the phenotype of anchorage independence reflects a multistep deregulation of
adhesion-controlled cell cycle events. The variable effects of tumour viruses, oncogenes
and other mutagens in inducing anchorage independence in different cell lines may well
reflect the extent to which adhesion-dependent cell cycle controls have been lost in the
normal parent cell line. Shin et al., (1975) suggested that multiple progression to

anchorage independence may explain the fact that this phenotype is the best cell culture
model which correlates with tumourigenicity in animals.

To conclude, it appears that the use of 340-RPE T53 cell line will prove a very

valuable model for the study of the process of UV-induced transformation in human
epithelial cell lines. The results presented in this thesis, as far as the transformation
studies is concerned, can form the basis for a more extensive study which will investigate
more aspects correlated with the process of UV-induced neoplastic transformation. The
observation that the parent 340-RPE T53 cell line has a very stable phenotype, not
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characterised with any transformed properties so far, indicates that the process of
immortalisation using the catalytic unit of the telomerase gene constitutes at the moment
the most natural process for immortalising human epithelial cell lines. Therefore, the
340-RPE T53 cell line should be used as a model for any kind of transformation studies
which investigate the process of carcinogenesis using chemicals or any kind of irradiation
(X-rays, UV or y-irradiation).
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in the A431 cell line following UVA irradiation.
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Cellline

dose

SCE/totalchrom
SCE/chrom
SCE/metaph
S.E.

MinSCEs
MaxSCEs

DistributionofSCEs/cell
0-910-1920-2930-3940-4950-5960-6970-7'

HTORI-3

0J/m2

2790/14630

0.190

18.6

0.3

2

66

6069174

HTORI-3
0.5KJ/m2
2727/10183

0.267

19

0.9

4
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2578461

HTORI-3
lKJ/m2

5065/14036
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33.72

1.2

4
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18306548

HTORI-3
3.2KJ/m2
5386/13838
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1.6

13
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712473945

HTORI-3
5.3KJ/m2
5089/14192

0.358

34

1.8

14
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736781982

HTORI-3
10KJ/m2
4708/14091
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31.3

0.85

11
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39653620
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21KJ/m2
4556/12313

0.370
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1.3

7
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35KJ/m2
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1.2

8
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636583119

HACAT

0J/m2
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1
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2425323

HACAT

0.5KJ/m2
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2.3
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lKJ/m2
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2.4
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10KJ/m2
3396/15362

0.221

11.32

1.2

3

53

121145286

Appendix3a.Calculationofvariousparameterswhichdescribetheinductionandthe distributionofSCEsintheHTORI-3andHACATcelllinesfollowingUVAirradiation



Cellline

dose

SCE/totalchrom
SCE/chrom
SCE/metaph
S.E.

MinSCEs
MaxSCEs

DistributionofSCEs/cell
0-910-1920-2930-3940-4950-5960-6970-79

HTORI-3

0J/m2
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0.143

12.9

0.5

4
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1.19

9
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Appendix3b.Calculationofvariousparameterswhichdescribetheinductionandthe distributionofSCEsintheHTORI-3,340-RPET53andHACATcelllinesfollowingUVB irradiation



Cellline

Treatment
NumberofBNcellsscored
DistributionofMN

123456
PercentageofBNcells +S.E

340-RPET53
OGy

1200

57

78%±4.6

340-RPET53
4Gy

1200

6984321

69%±3.6

340-RPET53
6Gy

1200

78978608

49.9±6.14

340-RPET53
8Gy

1200

654582934

41%±6.3

A431

OGy

1200

756

81%±4.9

A431

4Gy

1200

3453829

57%±4.9

A431

6Gy

1200

567463731

36%±7.3

A431

8Gy

1200

67839482517

31%±5.7

HTORI-3

OGy

1200

95

69%±3.6

HTORI-3

4Gy

1200

103245491

65%±2.7

HTORI-3

6Gy

1200

56153359468

31±5.8

HTORI-3

8Gy
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135243264291206
28%±5.8

HACAT

OGy
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49

41%±2.4

HACAT

4Gy

1200

589746111

37%±3.8

HACAT

6Gy

1200

73719312844

25%±4.6

HACAT

8Gy

1200

82521710246

21%±5.8

Appendix4a.Calculationofvariousparameterswhichdescribetheinductionanddistribution
ofMNinallhumanepithelialcelllinesfollowingionisingirradiation



