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ABSTRACT

Host cell reactivation (HCR) of viruses has been used in the past to assess
the DNA repair capacities of various mammalian cell types. In this study, a
PCR-based HCR technique was developed for determining DNA repair capacity
of mammalian cells. Many DNA lesions, including UV photoproducts, block
DNA amplification by Taq polymerase, and the exponential nature of PCR
imparts a tremendous potential for quantifying the remaining non-adducted
DNA templates from small samples. AASHCMVspllacZ is a recombinant non-
replicating adenovirus (Ad) containing the lacZ reporter gene under the control
of the human cytomegalovirus (HCMV) immediate early promoter inserted into
the deleted E1 region of the viral genome. This virus is unable to replicate, but it
can efficiently express the reporter gene in many types of mammalian cells,
including human fibroblasts. Using quantitative PCR, the induction and repair
of UV photoproducts was measured in a 2.6 kb region of the lacZ reporter gene
inserted into the deleted E1 region of AASHCMVspliacZ and in a 2.8 kb region of
- the endogenous E4 region of the virus. Primers flanking the regions were added
to equal amounts of DNA extracted from cells infected with unirradiated or UV-
irradiated AASHCMVspllacZ and each sample was amplified by PCR using
radiolabelled nucleotides as substrates. PCR products were separated by agarose
gel electrophoresis and quantified using a phosphorimaging system. Results

show a simple exponential decrease in PCR product with increasing UV fluence



to the virus. There was a significant removal of UV photoproducts by 24 hours
after infection of normal human fibroblasts. A reduced capacity for lesion
removal was detected after infection of nucleotide excision repair deficient
fibroblasts derived from patients with xeroderma pigmentosum (XP) and
Cockayne syndrome (CS). Previous work from our lab using a ﬁ-gal reporter
gene assay has shown that both UV light and heat shock treatment of cells prior
to infection with UV-damagéd Ad5HCMVspliacZ enhances HCR. Application
of the quantitative PCR technique to the study of inducible repair shows there is
an enhancement in the rate of lesion removal from both regions of the vector in
UV-irradiated normal lung fibroblast cells, compared to unirradiated cells. This
demonstrates that previous reports of enhanced host cell reactivation are
indicative of a genuine enhancement of DNA repair. Also, the $-gal reporter
gene assay was used to investigate inducibility of UV lesion repair by ionising
radiation; no significant increase in HCR of B-gal activity was found in cells

treated with y-rays compared to untreated cells.
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Figure 1-1. Major UV-induced DNA lesions. Upon absorption of UV
light, the two major DNA lesions formed between adjacent pyrimidines
are cyclobutane pyrimidine dimers (CPDs) and 6-pyrimidine-4-
pyrimidone photoproducts (6-4PPs). (Adapted from van Steeg and
Kraemer, 1999).






originating at the cell membrane and/ or cytoplasm, causing phosphorylation
and de-phosphorylation signalling cascades. As a result, several kinases
translocate into the nucleus and alter gene regulation by selectively activating
transcription factors (Canman and Kastan, 1996). The tumour-suppressor TP53
(formerly known as p53) is induced by UV light and other DNA-damaging
agents, and this cellular response is important for cell cycle arrest (allowing time
for DNA repair) and apoptosis (cell death). Although it has not been shown
directly, TP53 is thought to play a role in inducible DNA repair pathways
(Hwang, et al., 1999; McKay, et al., 1999).

"DNA repair" is a term that encompasses a broad range of metabolic
processes that allow a cell to deal with damaged DNA. The damage can be
reversed directly (e.g. by photolyases or by alkyltransferases) or indirectly by
removing damaged Single bases (base excision repair) or a stretch of bases
(nucleotide excision repair), and then resynthesising the removed patch (Jiricny,
1998). The repair pathways also incdlude mechanisms that repair strand breaks
" and cross-links, or in some cases allow initial bypass of non-repairable or
unrepaired DNA damage (post-replication repair). The overall goal of these
highly developed mechanisms is to protect the fidelity of the DNA for efficient

transcription and replication.

The nucleotide excision repair (NER) pathway removes UV-induced DNA

damage, i.e. CPDs and 6-4PPs. In human cells, 6-4PPs are repaired very



efficiently in the entire genome (McGregor, 1999; van Steeg and Kraemer, 1999).
Removal of CPDs, however, appears to be slower in the bulk of the genome
(Bohr, et al., 1985), but more rapid in the transcribed strand of active genes
(Hanawalt, 1991, McGregor, 1999; Mitchell and Nairn, 1989). Defective DNA
repair (NER and other types) leads to mutagenesis, and possibly to

carcinogenesis.

The importance of NER in the prevention of carcinogenesis is
demonstrated in patients, whose cells are defective in NER. Sunlight-sensitive
xeroderma pigmentosum (XP) patients experience a very high rate of skin cancer.
NER is also important in the prevention of cancers induced by genotoxic agents
other than UV. Smoking, which is causative in approximately 30% of cancer
mortalities, produces bulky DNA adducts formed by benzo(a)pyrene or other
polyaromatic hydrocarbons and arylamines found in cigarette smoke (Asami, et
al., 1997), which are removed by NER. The NER pathway also impinges upon
cellular response to chemotherapy, as many of the drugs used in this type of
cancer treatment damage DNA, producing adducts that are substrates for NER.
Clearly, selective inhibition of NER in tumour cells could provide a useful
approach to increasing tumour cell sensitivity to the drugs. Thus, elucidation of
NER pathways and their regulation is of great importance in both the prevention

and treatment of cancer.



B. Human DNA Repair Mechanisms

The DNA repair mechanisms that have been identified in human cells can
be divided into five major repair pathways: 1/ mismatch repair, 2/ homologous
recombination, 3/ non-homologous end-joining, 4/ base excision repair, and 5/
nucleotide excision repair. Homologous recombination and non-homologous
end-joining can be grouped as double-strand break repair mechanisms, and the
term "excision repair" includes both base and nucleotide excision repair. Much
has been learned about human DNA repaif pathways through studying repair

systems in bacteria and yeast, which are remarkably well conserved.

Mismatch Repair

Mismatch repair (MMR) corrects misincorporations in DNA that have
escaped the cellular proéf—reading exonuclease activity (Jiricny, 1998). MMR
takes place immediately after replicative DNA synthesis (during the S phase of
the cell cyde), by using the genetic information on the parental strand to correct
errors in the nascent strand. Restoration of the original DNA sequence requires
both recognition of mismatches, and the ability to distinguish between parental
and daughter strands. Human MMR genes were identified by sequence
similarity to the well characterised Escherichia coli (E. coli) mismatch repair
system (Fishel and Kolodner, 1995). Mutations in human MMR genes are

associated with the development of hereditary non-polyposis colon cancer



(Bronner, et al., 1994; Nystrom-Lahti, et al., 1994). A germline mutation in one
allele of a DNA mismatch repair gene may predispose an individual to early-

onset colorectal cancer, and since this discovery much research has focussed on

MMR.

