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ABSTRACT 

The repair of DNA damage is vital to the health and survival of organisms and 

their cells. In humans, there exist several disorders that involve the inefficient processing 

or repair of DNA damage. Cellular sensitivity to DNA-damaging agents is a hallmark 

of repair-deficient S) ndromes which are often associated with an increased risk of cancer. 

In this work, I have investigated the repair of cisplatin-damaged DNA by utilizing host 

cell reactivation anc cellular capacity assays that assess DNA repair using adenovirus 

(Ad) as a probe. Cisplatin is a widely used chemotherapeutic drug that induces both 

intrastrand and interstrand crosslinks in DNA. The host cell reactivation (HCR) assay 

examines the abilit) of host cells to repair and hence, replicate cisplatin-damaged Ad 

DNA. This assay is believed to primarily be a measure of bulk nucleotide excision DNA 

repair. The cellular capacity assay examines the ability of cisplatin-damaged cells to 

support the replication of undamaged Ad DNA, and is thought to reflect the repair of the 

active cellular genes necessary for Ad replication. The repair of cisplatin-damaged DNA 

was studied in thm~ human genetic syndromes - Roberts syndrome (RS), xeroderma 

pigmentosum (XP) c:.nd Li-Fraumeni syndrome (LFS). Fanconi's anemia (FA) cells were 

also used as a contml strain. 

RS is characterized by growth retardation, limb reductions and craniofacial 

abnormalities. Cell; from a subset of RS patients, termed RS+, are hypersensitive to 

several DNA-damaging agents, and it has been suggested that this hypersensitivity may 

result from a deficiency in the DNA repair capacity of these cells. (XP patients are 

sensitive to ultra viol ;!t light and are prone to the development of skin cancers. Cells from 

these patients are deficient in the nucleotide excision repair (NER) pathway responsible 

for repair of UV -induced lesions.) Patients with FA have a variety of congenital 

abnormalities, including a high susceptibility to leukemia. FA cells are sensitive to DNA­

crosslinking agents such as mitomycin C (MMC) and cisplatin. Using the HCR and 

cellular capacity as~.ays, deficiencies in DNA repair were detected in the XP and FA 
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fibroblasts but not in the RS+ fibroblasts when compared to normal strains. The NER­

deficient XP cells showed a significant reduction in both HCR of cisplatin-damaged Ad 

and in their capacity to support Ad replication following cellular cisplatin damage 

suggesting that cisp latin damage is repaired at least in part by the NER pathway. The 

normal HCR and capacity response of the RS+ cells compared to the XP cells suggests 

that the hypersensiti·1ity of RS+ cells to DNA damage is not due to a deficiency in NER. 

The FA cells had normal HCR of cisplatin-damaged Ad but were significantly reduced 

in their capacity to support Ad replication following cisplatin treatment which was 

attributed to a defici,~ncy in the repair of DNA interstrand crosslinks. RS+ cells were not 

reduced in their capc.city to support Ad DNA replication, suggesting that the RS+ cellular 

hypersensitivity doe; not result from a deficiency in interstrand crosslink repair as seen 

with FA cells. 

LFS is a cancer prone syndrome that involves mutations in the p53 tumour 

suppressor gene. It was found that HCR of cisplatin-damaged Ad was normal in both 

p53-heterozygous and -hemizygous LFS cells, whereas the NER-deficient XP cells had 

significantly reduced HCR. The capacity of cisplatin-damaged, p53-heterozygous LFS 

fibroblasts was significantly reduced compared to normal cells. This suggests that 

although the LFS fibroblasts appear to have normal bulk NER, as shown by HCR, they 

appear to be deficier t in the repair of the actively transcribed cellular genes necessary for 

viral replication. These results suggest a role for p53 in the repair of cisplatin damage 

of active genes. 
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PREFACE 


This thesis is presented in five chapters. The introduction is the first section 

which provides background information concerning the work presented. Chapter two is 

a summary of data from initial experiments conducted to determine the appropriate 

parameters of the experimental assays used for all subsequent work. Chapters three, four 

and five have beer written as papers in preparation for submission and publication. 