Cellline

Treatment
NumberofBNcellsscored
DistributionofMN

123456
PercentageofBNcells ±S.E

340-RPET53
0KJ/m2

1200

73

74%±4.7

340-RPET53
127KJ/m2

1200

26939

69%4.6

340-RPET53
161KJ/m2

1200

2685874

63%3.7

340-RPET53
192KJ/m2

1200

3953737

32%±5.1

340-RPET53
256KJ/m2

1200

437654552

29%±2.8

HTORI-3

0KJ/m2

1200

75

71%±4.8

HTORI-3

23KJ/m2

1200

36253

64%±4.8

HTORI-3

47KJ/m2
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57%±2.9

HTORI-3

69KJ/m2
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49%±3.1

HTORI-3

96KJ/m2
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428483945

42%±4.2

Appendix4b.Calculationofvariousparameterswhichdescribetheinductionand distributionofMNforHTORI-3and340-RPET53celllinesfollowingexposuretoUVA irradiation



MNdistributionandBNpercentagefollowingexposuretoUVB
Cellline

Treatment
NumberofBNcellsscored
DistributionofMN

123456
PercentageofBNcells +S.E

340-RPET53
0J/rrE

1200

63

81%±3.7

340-RPET53
160J/m2

1200

166

78%±3.7

340-RPET53
475J/m2

1200

263

75%±4.9

340-RPET53
794J/m2

1200

26782

71%±3.9

340-RPET53
1418J/m2

1200

24876

38%±5.7

A431

0J/m2

1200

64

77%±3.1

A431

80J/m2

1200

135

71%±2.7

A431

156J/m2

1200

17557

75%±4.7

A431

319J/m2

1200

14723

73%±6.3

A431

475J/m2

1200

29522

60%±4.7

HTORI-3

0J/m2

1200

757

65%±4.9

HTORI-3

80J/m2

1200

16513

47%±8.1

HTORI-3

156J/m2

1200

18919

44%±4.8

HTORI-3

319J/m2

1200

>4719

41%±6.1

HTORI-3

475J/m2

1200

1613226

39%±2.6

HACAT

0J/m2

1200

41

45%±2.9

HACAT

156J/m2

1200

85

39%±3.7

HACAT

319J/m2

1200

141

31%±2.3

HACAT

631J/m2

1200

16334

20±5.1

HACAT

168J/m2

1200

16826

16±3.1

Appendix4c.Calculationofvariousparameterswhichdescribetheinductionand distributionofMNinallhumanepithelialcelllinesfollowingexposuretoUVBirradiation
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Appendix 5a .Graphs showing the diameter of the colonies produced from the
HTORI-3 cell line following UVA irradiation 10 population doublings post-irradiation.
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Appendix 5 b .Graphs showing the diameter of the colonies produced in the HTORI-3
cell line following UVA irradiation twenty population doublings post-irradiation.
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T53 cell line following UVA irradiation ten population doublings post-irradiation .



Control 69 KJ/m2
3
H 80-
o

c3

c3 60-
CO
o

_o
"o 40-
o

o

OH 20-
c
OJ

a
a, f i l l

0-3 3-6 6-9 9-12

diameter in mn?

96 KJ/m2

T
12-15

80-

60-

40-

3 20-

I I

0-3 3-6 6-9 9-12

diameter in mrr?

160 KJ/m2

T

12-15

80-

60-

40-

20-

1

0-3
~T
3-6 6-9 9-12

diameter in mn2

T
12-15

80-

60-

40-

20-

2 80 —

60-

■3 40-

5 20-

2 80-

§ 60 ■

J 40-

20-

i i i r

0-3 3-6 6-9 9-12

diameter in mrr?