Double Strand Break Repair

Homologous recombination (HR) and non-homologous end joining
(NHE]) are two pathways utilised for double-strand break (DSB) repair. HR is
the only DSB repair mechanism present in E. coli, and also the pathway
predominantly used by yeast, but in mammalian cells it is thought to play only a
minor role in DSB repair (Taylor and Lehmann, 1998). In eukaryotic cells, HR is
used to repair a DSB on one chromosome by using the information on the
homologous chromosome as a template for alignment and repair. NHEJ (which
is sometimes referred to as “illegitimate recombination”) is a process that
reconnects two ends of broken DNA without the aid of a template. NHE] is the
dominant mechanism of DSB repair in mammalian cells (Chu, 1997), and recent
research in the fields of radiation biology and immunology has clarified the basic
mechanism involved in this type of repair. NHE] is a common repair mechanism
for DSB repair after exposure to ionising radiation, and for the site-specific V(D)]
recombination of genes used to generate diversity in the MHC that is necessary
for immune system function (Chu, 1997; Grawunder, et al., 1996). The first piece

of evidence that provided a link between the repair of radiation-induced DSBs
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chromatin structure of actively transcribed genes, making DNA more easily
accessible to DNA repair factors, 2/ the transcribed strand may be more
accessible to DNA repair proteins than the coding (non-transcribed) strand, and
3/ bulky lesions in the template strand can block RNA polymerase (reviewed in
Sancar, 1996; Tornaletti and Pfeifer, 1996). The preferential repair of actively
transcribed genes and the strand bias may be mechanistically related. This
reflects NER activity that is coupled to transcription elongation by RNA
polymerase I (RNAP II) at DNA lesions (Friedberg, 1996). The difference in the
rates of repair by TCR versus GGR depends on both the cell strain and the type
of damage. Chinese hamster ovary (CHO) cells were the first mammalian cells
that were demonstrated to possess TCR, with a five-fold faster rate of repair of
CPDs in the transcriptionally active DHFR gene than in the genome overall
(Bohr, et al., 1985). It has since been shown that hamster cells are defective in the
GGR of CPDs (Hwang, et al., 1998; Nichols, et al., 1996), and thus the marked
difference initially observed may be due to poor repair of CPDs in the non-
transcribed strand. Human 'cells also exhibit a faster rate of repair in an active
gene than in the bulk genome (Bohr, 1987). A higher rate of repair of active
genes versus bulk genomic DNA is seen in XP-C cells as well, but not in CS or
XP-A cells. It is important to note that in human cells, although the rate of repair
of the active DHER gene is twice as fast as the bulk of the genome (4 and 8 hours
after damage), after 24 hours no difference in the amount of damage repaired
(85% repaired) is seen (Bohr, 1987). Within these preferentially repaired genes,

there is also a bias for repairing the transcribed strand over the untranscribed
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strand. Bohr and co-workers reported (1985) an 80% removal of lesions from the
transcribed strand after four hours, with few lesions removed in the coding
strand. In contrast, a study of human cells (Mellon, et al., 1987) showed
significant repair of CPDs in both the transcribed and coding strands of the
DHFR gene. Strand selectivity appears to be more prominent for repair of CPDs
than for 6-4PPs (Bohr, 1991). This may be because 6-4PPs are efficiently removed
by GGR. In general, for mammalian cells, the strand bias for NER observed in
the transcribed strand is 2-5 fold higher than the rate in the non-transcribed

strand (Friedberg, 1996).

Individuals with CS have cells defective in TCR (van Hoffen, et al., 1993;
Venema, et al., 1991). Two genetic complementation groups have been defined
for CS: CS-A and CS-B, and both genes have been cloned (Henning, et al., 1995;
Troelstra, et al., 1990). CS cells show a moderate sensitivity to UV light, and have
an increased rate of UV-induced mutations, particularly in the template strand
(reviewed in Sancar, 1996). These ycells are also slow to resume RINA synthesis
~ after DNA damage (Mayne and Lehmann, 1982) and show phenotypic
similarities to E. coli mfd” mutants (Selby and Sancar, 1993). MFD was shown to
be the transcription-repair-coupling factor (TRCF) in E. coli (Selby and Sancar,
1993) and to function by direct interaction with RNA polymerase (Selby and
Sancar, 1995). It is suspected that in human cells CSA and CSB proteins (at least
in part) fulfil a function similar to that carried out by TCREF, since: the genetic

evidence from CS mutant cells shows a necessity of CS for TCR, biochemical
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evidence shows CSB associates with RNAP II (van Gool, et al., 1997a), and there
is similarity between CS and E. coli TRCF (Vermeulen, et al., 1997). This has yet
to be supported by direct evidence. It has recently been shown (Tu, et al., 1998)
that CS-A cells are deficient in repair only during the elongation stages of
RNAPII transcription, further implicating CSA as the mediator bétween
transcription and repair. CSA does not directly bind RNAPII (Tantin, et al.,

1997), but interacts with CSB and a subunit of TFITH (Henning, et al., 1995).

Role of TFIIH in Cellular Response to UV

TFIIH is a large multiprotein assembly, consisting of nine subunits, which
is necessary for RNAP II transcription initiation (see Figure 1-4). It has several
cétalytic activities, including: DNA-dependent ATP hydrolysis, ATP-dependent
DNA helicase activity, serine/ threonine kinase activity (phosphorylating the C-
terminal domain of the large subunit of RNAPII), and it is in turn regulated by
the cyclin H subunit (Nikolov and Burley, 1997). In addition to the enzymatic
activity provided by TFIIH, it is also an integral part of the protein scaffold

necessary for NER (reviewed in Frit, et al., 1999).

i. The Connection Between NER and Transcription

There are three experimental observations that link nucleotide excision

repair and transcription: 1/ actively transcribed genes are repaired faster than
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Figure 1-4. TFIIH plays a key role in cellular response to DNA damage.
Following DNA damage, the functions of TFIIH in transcription and cell
cycle control would be downregulated, leading to transcription inhibition
and cell cycle arrest. The function of TFIIH in DNA repair (particularly
TCR) would be upregulated by DNA damage. Depending on the extent
of damage, TFIIH could also play a role in apoptosis. (From Frit et al,
1999).
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which time plaque formation increases exponentially with increasing UV fluence

to the cells.

A third approach used to investigate inducible NER is reactivation of
reporter gene expression. Using a plasmid expressing the E. coli
chloramphenicol acetyltransferase (CAT) gene, Protic and co-workers (1988)
showed that treatment of normal human fibroblast cells with UV radiation or
mitomycin C (a DNA-damaging carcinogen) 24-48 hours before transfection,
increased reactivation of damaged reporter in normal cells, but not in NER-
deficient XP-A cells. In a follow-up study (Protic, et al., 1989) this group
identified a UV damage-specific binding (DDB) protein induced by UV light,
'mitomycin C and aphidicolin (inhibitor of DNA polymerase «) in normal cells.
This was not observed in XP-C cells, transformed XP-A cells, transformed XP-D
cells, virus transformed repair-proficient cells, or certain XP-E cells. UV-DDB
activity has been correlated with a cell’s capacity to repair 6-4PPs in the whole
genome (Otrin, et al., 1997) , and it has recently been suggested that UV-DDB
plays an important role in identifying CPDs for GGR (Hwang, et al., 1999).
Viruses have also been used in enhanced reporter gene HCR studies, and this is

discussed in the following section.

Further evidence of a mammalian SOS-type of response comes from work
with treatment of cells with thymine dinucleotides (pTpT), which resemble

sequences excised during repair of UV-induced photoproducts. It has been
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shown that pTpT can mimic the effects of UV irradiation on pigmentation by
increasing melanogenesis in normal human melanocytes (Eller, et al., 1996) and it
can also enhance repair of UV-induced DNA damage in a TP53-mediated
response (Eller, et al., 1997). Treatment of human keratinocytes with pTpT also
enhances repair of damage induced by the chemical carcinogen benzo(a)pyrene
in a response that upregulates TP53, PCNA and XPA proteins within 48 hours
(Maeda, et al., 1999).