Chapter three presEnts the results of the examination of the DNA repair capacity of 

cisplatin damage in Roberts syndrome cells. All work presented in this chapter was 

conducted by the author. Chapter four examines the repair of cisplatin-damaged virus in 

repair-deficient Chinese hamster ovary cells, xeroderma pigmentosum fibroblasts, and 

human tumour cell lines. This paper was written by J. Todd Bulmer. My contribution 

to this work includes most of the data for the xeroderma pigmentosum cells with the 

exception of the XP-C and XP-F cell strains. Experiments with the CHO and tumour 

cells were carried out by J.T. Bulmer. The last chapter of the thesis presents the results 

of the examination :)f the response of Li-Fraumeni cells to cisplatin-damaged DNA. All 

work presented in ;:hapter five was carried out by the author with the exception of a 

single host cell reactivation experiment which was done by J.T. Bulmer. Finally, a brief 

summary of all data is presented including the major implications of this work. 
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CHAPTER ONE 

INTRODUCTION 



INTRODUCTION 


DNA REPAIR 

A. DNA Damage llnd its Potential Consequences 

The integrity of a cell's DNA is vital to its survival and proper functioning. 

Genomic damage can have potentially severe consequences as the code contained within 

it is the basis for a .I protein synthesis, and hence, all cellular functions. The need for 

mechanisms capable of removing and repairing DNA damage is ever-present both due to 

intrinsic damage trat results from normal cellular metabolism and to cope with the 

genotoxic agents th1t are present in the environment. 

The alterations of DNA that arise from within the cell include mismatched bases 

following DNA replication, tautomeric base shifts, deamination of bases, depurination and 

depyrimidination, and oxidative damage by free radicals (Friedberg et al., 1995). The 

physical factors that can alter DNA include ionizing radiation and ultraviolet (UV) 

radiation. These af:ents have been around since life began. It has been suggested that 

mechanisms of UV lesion repair must have evolved very early in order for organisms to 

have survived the damaging effects of UV light. There also exist numerous chemical 

agents that can react with and damage DNA. The study of chemically-induced damage 

has become important in the field of cancer chemotherapy, which takes advantage of the 

ability of certain drugs to kill tumour cells by damaging their DNA. As well, the 

abundance of envirc nmental toxins that surrounds us also merits study of these chemicals 

to determine their potential effects on our cells and our health. Some of the major types 

of DNA-damaging chemicals include: alkylating agents, crosslinking agents such as 

cisplatin and photoreacted psoralens, and others such as aflatoxins which are metabolically 

activated by the body to more reactive forms. Xenobiotics, man-made molecules not 

naturally present in the environment, could pose the greatest threat because they may not 

be recognized by the evolutionary established repair mechanisms present in our cells. 
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The consequences of DNA damage on the cell vary depending on the nature of 

the damage and the region of the genome that is affected. (Some damage, such as double 

strand DNA breaks. may be lethal while other types of lesions may lead to mutagenesis 

and cance_:} Oxidative damage is the most abundant type of damage seen by the cell 

every day and is believed to be a contributing factor of aging and cancer (Ames and 

Gold, 1991). 

B. DNA Repair Mechanisms 

In mammalian cells, many different types of DNA lesions are removed by 

excision repair in which the damaged bases or nucleotides are excised from the DNA 

strand and replaced by the appropriate sequence. There are three distinct biochemical 

mechanisms that irvolve excision repair. Base excision repair is mediated by DNA 

glycosylases and AP endonucleases, mismatch repair deals with mispaired bases resulting 

from replication, and nucleotide excision repair is responsible for removing more complex 

lesions. Other t)rms of repair include simple ligation of strand breaks and 

recombinational repair which involves both nucleotide excision and recombination. 