128 KJ/m2

i

12 15

—I—

0-3

T IT
3-6 6-9 9-12

diameter in mnl

192 KJ/m2

T
12-15

0-3 3-6 6-9 9-12

diameter in mnJ

T

12-15

256 KJ/m2

80-

60-

40-

20-

0-3
T *rT

3-6 6-9 9-12

diameter in mnJ

T
12-15

Appendix 5f. Graphs showing the diameter of colonies produced from the 340-RPE T53
cell lines following UVA irradiation twenty population doublings post-irradiation.
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Appendix 5g .Graphs showing the diameter of colonies produced from the 340-RPE T53
cell line following UVB irradiation ten population doublings post-irradiation.
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Appendix 5h .Graphs showing the diameter of the colonies produced from 340-RPE
T53 cell line following UVB irradiation twenty population doublings post-irradiation.



DOSE

SF

repeatsofdose
totalaccumul.dose

MeanNoof colonies/pd±S.E.
weeksafter irradiation
subculture codenamt

MeanNoofcolonies pd±S.E.(subcultivation)
increasein cloningefficiency

475J/m2UVB
90%

xl

475J/m2

162+7.6

6

ND

ND

ND

1418J/m2UVB
2%

xl

1418J/m2

124+12.8

6

ND

ND

ND

504J/m2UVB
93%

x3

1512J/m2

42±9

3

ND

ND

ND

504J/m2UVB
93%

x6

3024J/m2

39+7.6

3

ND

ND

ND

504J/m2UVB
93%

x9

4536J/m2

66+12.9

3

ND

ND

ND

504J/m2UVB
93%

x3

1512J/m2

35+11

6

ND

ND

ND

504J/m2UVB
93%

x6

3024J/m2

37+6.3

6

ND

ND

ND

504J/m2UVB
93%

x9

4536J/m2

58+9.3

6

ND

ND

ND

56KJ/m2UVA
60%

xl

56KJ/m2

9±6

6

ND

ND

ND

84KJ/m2UVA
42%

xl

84KJ/m2

14±7

6

ND

ND

ND

112KJ/m2UVA
25%

xl

112KJ/m2

16±2.4

6

ND

ND

ND

1008J/m2UVB
66%

x3

3024J/m2

35±10.8

6

<J>

69±2.4

1.97

1008J/m2UVB
66%

x6

6048J/m2

38+4.1

6

n

76±2.1

2

1008J/m2UVB
66%

x9

9072J/m2

69+7.4

6

2

82±9.5

1.18

1008J/m2UVB
66%

x5

5040J/m2

35+7.8

6

47+10.5

1.34

1008J/m2UVB
66%

xlO

10.080J/m2

49±5.2

6

61±3.2

1.24

1008J/m2UVB
66%

xl5

15.120J/m2

84.7+7.9

6

0

102±2.4

1.20

28KJ/m2UVA
82%

x3

84KJ/m2

18±8.9

6

r

58±1.8

3.2

28KJ/m2UVA
82%

x6

168KJ/m2

26+2,4

6

A

81±8.1

3.11

28KJ/m2UVA
82%

x9

252KJ/m2

36±2.1

6

p

74±9.4

2.05

Appendix6aTheresultsillustratedinthistablehavebeenobtainedbyplating105cells/pd(ND,notdone).
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repeatsofdose
totalaccumul.dose