Another recent study (Chang, et al., 1999) showed that the drug emodin (a
constituent of an herb used in Chinese medicine as cancer therapy) increases the
repair of UV and cisplatin-induced DNA damage in human cells. An elevation
in ERCC1 gene expression (but not XPF, XPA, RPA or XPG) and an increase in
cellular uptake of Ca®* accompanied this enhanced repair. Quinacrine mustard
treatment of human fibroblast cells (Ye, et al., 1999) also induces an increased
rate of repair of CPDs by GGR, with only a marginal increase in the repair of

CPDs in the transcribed stfand, compared to untreated cells.

E. Use of Adenovirus Vectors for DNA Repair Studies

Host-Cell Reactivation Studies

Reactivation of UV-irradiated viruses has been used as a measure of

excision repair capacity in both bacterial and mammalian cells (reviewed in
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Defais, et al., 1983; Rainbow, 1981). “Host cell reactivation” (HCR) is a term
used to describe the capacity of a given cell line to reactivate damaged virus.
Usually, a dose-response curve is generated comparing some endpoint of viral
infection from cells infected with damaged virus to cells infected with
undamaged virus. Such relative survival curves are then used to compare the
HCR capacities of various cells lines. In order for such studies to reflect host
cellular DNA repair, viruses that depend entirely on host cell enzymes for DNA
repair are most useful as probes. For UV-damaged virus, HCR-proficient cells
are capable of eliminating the pyrimidine dimers from the viral genome (Boyle
and Setlow, 1970) as well as from their own genome (Boyce and Howard-
Flanders, 1964; Setlow and Carrier, 1964). Most studies of HCR in cultured
mammalian cells utilise herpes simplex virus (HSV), adenovirus (Ad), or simian
virus 40 (SV40) - all double-stranded DNA viruses that replicate in the nucleus

of the cell (reviewed in Defais, et al., 1983).

HCR of UV-damaged‘ adenovirus has been used to assess DNA repair in
mammalian cells for many years. Adenoviruses are non-enveloped viruses that
have a linear double-stranded DNA genome, which is contained in an
icosahedral protein shell (Shenk, 1996; Stewart, et al., 1991) (see Figure 1-5).
These viruses are convenient for study because they are easily propagated to a
high titre, and they readily infect non-replicating cell strains in a highly
synchronous manner. The capacity of cells to reactivate UV-damaged Ad can be

assessed by a variety of endpoints, including: plaque-forming ability
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Figure 1-5. Model of adenovirus virion. This cross-section shows the
polypeptide components (designated by numerals) and the DNA

component. TP represents the terminal protein. (From Stewart et al, 1991).
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(Shenk, 1996; Stewart, et al., 1991), viral structural antigen formation (Jeeves and
Rainbow, 1983b) and viral DNA synthesis (Arnold and Rainbow, 1996; Davis, et
al., 1996). Such studies have shown that for XP cell strains, the relative amount
of HCR correlates with the reduced excision repair capacity of these cells
(reviewed in Defais, et al., 1983). HCR is also reduced in the repair deficient CS
cells (Rainbow and Howes, 1982). More recently, a HCR technique utilising a
recombinant non-replicating Ad5 vector has been applied in DNA repair studies,
which assesses the expression of a reporter gene as an endpoint (Francis and
Rainbow, 1999; McKay, et al., 1997a; McI(éy, et al, (in press); McKay and
Rainbow, 1996). In this technique, the UV-damaged AdSHCMVspllacZ vector,
which expresses the bacterial lacZ gene efficiently in mammalian cells (Morsy, et
al., 1993), is used to infect cultured cells and lacZ gene expression is quantified by
a colourimetric reaction. Expression of lacZ from UV-damaged virus is
compared to that from undamaged virus at 44 hours post-infection, indicating
HCR capacity. It has been shown that several XP-C cell strains, XP-D, XP-F, XP-
G and several CS cell strains exhibit a significant deficiency in HCR of UV-
damaged reporter gene following infection of unirradiated fibroblast cells
(Francis and Rainbow, 1999). Levels of HCR in CS cells are higher than in some
XP-C cells, suggesting that the GGR pathway plays an important role in the
repair of the transcriptionally active lacZ gene of AASHCMVspliacZ in untreated

cells (Francis and Rainbow, 1999).
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Enhanced Reactivation of UV-irradiated Virus

Several studies have looked at the indudibility of HCR, and shown that
treatment of cells with UV light, ionising radiation, chemical carcinogens or heat
shock prior to infection with an UV-irradiated virus enhances the survival of the
virus. This effect is called “enhanced reactivation”, and it has been shown for
SV40 (Bockstahler and Lytle, 1977; Sarasin, 1978; Sarasin and Hanawalt, 1978),
adenovirus (Bockstahler and Lytle, 1977; Francis and Rainbow, 1999; Jeeves and
Rainbow, 1979; McKay, et al., 1997a; McKay and Rainbow, 1996) and several
other viruses (reviewed in Abrahams, et al., 1984; Abrahams, et al., 1988; Defais,
et al., 1983) in a variety of host cells, incduding human fibroblasts. Ionising
radiation (X-rays and y-rays) has been shown to- enhance survival of UV-
irradiated viruses (Bockstahler and Lytle, 1971; Bockstahler and Lytle, 1977). In
particular, Jeeves and Rainbow (1979) showed that y-irradiation of normal
human fibroblasts lead to the enhanced survival of UV-irradiated adenovirus.
These results were partially the basis for the work described in Chapter 2 of this

thesis.

Recently, the HCR technique for UV-damaged adenovirus reporter gene
expression has been applied in the study of enhanced reacﬁvaﬁon. Francis and
Rainbow (1999) showed that irradiation of cells with low UV fluences prior to
infection with the AASHCMVspllacZ vector resulted in UV-enhanced
reactivation (UVER) in normal and XP-C cell strains, but not in CS or other XP

cells strains. In a similar study, McKay and Rainbow (1996) showed that heat
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shock treatment to the cells prior to infection with this vector also enhanced HCR
in normal and XP-C cell strains, but not in other XP or CS cell strains. This
enhanced reactivation effect appears to be TP53-dependent (McKay, et al.,

1997a). These studies suggest that UV light and heat shock enhance the repair of
UV-damaged DNA through a mechanism that involves the TCR pathway.
Chapter 2 of this thesis outlines a study of DNA repair using a quantitative PCR
technique for HCR of Ad that provides additional evidence of inducible DNA

repair mechanisms in normal fibroblast cells.

F. Polymerase Chain Reaction-Based DNA Repair Assays

The polymerase chain reaction (PCR) has recently been applied to the
study of DNA damage and repair due to UV light (Chakalova and Russev, 1998a;
Chakalova and Russev, 1998b; Chandrasekhar and Van Houten, 1994; Drouin
and Therrien, 1997; Gao, et al., 1994, McCarthy, et al., 1996, McCarthy, et al.,
1997; Tornaletti and Pfeifér, 1994), cisplatin treatment (Jennerwein and Eastman,
1991; Kalinowski, et al., 1992, Murata, et al., 1990) and exposure to ionising
radiation (Ploskonosova, et al., 1999a; Ploskonosova, et al., 1999b). This type of
assay is based on the fact that many types of DNA lesions can block
amplification by Tag polymerase, and that the exponential nature of PCR
amplification imparts a tremendous potential to quantify the remaining
undamaged template from small samples. By applying Poisson analysis, lesion

frequency can be determined for a quantitative comparison. This type of assay
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has the advantage of being reproducible and precise in the investigation of
highly localised genomic regions, even to the point of nucleotide resolution
(Drouin and Therrien, 1997; Gao, et al., 1994; Tornaletti and Pfeifer, 1994)
without the use of specific enzymes that recognise and cleave DNA adducts. The
power of studies using QPCR to look at DNA repair in UV-irradiated human
fibroblast cells is demonstrated in the specificity of results, such as: 1/ DNA
repair within certain investigated genes is biphasic (McCarthy, et al., 1996) and
2/ the repair rate at individual nucleotides is highly variable and sequence
dependent (Tornaletti and Pfeifer, 1994). We have taken advantage of the
precision, reproducibility and ease of QPCR to investigate HCR of very specific
genomic regions of the vector AASHCMVspllacZ. This is described in Chapter 3
of this thesis.

G. Current Work

This thesis summarises two research avenues: 1/ the development and
application of a novel QPCR-based HCR assay for defined genomic regions of
Ad5HCMVspllacZ, and 2/ the inducibility of HCR of the UV-irradiated lacZ

reporter gene in AASHCMVspllacZ by y-rays.

Chapter 2 of this thesis outlines the development and application of a
novel QPCR technique for the investigation of HCR in human cells. This

technique was developed in order to more directly assess HCR capacity of cells
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Abstract

We have developed a sensitive new PCR-based assay for determining
DNA repair capacity in a broad range of mammalian cells. Many DNA lesions,
including UV photoproducts, block DNA amplification by Tag polymerase, and
the exponential nature of PCR imparts a tremendous potential for quantifying
the remaining non-adducted DNA templates from small samples.
Ad5HCMVspliacZ is a recombinant non-replicating adenovirus (Ad) containing
the lacZ reporter gene under the control of the human cytomegalovirus (HCMV)
immediate early promoter, inserted into the deleted E1 region of the viral
genome. This virus is unable to replicate, but it can efficiently express the
reporter gene in many types of mammalian cells, including human fibroblasts.
Using quantitative PCR we have measured the induction and repair of UV
photoproducts in a 2.6 kb region of the actively transcribed lacZ reporter gene
encoded by AASHCMVspllacZ and in a 2.8 kb region of the endogenous E4
region of the virus, which is believed to have a decreased level of transcription.
Primers flanking the regions were added to equal amounts of DNA extracted
from cells infected with unirradiated or UV-irradiated AASHCMVspllacZ and
each sample was amplified by PCR using radiolabelled nucleotides as substrates.
PCR products were separated by agarose gel electrophoresis and quantified
using a phosphorimaging system. Results show a simple exponential decrease in
PCR product with increasing UV fluence to the virus, which corresponds to

approximately 1 cyclobutane pyrimidine dimer per PCR-terminating lesion.
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There was a significant removal of UV photoproducts after infection of normal
human fibroblasts, but a reduced removal of lesions, compared to normal
fibroblasts, after infection of nucleotide excision repair deficient fibroblasts
derived from patients with xeroderma pigmentosum (XP) and Cockayne
syndrome (CS). Results indicate that both the global genome repair (GGR)
pathway and the transcription-coupled repair (TCR) pathway are important in
lesion removal from the vector. Also, we have shown that UV-irradiation of
normal human fibroblasts prior to infection with the vector results in an
enhanced rate of removal of photoproducts from AdSHCMVspllacZ,
demonstrating that previous reports of enhanced host cell reactivation of vector
regions are indicative of a genuine inducible DNA repair response in human

cells.
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1. Introduction

UV radiation induces DNA lesions, including cyclobutane pyrimidine
dimers (CPDs) and 6-4 photoproducts (6-4 PP), which are primarily repaired by
nucleotide excision repair (INER) in mammalian cells. Characterisation of NER
has shown two interrelated, but separate pathways: (1) global genome repair
(GGR) — which homogeneously repairs DNA damage in the entire genome, and
(2) transcription-coupled repair (TCR) — which preferentially repairs damage in
actively transcribed genes. Disruptions of these DNA repair processes have been

shown to be associated with mutagenesis and carcinogenesis.

The genetic disorder xeroderma pigmentosum (XP) is an autosomal
recessive disorder, resulting in hypersensitivity to sunlight (particularly the UV
component), and in a predisposition towards the development of skin cancers
(Friedberg, 1995). XP is characterised by deficienciés in NER (Cleaver, 1968),
which may be caused by mutations in any one of at least seven distinct NER
genes, giving rise to thé complementation groups XP-A through XP-G. XP group
C cells have been shown to be proficient in TCR (Venema, et al., 1991), but
deficient in GGR, whereas the other XP complementation groups are deficient in
both TCR and GGR. Cockayne syndrome (CS) is also an autosomal recessive
disease, which results in hypersensitivity to UV light, but affected individuals do
not have an increased rate of skin cancer (Cleaver and Kraemer, 1995). CSis

divided into two complementation groups: CS group A and CS group B. Cells



from CS patients are also deficient in NER, but in contrast to XP cells, they are

proficient in GGR and deficient in TCR (Venema, et al., 1990).

Host cell reactivation (HCR) of a damaged reporter gene introduced into
cultured mammalian cells has been used to assess cellular DNA repair capacity.
Ad5HCMVspliacZ is a recombinant non-replicating adenovirus vector that is
unable to replicate in human fibroblasts in absence of exogenous E1 gene
expression due to a deletion in the E1 region. This vector has the lacZ reporter
gene under the control of the HCMV immediate early promoter inserted into the
deleted E1 region, and it can efficiently infect and express the gene in human
fibroblast cells (Morsy, et al., 1993). Since this virus is unable the replicate,
reporter expression from an UV-damaged virus is dependent on repair of the
transcribed strand of the gene. HCR of B-galactosidase (f—gal) activity for UV-
irradiated AdASHCMVspllacZ has been shown to be reduced in XP and CS cell
strains, relative to normal diploid fibroblasts (Francis and Rainbow, 1999;

McKay, et al., (in press)).

Treatment of cells with UV light, y-radiation or heat shock enhances
reactivation of DNA-damaged virus (Bockstahler, et al., 1976; Jeeves and
Rainbow, 1979a; Jeeves and Rainbow, 1979b; McKay and Rainbow, 1996;
Piperakis and McLennan, 1984). It has been suggested that UV-enhanced
reactivation (UVER) of UV-damaged reporter genes results from induction of

DNA repair mechanisms (Francis and Rainbow, 1999; Protic, et al., 1988; Smith,
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etal., 1995). Brown and Cerutti (1989) showed that UV-enhanced reactivation of
UV-damaged simian virus 40 (SV40) resulted from enhanced restoration of early
viral gene function, suggesting enhanced repair or bypass of DNA lesions in
these early expressed genes. UVER of §-gal activity from recombinant
Ad5HCMVspliacZ is TP53-dependent (McKay, et al., 1997) and the induced
response appears to involve the TCR pathway (Francis and Rainbow, 1999;
McKay, et al., 1997). To help ascertain whether UVER of AASHCMVsplilacZ
truly reflects an increase in DNA repair (rather than enhanced RNA polymerase
II bypass of lesions), we have developed a quantitative PCR assay to investigate
HCR of this vector which does not rely on functional gene expression as an

endpoint.