MeanNoof colonies/pd±S.E.
weeksafter irradiation

subculture codename

MeanNoofcolonies pd+S.E.(subcultivation)
increasein cloningefficiency

28KMmUVA
90%

xl2

336K4J/m2

13±7.6

6

A

69+1.5

5.3

139KJ/m2UVA
19%

x5

695KJ/m2

7±0.5

2daysafter

ND

ND

ND

139KJ/m2UVA
19%

x5

695KJ/m2

47±7.2

2

ND

ND

ND

139KJ/m2UVA
19%

x5

695KJ/m2

51+4.8

6

ND

ND

ND

139KJ/m2UVA
19%

xlO

1390KJ/m2

16±3.01

2daysafter

ND

ND

ND

139KJ/m2UVA
19%

xlO

1390KJ/m2

29+8.9

2

ND

ND

ND

139KJ/m2UVA
19%

xlO

1390KJ/m2

59+7.6

6

ND

ND

ND

139KJ/m2UVA
19%

xl5

2085KJ/m2

274+11.7

2daysafter

ND

ND

ND

139KJ/m2UVA
19%

xl5

2085KJ/m2

342+8.3

9

ND

ND

ND

139KJ/m2UVA
19%

xl5

2085KJ/m2

412±12

6

A,G,D,F,H

seetableX

seetableX

2520J/m2UVB
28%

x5

12600J/'m2

10+7.8

2daysafter

ND

ND

ND

2520J/m2UVB
28%

x5

12600J/m2

62±6.3

2

ND

ND

ND

2520J/m2UVB
28%

x5

12600J/m2

68±3

6

ND

ND

ND

2520J/m2UVB
28%

xlO

25200J/m2

50±6.9

2daysafter

ND

ND

ND

2520J/m2UVB
28%

xlO

25200J/m2

97±8.2

2

ND

ND

ND

2520J/m2UVB
28%

xlO

25200J/m2

98±6.5

6

ND

ND

ND

2520J/m2UVB
28%

xl5

37800J/m2

52±7.4

2daysafter

ND

ND

ND

2520J/m2UVB
28%

xl5

37800J/m2

86±9.5

2

ND

ND

ND

2520J/m2UVB
28%

xl5

37800J/m2

170+16.5

6

C,J,I,E,B

seetableX

seetableX

3360J/m2UVB
20%

xl

3360J/m2

78±8.4

2daysafter

ND

ND

ND

Appendix6b.Theresultsillustratedinthistablehavebeenobtainedbyplating105cells/pd.
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weeksafter irradiation
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139KJ/m2UVA
19%

x20

2780KJ/m2

497±8.2

2daysafter

ND

ND

ND

139KJ/m2UVA
19%

x25

34975KJ/m2

513+9

2daysafter

ND

ND

ND

139KJ/m2UVA
19%

x30

4170KJ/m2

521+3.7.5

2daysafter

ND

ND

ND

2520J/m2UVB
28%

x20

50400J/m2

219+9.1

2daysafter

ND

ND

ND

2520J/m2UVB
28%

x25

63000J/m2

269±15.7

2daysafter

ND

ND

ND

2520J/m2UVB
28%

x30

75600J/m2

319±12.5

2daysafter

ND

ND

ND

cloneC 5040J/m2UVB
12%

x5

25200J/m2

228±5.7

2daysafter

CI

234+3.8(387±14)

1.02

cloneE 5040J/m2UVB
12%

x5

25200J/m2

259±10.3

2daysafter

El

287+7.4(412±6)

1.10

cloneG 167KJ/m2UVA
8%

x5

835KJ/m2

223±6.8

2daysafter

G1

379+8.5(529+11)

1.69

Appendix6cTheresultsillustratedinthistablehavebeenobtainedbyplating104cells/pd(ND,notdone)exceptthenumbers inparantheseswhichcorrespondtoresultsobtainedbyplating105cells/pd.
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weeksafter irradiation
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CI1512J/m2UVB
50%

x5

7560J/m2

313+8.5

2daysafter

ND

ND

1.33

CI5040J/m2UVB
12%

x5

25200J/m2

236±9.8

2daysafter

ND

ND

1

El1512J/m2UVB
50%'

x5

7560J/m2

298±6.8

2daysafter

ND

ND

1.03

El5040J/m2UVB
12%

x5

25200J/m2

305+11.8

2daysafter

ND

ND

0.96

G184KJ/m2UVA
42%

x5

520KJ/m2

403±9.3

2daysafter

ND

ND

1.06

G1167KJ/m2UVA
12%

x5

835KJ/m2

397±13.8

2daysafter

ND

ND

0.99

CI1512J/m2UVB
50%

xlO

15120J/m2

370+7.1

2daysafter

ND

ND

1.58

CI5040J/m2UVB
12%

xlO

50400J/m2

239+14.8

2daysafter

ND

ND

0.99

El1512J/m2UVB
50%

xlO

7560J/m2

477±8.4

2daysafter

ND

ND

1.66

El5040J/m2UVB
12%

xlO

25200J/m2

319±6.9

2daysafter

ND

ND

0.99

G184KJ/m2UVA
42%

xlO

840KJ/m2

463±5.7

2daysafter

ND

ND

1.11

G1167KJ/m2UVA
12%

xlO

1670KJ/m2

403±5.9

2daysafter

ND

ND

1.22

Appendix6d.Theresultsillustratedinthistablehavebeenobtainedbyplating104cells/pd(ND,notdone).
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weeksafter irradiation
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104cells105cells