Recently, several quantitative PCR (QPCR)-based techniques have been
used to study DNA damage and repair in mammalian cells (Chakalova and
Russev, 1998; Drouin and Therrien, 1997; McCarthy, et al., 1996; McCarthy, et
al., 1997). The basis for these assays is the blockage of DNA polymerase from
 Thermus aquaticus (Taq polymerase) by DNA lesions (both CPDs and 6-4PPs)
generated by irradiation with UV light (Wellinger and Thoma, 1996). The
exponential nature of PCR imparts a tremendous potential to quantify remaining
non-damaged DNA templates from small samples. Previous studies using these
techniques focused on DNA repair of endogenous mammalian genes after
irradiation of cells with UV light. These techniques have the limitation of the

inability to examine basal endogenous DNA repair mechanisms in cells, i.e.
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without exposing cells to damaging agents such as UV light. A second limitation
of these techniques is the inability to examine inducible repair of DNA damage
from one type of agent in cells treated with another agent, e.g. examining UV

damage repair in cells treated with ionising radiation.

This report details a novel QPCR technique for assessing UV
photoproduct induction and repair using HCR of AASHCMVspllacZ. This El-
deleted adenovirus vector is able to efficiently infect many mammalian cell types
(including human cells) and to express the lacZ reporter gene (Morsy, et al.,
1993). It has been reported that in E1-deleted adenovirus vectors transcription of
the E4 region is impaired (Berk, et al., 1979; Jones and Shenk, 1979; Nevins, 1981 ;
Lusky, et al., 1998). We examined HCR of a 2.6 kb fragment of the actively
transcribed lacZ gene (inserted into the deleted E1 region of Ad5), and a 2.8 kb
fragment of the endogenous E4 region of the virus in unirradiated normal
human fibroblast cells, and NER-deficient XP-C, XP-A, and CS-B cells. We show
that UV irradiation of viral DNA results in a fluence-dependent uniform
decrease in PCR product. There is significant removal of photoproducts from the |
two fragments observed in AASHCMVspliacZ after infection of normal human
fibroblasts, whereas the removal of damage was significantly less than normal
following infection of NER-deficient XP and CS cells. Results indicate that both
GGR and TCR are important in NER of AdSHCMVspllacZ in untreated cells.

We also used this technique to assess repair of the two fragments after infection

of UV pre-irradiated normal human fibroblasts cells. We found an increased rate
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of lesion removal from the vector in irradiated normal human cells as compared

to unirradiated cells for both regions of the vector examined.

2. Materials and Methods

2.1 Cells and Virus

The normal human fibroblast strains GM09503, GM08399A, GMO00037F,
IMR90 (lung fibroblast) and the NER-deficient XP-C GMO00030A (XP3BE) and
GMO00510 (XP1PW), XP-A GMO00082 and CS-B GM01428 (CS7SE) were obtained
from the NIGMS Human Genetic Cell Repository (Camden, NJ). The Ad E1
region transformed human 293 cells (Graham, et al., 1977) for propagating virus
were obtained from Dr. F. L. Graham (McMaster University). Cultures were
maintained in o-minimal essential medium (Gibco BRL), supplemented with
10% foetal bovine serum (Sigma F-4135) and 1% antibiotic/ antimycotic
(100pg/ ml penicillin G sodium, 100ug/ ml streptomycin sulphate and 250 ng/ml

amphotericin B (Gibco BRL)) in a humidified atmosphere of 5% CO, at 37°C.

The vector AASHCMVspllacZ is a non-replicating recombinant human
adenovirus expressing the bacterial lacZ gene under the control of the HCMV
immediate early promoter. This virus expresses §-gal in various human cell lines

(Morsy, et al., 1993), and to ensure that it was not replicating a fresh stock was
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grown up after plaque purification as described previously (Graham and Prevec,
1991).

2.2 UV Irradiation of Virus and Cells

UV irradiation of adenovirus has been described previously (Bennett and
Rainbow, 1988). Briefly, viral suspensions in phosphate buffered saline (PBS)
supplemented with 1% MgCl, and 1% CaCl, (PBS”") were irradiated on ice, with
continuous stirring, using a General Electric germicidal lamp (G8T5) at an
intensity of 2]/ m’s at predominantly 254 nm. Aliquots of irradiated virus were

removed sequentially during irradiation to vary the fluence, and diluted

appropriately with PBS”". For UV-enhanced reactivation experiments, confluent

cells were irradiated by the same UV source 24 hours after seeding, in 200 pl

unsupplemented PBS, at a fluence rate of 1]/ m’s, for a total fluence of 10J/ m’.

2.3 Infection of Cells and DNA Isolation

Cells were seeded in 24-well plates (Falcon) at a density of 1 x 10° cells per
well and left for 24 hours. Confluent cells were infected wifh either non-
irradiated or UV-irradiated virus in a total volume of 200 ul (in PBS**) at a
multiplicity of infection (MQOI) of 50 plaque-forming units (pfu) per cell.

Following viral adsorption for 60 minutes at 37°C, the viral suspension was
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aspirated and replaced by 1 ml of supplemented growth medium until cell lysis.
For UV-enhanced reactivation experiments, cells were infected with virus 24

hours after UV irradiation.

For the t=0 h time point samples, immediately after addition of virus to
the cells, an equal volume of a pronase digestion solution (Img/ml pronase
(Gibco BRL) in 0.01M Tris-HCl pH 7.5, 0.01M EDTA, 1% SDS) was added, to lyse

the cells. For all other time points, media was aspirated at the appropriate time

after infection, 200 ul of PBS” was added, and then an equal volume of pronase
solution was added. Pronase digestion was allowed to proceed for 3-4 hours at

37°C. Digested samples were stored at —20°C until DNA extraction.

Total DNA was isolated using a volume-controlled modified
phenol/ chloroform extraction procedure (Sambrook, et al., 1989). Briefly, one
volume of phenol/ cMorofqrm /isoamyl alcohol (25:24:1 (Gibco BRL)) was added
to the sample, and the aqueous layer removed. Then, a back extraction
(Sambrook, et al., 1989) was performed by adding one volume of TE to the
phenol-containing phase, again removing the aqueous layer and adding this to
the first aqueous aliquot. This was followed by a chloroform/isoamy! alcohol
(24:1) extraction of the combined aqueous solution, and ethanol precipitation.
The DNA was resuspended in 50 ul TE, and an appropriate dilution of this stock

was used for quantitative PCR.
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2.4 Quantitative PCR

The sequence of the AASHCMVspllacZ vector (provided by Dr. F. L.
Graham) was used for primer design. Four oligonucleotides (MOBIX Facility,
McMaster University) were used as two pairs of PCR primers (see Figure 2-1) -
one amplifying the lacZ gene inserted into the deleted E1 region, and one
amplifying the adenoviral E4 region. The lacZ gene primers 5-GGT GTG GGC
CAT AAT TCA ATT C-3' (primer A, positions 782 to 803 in vector sequence) and
5-ATA CTG TCG TCG TCC CCT CAA A-3' (primer B, 3385 to 3364) were used to
amplify a 2604 bp fragment. The E4 region primers 5-TAC TGG AGC CIT GGG
TTT TGA T-3' (primer C, 32045 to 32066) and 5-GGT TGA AGG TGC TGG AAT
GTT T-3' (primer D, 34862 to 34841) were used to amplify a 2818 bp fragment. In
initial experiments, the two regions were amplified independently, but in later
work a more efficient multiplex PCR reaction with both pairs of primers was
used. A typical 100 ul reaction in a 0.2 ml thin-walled PCR tube contained 10 pl
of appropriately diluted template DNA, and 90 ul of PCR master mix (10 pl 10 x

PCR buffer (Gibco BRL), 0.5 mM each primer, 200 uM each dNTP (Amersham

Pharmacia Biotech), 1.5 mM MgCl,, 2.5 U PlatinumTaq (Gibco BRL), 0.15 pl > P-
dCTP and water (to a volume of 90 ul per reaction)). One master mix stock was
used for all PCR reactions in each experiment. The samples were mixed and
placed in the thermal cydler (M.]. Research PTC-100 with HotBonnet). The
thermal cycler was programmed to operate with a 30 sec, 94°C denaturation step,

followed by 24-26 reaction cycles of 1.5 min at 94°C, 1 min at 54°C and 2 min at
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72°C, with an additional final 2 min, 72°C elongation step. These reactions were
kept at 4°C until further analysis. PCR product was measured by quantitation of
incorporated radiolabelled deoxyribonucleotide (*P-dCTP). Spedifically, 25 ul of
PCR product and 5 pl of loading buffer (0.25% bromophenol blue, 0.25% xylene
cyanol FF, 30% glycerol in water) were separated by agarose gel electrophoresis
(0.8% gel) in 0.5 x TBE (45 mM Tris-borate and 1ImM EDTA). The gels were dried
(BioRad Model 583 gel dryer) and then exposed to and quantitated using a

phosphorimager system (Molecular Dynamics).

In order for PCR to be quantitative, PCR amplification must be measured
in the exponential phase of the reaction (Morrison and Gannon, 1994). Since
efficiency of viral uptake differs in the various cell types under various
conditions (such as irradiated vs. unirradiated cells), and the amount of adsorbed
virus is less that the total amount of virus used for infection, we needed to ensure
that PCR amplification was indicative of initial amounts of undamaged DNA.
Thus, a two-fold dilution seﬁes was carried out for aliquots of each unirradiated
sample and was subjected to PCR in parallel with experimental samples (Figure
2-2A). The resulting calibration curve (Figure 2-2B) was used to determine the
reduction in PCR product following UV exposure to the virus. For each of the
experimental samples, duplicate PCR reactions were carried to determine the
relative PCR product amount. A typical multiplex QPCR experiment with serial

dilution is shown in Figure 2-3.
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3. Results

3.1 The rationale

The basis of PCR assays for DNA repair is that UV photoproducts block
DNA amplification by Taq polymerase (Wellinger and Thoma, 1996), and that the
exponential nature of PCR imparts a tremendous sensitivity to the quantitation
of remaining non-adducted DNA templates from small samples. Using a
convenient multiplex PCR reaction to amplify several genomic regions
simultaneously eliminates differences that may occur as a result of independent
PCR amplifications, and also reduces total resources used. HCR Vtechniques for
DNA repair have the advantage of independent irradiation of DNA and host
cells, which is advantageous when looking at inducible DNA responses. In this
study, we have combined the attributes of multiplex QPCR and HCR by using a
non-replicating Ad vector as a template for a PCR technique that measures repair
of regions in the viral genome. Comparisons can be made with results that were
~ previously obtained by examining HCR of reporter gene expression from the

same viral vector.
3.2 UV damage to the virus

Unirradiated and UV-irradiated AASHCMVspllacZ virus was used to

infect normal skin, normal lung, XP-C, XP-A and CS-B fibroblast strains. QPCR
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was used to amplify a 2.6 kb region of the lacZ gene and a 2.8 kb region of the
endogenous E4 region of this vector. For each experiment, a dose-response curve
(t=0 hours samples) was obtained by plotting relative survival of PCR product
amount after irradiation. A plot of the pooled survival curves of PCR product
with increasing UV fluence (for all experiments) is shown in Figﬁre 2-4. UV
irradiation of AASHCMVspllacZ resulted in a simple exponential decrease in
PCR product with increasiﬁg UV fluence for both the lacZ and E4 fragments. The
fluence required to reduce the amount of PCR product to 37% of that for
unirradiated virus (D) was calculated (using SF = e ™/, where SF is the
surviving fraction of PCR product) to be 128.5 J/m? for the lacZ fragment
(R>>0.99) and 88.0 J/m? for the E4 fragment (R*>>0.99) from fitted simple

exponential functions.
3.3 Host cell reactivation of PCR product in normal and deficient cell lines

- We have used QPCR to examine HCR of an UV-damaged
Ad5HCMVspliacZ vector in NER-proficient and NER-deficient cell strains.
Typical survival curves for PCR product from irradiated AASHCMVspllacZ
following infection of normal, XP-C, XP-A and CS-B human fibroblast strains are
shown in Figure 2-5. It can be seen that relative survival increases significantly
over time for normal fibroblast cell strains, whereas NER-deficient cell strains
show reduced relative survival over time compared to normal cells. For the XP-

C cell strain GMO0030A (Figure 2-5, panel C) relative PCR product actually
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2604 bp 2818 bp
—— D ————
C
A : 3385 : 34862
782 3204
B D
lacZ in AE1 > ' E4 ORF

Primer A: Primer C:
5-GGTGTGGGCCATAATTCAATTC-3 5-TACTGGAGCCTTGGGTTTTGAT-3
Primer B: Primer D:

5-ATACTGTCGTCGTCCCCTCAAA-3’ 5-GGTTGAAGGTGCTGGAATGTTT-3
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Figure 2-2. Typical QPCR experiment using lacZ primers. (A) Image of
PCR products amplified from DNA extracted from cells infected with
Ad5HCMVspliacZ at an MOI of 50 (0.8% agarose gel). Lanes 1-6 show 2-
fold serial dilutions, lanes 7 & 8 show duplicate PCR reactions from
unirradiated samples, lanes 9-14 show duplicate reactions from UV
irradiated Ad samples. (B) Plot of PCR amplified serial dilution of
unirradiated Ad sample (lanes 7 & 8 in Fig. 2-2A). Line of best fit
(minimised %?, Microcal Origin 6.0) was used to produce a calibration
curve used to determine reduction in PCR product following UV

irradiation.
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Figure 2-3. Typical multiplex PCR experiment using lacZ primers and E4
primers. (A) Image of PCR products amplified from DNA extracted from
cells infected with AdSHCMVspllacZ at an MOI of 50 (0.8% agarose gel).
(B) Plot of PCR amplified serial dilution of unirradiated Ad sample

(shown in Fig. 2-3A) for E1 (®) and E4 regions (M).






80

Figure 2-4. Dose-response curves for 2 regions of UV-irradiated
AdSHCMVspllacZ. A uniform single exponential decrease in PCR
product is detected with increasing UV fluence. The points represent the
mean (+ SE) of 12 experiments (2 PCR reactions for each of 2 experimental
samples per experiment) for the E1 (®) and E4 regions (M). E1 fragment
D,=128.5J/ m? and E4 fragment D;=88.0 ]/ m”. Based on the slope of the
line of best fit (Microcal Origin 6.0), lesion frequency was 2.99 x 10°
lesions/ nucleotide/J/m? for the E1 fragment and 4.04 x 10

lesions/ nucleotide/J/m? for the E4 fragment.
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Figure 2-5. Typical results of HCR experiments for normal and NER-
deficient cells. Times shown are t=0 h (W), t=24 h (®), t=36 h (A) and

t=48 h (@®). Cell strains: (A) GM09503 (normal), (B) GM08399 (normal),
(C) GMO0030A (XP-C), (D) GM00510 (XP-C), (E) GM01428 (CS-B) and (F)
GMO00082 (XP-A). Each data point represents duplicate PCR reactions