104cells105cells
104cells
105cell;

139KJ/m2UVA
19%

xl5

2085KJ/m2
115±3.9

412+7

6

d,g,h,f,a

2520J/m2UVB
28%

xl5

37800J/m2

16.7+2

170+16.5

6

I,B,C,J,E

cloneD

156±4.7

197±10.8

1.35

0.47

cloneG

197±7.8

438±19.1

1.7

1.06

cloneH

143+3.5

449±11.2

1.24

1.08

cloneF

193+4.6

169+11.2

1.67

0.4

cloneA

97+4.8

193±7.6

0.84

0.46

cloneI

83±5.7

247+13.8

4.8

1.45

cloneB

65+6.3

234+4.1

3.8

1.37

cloneC

207+6.9

623±15.2

12.3

3.66

cloneJ

71+8.6

187+9

4.25

1.1

cloneE

234±5

404±12.8

14

2.3

Appendix6e.Theresultsillustratedinthistablehavebeenobtainedbyplating104and105cells/pd.
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0hrafterirradiation

1hrafterirradiation

Gl

s

G2

Gl

s

G2

Gl

s

G2

Gl

s

G2

parent

45±2.9

37±4

18±12

41±3.7

39±2.4

20±4.8

14±2.2

29±5.8

57±6

38±5.2

42±6.3

20±4.5

C1.11A

41±3

39±4

20±3

40±2

36±3.5

24±7.1

43±4.1

41±8.5

16±8

39±5

38±6

23±5

C1.12A

49+4

38±1.7

13±3.5

47±2

41±6

12±8

41±4

46±7

13±4

43±2.9

44±4

13±4.6

Cl.BA

40±4.5

39±7.1

21±6.1

38±3.2

42±5.1

20±4.1

43±1.5

34±3.8

23±7.3

39±4.1

44±1.7

17±3.1

C1.14A

44±5

39±7.1

17±3.7

41±5.1

43±4.2

16±3.7

19±4.2

26±5.2

55±7.4

38±3.2

45±3.7

17±7.3

C1.15A

41±4.1

43±6.1

16±2.9

38±2.1

43±3.2

19±3.9

16±2.5

24±5.8

60±2.8

37±4.2

46±3.1

17±2.7

C1.16B

42±5.2

39±1.8

19±6.2

40±7.3

42±5.2

18±6.2

40±7.2

43±8

17±6

38±3

45±7.3

17±4.2

C1.17B

41±6.3

57±2.8

22±3.1

39±2.8

41±5.2

20±7

43±4

42±2

15±5.6

37±3.2

44±5.2

19±4.3

C1.18B

39+4

43±5

18±3

41±3

39±9

20±4

42±2

46±3

12±7

43±4

39±4

18±2

C1.19B

43+6

41±1

16±7

40±3

42±7

18±6

45±8

42±5

13±6.8

38±3

44±3.2

18±6.9

C1.20B

38±7

41±3.6

21±4

41±1.7

39±6.3

20±6.2

39±4.1

43±5.8

18±3.6

43±2.4

38±6.9

19±3.1

C2.19B

44±5

42±7

14±3

38±8

41±3

21±6

41±3

44±3.9

15±12

37±2

45±3

18±9

C2.20B

40+6

43±3

17±4

39±7

42±3.7

19±6

38±3

41±7

21±11

38±3

44±5.3

18±6.2

C2.15A

42±5

39±5.1
19±3.6

40±1.7

42±4.2

18±2.8

40±4

43±5

17±2

38±2

45±4

17±6

Appendix7a.Tableshowingthepercentagesofcellsineachphaseofthecellcycle,followingUVBirradiation.