(+ SE) from one experimental sample.
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Figure 2-6. Repair of UV-induced lesions from AdSHCMV spllacZ.
Lesion removal is shown for (A) the E1 region and (B) the E4 region for
the four (pooled) normal fibroblast lines (W), GMO0030A (XP-C) (@),
GMO00510 (XP-C) (¢), GM00082 (XP-A) (A), and GM01428 (CS-B) (V).
Data points represent the mean (+ SE) of relative lesion removal
(described in Results section 3.3) for all three doses (two PCR

reactions/ experimental sample at each dose of 100, 200 & 300 J/ m?) from

two or more experiments (except GM00030A E4 region — 1 experiment).
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Figure 2-7. UV-enhanced host-cell reactivation of PCR product in normal
human lung fibroblasts. Effect of 10 J/m? UV treatment of human
fibroblast cells (IMR90) 24 hours prior to infection of with UV-irradiated
AdSHCMVspllacZ. Results shown for actively transcribed lacZ gene in
deleted E1 region at t=0 h (W), t=24 h in untreated cells (®), t=24 h in UV
treated cells (@), t=36 h in untreated cells (O) and t=36 h in UV treated

cells ().
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Figure 2-8. UV-enhanced lesion removal in normal lung fibroblasts.
Lesion removal is shown for untreated IMR90 cells from the E1 region (®)
and the E4 region (@), as well as for UV pre-irradiated (10 J/ m?) cells
from the E1 region (O) and the E4 region (). Data points represent the
mean (= SE) of relative lesion removal (described in Results section 3.3) for
all three doses (two PCR reactions per sample at each dose of 100, 200 &

300 J/m?) from two experiments.
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Study of the Inducibility of Nucleotide Excision Repair by Gamma Rays
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1. Introduction

Ionising radiation (IR) has many effects on mammalian cells. DNA is
believed to be the principal target for the biological effects of ionising radiation,
including cell killing, mutation, and carcinogenesis (Hall, 1994). The effects of IR
on DNA include single-strand breaks, double-strand breaks, crosslinking of
DNA (intrastrand and interstrand), crosslinking of DNA with proteins, and base
modification (Travis, 1989). In addition to the effect on DNA, IR also activates
pathways originating in the cell membrane or cytoplasm, triggering
phosphorylation cascades similar to those induced by activation of cell-surface
receptors (reviewed in Canman and Kastan, 1996). A range of agents, including
UV light, heat shock, carcinogenic drugs and other mutagens triggers several of
these “stress response” pathways. The effects of IR and UV in triggering these
pathways are best characterised, and appear to be very similar (reviewed in

Eckardt-Schupp and Klaus, 1999).

Our laboratory group is interested in the study of DNA repair
mechanisms. Of particular interest is the inducibility of DNA repair by various
mechanisms, as this has implications in both carcinogenesis and cancer treatment
therapies. Previous work with mammalian cells showed that IR can enhance
reactivation of UV-damaged virus (Bockstahler and Lytle, 1971; Bockstahler and

Lytle, 1977; Hellman, et al., 1976; Jeeves and Rainbow, 1979; Jeeves and
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Rainbow, 1983a). The purpose of this study was to examine the potential of IR to
induce NER. Using a host cell reactivation (HCR) assay for a UV-damaged
reporter gene in an adenovirus vector (McKay, et al., (in press)), it has been
shown that both UV light (Francis and Rainbow, 1999) and heat shock (McKay, et
al., 1997a; McKay and Rainbow, 1996) stimulate a TP53-dependent DNA repair
response in human cells that is dependent on transcription-coupled repair (TCR).
Using the same protocol as was used for UV- and heat shock-enhanced
reactivation studies, I examined the ability of y-radiation to enhance HCR of an

UV-damaged reporter gene.

2. Materials and Methods

2.1 Cells and Virus

The normal human fibroblast strains GM09503, GM00038A, GM00969 and
the NER-deficient XP-C strains GM00030A (XP3BE) and GM00677A (XP2BE)
“were obtained from the NIGMS Human Genetic Cell Repository (Camden, NJ).
The human cervical carcinoma HeLa cells were obtained from the American
Type Cultured Cell Collection (Rockville, Maryland). The squamous cell
carcinoma SCC-25 cells were obtained from Dr. J. Lazo (University of Pittsburgh
School of Medicine, Pittsburgh, PA) and the normal lung epithelial 1.132 cells
were obtained from Dr. J. Arrand (Brunel University, Uxbridge, UK). AS99048

fibroblast cells were obtained by skin biopsy from a patient under Dr. M.
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Khalifa's care at the Kingston General Hospital, who is believed to have
Cockayne syndrome. The Ad E1 region transformed human 293 cells (Graham,
et al., 1977) for propagating virus were obtained from Dr. F. L. Graham
(McMaster University). Cultures were maintained in a-minimal essential
medium (a-MEM) (Gibco BRL), supplemented with 10% foetal Bovine serum
(Sigma F-4135) and 1% antibiotic/ antimycotic (100pg/ ml penicillin G sodium,
100ug/ ml streptomycin sulfhate and 250 ng/ml amphotericin B; Gibco BRL) in a
humidified atmosphere of 5% CO, at 37°C.

The vector AASHCMVspllacZ is a recombinant non-replicating
adenovirus expressing the bacterial lacZ gene under the control of the HCMV
immediate early promoter. This virus efficiently infects human cells and
éxpresses B-gal (Morsy, et al., 1993). Virus stocks were prepared as described

previously (Graham and Prevec, 1991).
2.2 Irradiation of Virus and Cells

UV irradiation of adenovirus has been described previously (Bennett and
Rainbow, 1988). Briefly, viral suspensions in phosphate buffered saline (PBS)
were irradiated in 35-mm dishes on ice, with continuous stirring, using a General
Electric germicidal lamp (G8T5) at an intensity of 2 J/ m?s at predominantly 254
nm. Aliquots of irradiated virus were removed sequentially during irradiation

to vary the fluence, and diluted appropriately with unsupplemented o-MEM.
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Figure 3-2. Typical result of YRER experiment suggesting possibility of
enhanced reactivation in GM38A cells due to treatment of cells with y-

rays. Data points represent the mean of three replicates (+ SE) from one
experiment. Cells were treated with 0 Gy (squares), 1 Gy (circles), 2 Gy
(up-triangles), 5 Gy (down-triangles) or 10 Gy (diamonds) y-rays from a

¥ Cs source at a dose rate of 0.17 Gy per minute.
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Table 3-1. Relative D;; values (+ SE) for HCR of reporter gene expression in y-ray
treated cells. Relative D3, represents ratio of Ds; for y-ray treated cells / Dy for
untreated cells.

CELL CELL TYPE No. OF RELATIVE D3,
LINE/STRAIN EXPERIMENTS (=SE)
GM9503 normal 5 0.64+0.06
GM38A normal 4 0.72+0.09
GM969 T normal ' 1 N/AZ
GM677 XP-C 2 0.86+0.17
GM30A XP-C 1 0.73
1132 normal lung 2 1.02+0.08
epithelial
SCC25 squamous cell 3 1.25+0.11
carcinoma
Hela ovarian 3 0.79+0.08
carcinoma
AS99048 unknown (skin 1 2.27+0.90°
fibroblast cells)

2 survival curves were such that determination of a D, value was not possible
? relative D;; values for each of two y-ray doses not significantly > 1
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Figure 3-3. Results of YRER experiment with UVER done in parallel (as
positive control) suggesting no enhanced reactivation due to treatment of
cells with y-rays. Data points represent the mean of three replicates (+ SE)
from one experiment with GM9503 (normal fibroblast) cells (panel A) and
GM30A (XP-C) cells (panel B). Cells were untreated (squares), treated
with 1 Gy (circles), 10 Gy (up-triangles) y-rays from a B7Cs source at a
dose rate of 0.17 Gy per minute, or 15 J/m? UV-C (diamonds) at fluence

rate of 1J/m?/s.
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coupled repair (TCR) pathways. We also found an increased rate of lesion
removal from the vector in irradiated normal lung fibroblast cells compared to
unirradiated cells, providing evidence of an UV-inducible repair mechanism in

human cells.

Investigation of the inducibility of nucleotide excision repair by ionising
radiation, utilising HCR of B-gal reporter expression from AASHCMVspllacZ as
an endpoint, did not show a significant enhancement in HCR in y-ray irradiated
cells compared to unirradiated cells. Future study into such a mechanism
utilising the B-gal assay should be done with a plaque-purified, caesium chloride
purified virus prep to minimise the experimental error. Alternatively, the
quantitative PCR technique described in Chapter 2 may provide the necessary
sensitivity needed to detect small changed in HCR, if present. However,
evidence suggests that if IR does enhance an UV-damage repair mechanism, this
enhancement may be short-lived, and it may occur at times earlier than those for
UVER. This effect (if preseﬁt) might not even be detectable by viral HCR studies,
since the enhancement may subside by the time the UV-damaged virus becomes

accessible to the nuclear repair machinery.
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Appendix A

Investigation of UV-Inducible HCR Response in XP-C Cells by QPCR
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Previous work from our laboratory group showed that UV-C light
enhances reactivation of a reporter gene in XP-C fibroblast cells infected with
UV-damaged AdSHCMVspliacZ (Francis and Rainbow, 1999), suggesting a
TCR-dependent inducible repair response. Two experiments were conducted
using the QPCR technique (described in Chapter 2) to investigate the inducibility
of lesion removal in XP-C cells (GMO00510); these experiments were carried out in
parallel with the normal lung fibroblast cells (IMR90). Results for these two
experiments with XP-C cells are shown in Figure A-1. Initial survival and HCR
of PCR product amount was investigated for both the lacZ fragment (in the E1
deleted region) and E4 region of Ad5 HCMVspllacZ. Results of the first
experiment (Figures A-1, panels A & B) showed an inducible response at t=24 h
in UV irradiated cells compared to unirradiated cells, but decreased HCR at t=36
h in irradiated cells compared to unirradiated cells. In the second experiment
(Figures A-1, panels C & D), UV irradiated cells showed decreased HCR
compared to unirradiated cells in UV-irradiated cells at both the t=24 h and t=36
h time points. Both experiments utilised the same virus prep for infection, |
similar (but independent) UV irradiation of the virus, the same UV source for
irradiation, similar experimental conditions, and similar (but independent) UV-

irradiation of host cells.

The cause of this observed decreased HCR of PCR product (below levels

in unirradiated cells) in UV-irradiated XP-C cells has not been determined. One
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Figure A-1. Results of two experiments using the QPCR technique to
assess inducibility of lesion removal from AASHCMVspliacZ in GM510
(XP-C) cells by UV light. The first experiment showed an inducible
response (increased HCR) in both the E1 (panel A) and E4 (panel B)
fragments at t=24 hours after infection of cells (but decreased HCR at t=36

h) with 10 J/m? UVC treatment of cells (24 hours prior to infection). In the
second experiment, there was a decrease in HCR of PCR product from
both the E1 (panel C) and E4 (panel D) fragments in UV-treated cells

compared to untreated cells at both time points.
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possible explanation for this effect is an apoptotic response in UV-treated cells
infected with AASHCMVspliacZ containing UV lesions. There is evidence
supporting the idea that UV-light induced apoptosis is triggered by a blockage of
RNA polymerase IT (Ljungman and Zhang, 1996). Although XP-C cells are NER-
deficient (Cleaver, 1968), they retain proficient TCR (Venema, et al., 1991), which
specifically recognises and removes lesions in human genes transcribed by
RNAPII (Hanawalt, 1994) at a rate faster than the GGR pathway (Bohr, et al.,
1985). The TCR pathway also removes UV-induced lesions in actively
transcribed genes faster than in the rest of the genome (Bohr, 1987). It is believed
that proficient TCR in XP-C cells removes lesions in the transcribed strand
sufficiently, so that apoptosis is not as easily triggered (by RNAP II blockage) in
these cells as in other NER deficient cells (Ljungman and Zhang, 1996; McKay, et
al.,, 1997b). However, removal of lesions from AdSHCMVspllacZ appears to be
different from lesion removal in endogenous human genes in XP-C cells. These
cells appear to have a deficiency in lesion removal from the actively transcribed
lacZ gene in Ad5HCMVspilacZ compared to normal cells (Francis and Rainbow,
1999), and they do not show preferential lesion removal from active genes over
less transcribed areas of the vector (Chapter 2). Therefore, there may be a
sufficient persistence of lesions in the active lacZ gene of AASHCMVspllacZ to
sufficiently block RINA polymerase II to induce an apoptotic response in UV-
irradiated XP-C cells.
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Previous study of UV-enhanced reactivation in XP-C cells (Francis and
Rainbow, 1999) assessed reporter gene activity as an endpoint for host-cell
reactivation. In this type of experiment, cumulative -gal protein product is
quantitated and used as an indicator of cellular repair activity. Thus, any
degradation of DNA due to apoptosis (after repair has occurred, and lacZ
transcribed) would not affect the observed endpoint. In contrast, a PCR-based
technique such as the one presented in Chapter 2 would detect DNA degradation
by an apoptotic response. Another difference to note between the two assays is
the timing between UV treatment of cells and repair assessment. In the g-gal
assay, cells are infected immediately after UV-irradiation. In the QPCR assay,
there is a 24-hour delay between treatment of cells, and infection of cells. Thus,
B-gal assay assesses repair at the 40-hour time point (post-UV treatment of cells),
whereas at the 36-hour time point in the QCR assay, the cells are being harvested
60 hours post-UV treatment, allowing more time for UV-induced apoptosis (if
present). Further study is necessary to determine whether apoptosis is the cause

of this effect.












127

Figure B-1. Scheme for the synthesis of deleted internal standard for
quantitative PCR of AASHCMVspllacZ. Individual steps are described in
the text. (Adapted from Jin et al, 1994).
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The thermal cycler was programmed to operate with: an initial 94°C for 1 min,
followed by 27 cycles of 94°C for 1 min, 54°C for 1 min, 72°C for 3 min and
ending with a final 3 minutes at 72°C. Reactions were kept at 4°C until
purification and analysis. PCR product was purified (Qiagen QIAquick PCR
purification kit) and electrophoresed on a 0.8% low-melt agarose gel (see figure
B-2) to verify PCR amplification and product size (2386 bp). PCR product was
excised from the gel, and purified using a phenol:chloroform extraction
(Sambrook, et al., 1989). Upon quantitation of product yield, this competitive
template is ready to be used in QPCR to quantify the number of copies of lacZ

gene in a sample, carried in AASHCMVspllacZ.
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Figure B-2. Agarose gel analysis of lacZ deletion construct. Lanes 1, 2, 4
and 5 contained the 2386 bp product. Lane 3 contains a 1 kb ladder (MBI
Fermentas). Construct was isolated from lanes 1 and 5 by lining up the
lanes with ethidium bromide (EtBr) stained (and visualised on UV
transilluminator) middle gel fragment, containing lanes 2 and 4. Outside
gel segments containing Lanes 1 and 5 were EtBr stained after excision to

ensure that t_he construct was retrieved.
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