irradiationwith2520J/môfUVBirradiation
4hrafterirradiation

10hrafterirradiation

G1

s

G2

G1

s

G2

Gl

s

G2

Gl

s

G2

parent

41±4.8

45±7.2

14±3.2

40+3

44+6

16±1

41±4.9

39±5.2

20±3.2

38±7

45±2

17±3.4

C1.11A

42+4

46±2

12±1.7

41±3

43±5

16±3.6

25±3

17±4.8

58±3.2

40±5

42±6.2

18±3.9

C1.12A

43±5.3

42±6.2

15±4.2

40±2

39±2.9

21±6.8

41±1.7

38±4.9

21±5.9

39±3.7

43±5.1

18±4.7

C1.13A

38±3

42+3.7

20+4

41±3

37±5.3

22±6

39±2.3

43±1.8

18±4

43±2

41±4

16±3

C1.14A

37±4.2

42±6.2

21+3.8

39+1.3

43+2

18±6.2

38±2.7

41±4.1

21±3.8

41±1.7

42±2.7

17±3.8

C1.15A

41±2.7

43±6.7

16±3.6

38±3.7

41±5.9

21±5

38±1.5

39±3.1

23±2.4

40±1.5

38±3.1

22±5.7

C1.16B

42±1.3

45±2.3

13±3.2

39±2.6

42±2.6

19±2.7

37±4.2

44±1.6

19±3

43±3.7

41±1.5

16±2.8

C1.17B

41±1.4

44±3

15±6.9

41±1.3

43±2.7

16±3.9

39±3.8

43±5

18±2.8

43±1.9

41±2.6

16±3.2

C1.18B

44+3.8

41+3.7

15+6.3

41+3

42±4

17±4

40±5

39±3

21±6.2

41±1.3

39±5.3

20±5

C1.19B

41±3.2

39±3.8

20+3

44±3.2

38±3.1

18±8.2

41±3

38±4.5

21±2.8

44±2.7

40±2.6

16±4.2

C1.20B

40±2.8

38±6.2

22±7.3

40±4

42±1.5

18±5.9

39±2

41±6.8

20±5.3

38±3

43±7.2

19±3.2

C2.19B

42±2.7

46±2.8

12±4.2

42±3

39±5

19±2

44±2

41±4.2

15±6.2

40±2

38±2.8

22±3.8

C2.20B

43±5.2

40±1.7

17±3

39+2

43±4

18±2

43±5

39±7

18±3

41±3

40±3

19±5

C2.15A

44±4.7

42±2.9

16±1.7

41+3

39±5

20±3.1

40±4

38±2.1

22±3.6

41±3

39±1

20±2

Appendix7b.TableshowingthepercentagesofcellsineachphaseofthecellcyclefollowingUVBirradiation
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24hrafterirradiation

G1

s

G2

G1

s

G2

G1

s

G2

G1

s

G2

Darent

42±2.9

38±2

20±2

39±1

42±2.1

19±3.1

C1.11A

40±2.9

38±3.1

22±4.2

39±1.6

42±3

19±2.1

C1.12A

40+2

38+1.3

22±3

39±2

44±3

17±4

C1.13A

39.7±1.5
42.4±2

17.9±2

41±2

44±1.7

15±6.1

C1.14A

37±2

42±6

21±7

40±2

39±3

21±4

C1.15A

41+2

43±4

16±1

41±4

39±1.8

20±4.2

C1.16B

23±3.8

18.1±4.1
59.9±3.2
41±4

39±1.1

20±6

C1.17B

45±3

41±5.9

14±4

39±2

42±4.7

19±7

C1.18B

39±1.6

42±3.2

19±4.2

41±2

44±4

15±2.9

C1.19B

38±3.7

41±2.7

15±2

42±3

39±4.2

19±3

C1.20B

42±2

44±3

16±3

41±3

38±2.1

21±1.8

C2.19B

41±3

42±2.6

17±2

38±2.9

41±1.6

21±1.6

C2.20B

18+3.9

26±2

56±2

41±2

39±4

20±2.8

C2.15A

39±2

38±6

23±7

40±2.1

39±2.7

21±5

Appendix7c.TableshowingthepercentagesofcellsineachphaseofthecellcyclefollowingUVBirradiation



irradiationwith6720J/môfUVBirradiation
0hrafterirradiation1hrafterirradiation

jrracfjatednon-jrr^didtgdirradiatednon-irradiated
G1

s

G2

G1

s

G2

G1

s

G2

G1

S

G2

parent

39+2.6

40±5.7

19±4.1

42±3.7

40±1.5

18±4.3

43±4.8

41±4.6

16±3.8

39±3.1

42±4

19±4.8

C1.11A

41±2.9

42±4.8

17±3.8

39±1.4

40±3.2

21±4.1

38±1.4

42±5

20±2

39±1.3

41±5.2

20±2.8

C1.12A

38±2

42±2

20±4

41±2

39±2.6

20±4
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24hrafterirradiation

G1

s

G2

G1

s

G2

G1

s

G2

G1

s

G2

parent

40+3.8

44±2.5

16±4.1

44+6.3

43±2.9

13±4.8

C1.11A

41±4.5

44+2

15±6

43±6

47±7

10±3

C1.12A

41+3

44+5.8

15±2

43+4

46+2

11±5.3

C1.13A

39±3.7

43±4

18+6

42±5.2

45+3.1

13±5

C1.14A

39±2

46+2.6

15±3.9

41±2

45+3

14±5

C1.15A

44±2.4

46+3.1

10+0.4

45±1.6

47+3.8

8±1.9

C1.16B

40±2

41±5

19+3.7

43±4.8

41+2

16±7

C1.17B

41±2

43±5

16+4

44±2

46±4.6

10±1

C1.18B

40+2

42+4

18±3.6

39±4.2

42+2

19±6

C1.19B

39+6

41+5

20±6.2

42±2

46+5

12±7.2

C1.20B

42±4

47±3.6

11±2.1

42+4

44+2

14±2

C2.19B

42+5

44±6.9

12±2.8

45+1.6

47±4

8±3.1

C2.20B

43±2

46+4.2

11±2

40±3

44+6.2

16±6.3

C2.15A

42±6.9

44+4

16+2

43±2

47±5.1

10±5.2

Appendix7f.TableshowingthepercentagesofcellsineachphaseofthecellcyclefollowingUVBirradiation



340-RFE T53 cell line
(parent cell line)

o 0 hr no irradiation
» Gl:41%

S: 39%
G2:20%

I'1'''' IT

FL2-H
1000

340-RPE T53 eel! line

(parent cell line)
2520 J/m2 ofUVB irradiation

Ohr after irradiation

01:45%
S: 37%
G2:I8%

1000

340-RPE T53 cell line

(parent cell line)
6720 J/m2 of UVB irradiation

0 hr alter irradiation

Gl:43%
S: 41%
G2:16%

■ i ii ■ 11 n 111 II i

FL2-H

mf
1000

o
S*
cvj

o a
o

1 hr no irradiation

Gl:38%
S: 42%
G2:20%

11111111111111111111
0 1000

FL2-H

o #r.after'irradiation
!M'■, 01:14%

S: 29%
02:57%

1 hr after irradiation

'"[""i 111'
1000

01:39%
S: 40%
02:21%

FL2-H

1000

g 4 hr no irradiation
™

01:40%
S: 44%.
G2:16%

o
O

1 M 1 " ') " "I " " I'
1000

FL2-H

4 lrr after irradiation

o
o

1 <3*:4l%
S: 45%
G2:14%

1000
FL2-H

oi 4 hr after irradiation
01 » 01:21%

S: 62%
02:17%

111111111111|11111'
1000

FL2-H

g 10 hr no irradiation
W ' 01:40%:

S: 45%
02:15%

o

p

1000
FL2-H

10 hr alter irradiation
10 hr after irradiation

(11:41%
S: 39%
02:20%

1111111111111111111
1000

FL2-H

01:33%
S: 34%
02:31%

I" " 11" »i' ■" I'
1000

FL2-H

o 24. hr no irradiation
8

01:39%
S: 42%
02:19%

1111111111111111111
0 1000

FL2-H

24 hr after irradiation.

G1:42%
S: 38%
02:20%

tli|'i i 1111 II i| 1111
0 1000

FL2-H

DNA content

24 hr after irradiation
CM

i Gl:40%

1 S: 42%
0) j 1 G2:18%
1 -

L
O jJ

1000
FL2-H
>

Appendix 8a. DNA histograms of the 340-RPE T53 parent cell line at different time intervals
following UVB irradiation.
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Appendix 8b. DNA histograms of the Cl.l 1A clone at different time intervals following UVB
irradiation.