1. Base Excision Repair 

Damaged, mispaired, modified and inappropriate bases are all recognized by 

DNA glycosylases. Several different DNA glycosylases have been identified, and they 

all have specificity for certain bases with particular modifications. This process of repair 

begins with the removal of the damaged base from the nucleotide by the catalytic action 

of the glycosylase (Lindahl, 1976). This results in an apurinic or apyrimidinic (AP) site 

depending on the nature of the base removed. The second enzyme involved is a 5' AP 

endonuclease whicr incises the DNA strand by hydrolysis of the phosphodiester bond 

(Lindahl, 1979). The third step is excision of the deoxyribose-phosphate group (from 

which the base was removed) by DNA deoxyribophosphodiesterase (dRpase). The 

3 




BASE EXCISION REPAIR 

3' 


5' 


DNA glycosylase t 0 
0000~!000 • Free base 

5.~ • r excised 

5' AP endonuclease t f) 
3

5'~0~3' 
dRpase t E) 

0000 000 + p I'OH 
5'~0~~3' -...1 

DNA pc•lymerase + DNA ligase t 0 

Figure I. Base Excision Repair 

Figure is a scht~matic representation of the process of base excision repair. The 

modified base is excised by DNA glycosylase leaving an AP site. A 5' AP endonuclease 

then incises the DNA strand resulting in a terminal deoxyribose-phosphate group which 

is excised by dRpa~e. The resulting nucleotide gap is filled by DNA pol and the strand 

is sealed by DNA : igase. (from Friedberg et al., 1995) 
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resulting gap is the11 filled by DNA polymerase (DNA pol) and sealed by DNA ligase. 

This process is sho·.vn in Figure I. 

DNA glycosylase repair, or base excision repair, is the mechanism by which 

most oxidative DNA damage is repaired. This type of repair is very critical considering 

that the human gen<Jme is bombarded with thousands of oxidative hits every day. 

11. Mismatch Repair 

Mismatch repair is the mechanism responsible for correcting mispaired bases in 

the DNA sequence that can arise by several processes, mostly by replication errors that 

occur during normal DNA replication. An interesting facet of this type of repair is that 

the incorrect base on the daughter strand must somehow be distinguished from the correct 

base in the mispair :~iven that both bases are normal components of DNA. A distinction 

is made between lor g-patch and short-patch mismatch repair based on the length of tracts 

excised by each. 

Long-patch repair in mammalian cells has not been well characterized but has 

been shown to be similar to that of Escherichia coli, having both mispair specificity and 

bidirectional excision capacity. In the E. coli system, discrimination of the parental and 

daughter strands in newly synthesized DNA is based on the state ofmethylation ofGATC 

sites (Radman and Wagner, 1986; Modrich, 1989). Three proteins - MutS, MutL and 

MutH, are required for recognition and incision of the strand containing the mismatch 

(Modrich, 1991 ). I 11 Streptococcus pneumoniae, it is thought that strand breaks in the 

lagging strand (due to Okazaki fragments) are the marker used to identify the daughter 

strands (Guild and ~;hoemaker, 1976). This is probably the mechanism for mammalian 

cells. Long-patch r~pairs a variety of mismatches, in particular G-T and A-C and is a 

highly conserved mechanism of repair. A defect of long-patch repair has been associated 

with hereditary nonr,olyposis colorectal cancer (HNPCC) in humans (Fishel et al., 1993). 

Four human genes necessary for mismatch repair have been identified so far. hMSH2 is 
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the human equivalent of the MutS gene in E. coli while hMLHl, hPMSl and hPMS2 are 

all homologs of the MutL gene (as reviewed in Marx, 1994). 

Short-patch mismatch repair is characterized by shorter repair tracts, usually 10 

nucleotides or less, and appears to have restricted sequence specificity (Modrich, 1991 ). 

The correction of 0.-T to G-C is carried out by short-patch repair, occuring preferentially 

at CpG sites (Sibghat-Ullah and Day, 1993). 

111. Nucleotide Excision Repair 

Nucleotide excision repair (NER) is the system that recognizes and repairs DNA 

lesions induced by UV, cisplatin and many other DNA-damaging agents. The process 

involves recognition of the lesion by a damage-specific endonuclease (or endonuclease 

complex) that incises the DNA on both sides of the damage. The oligonucleotide 

fragment containin~; the lesion is then excised and the resulting gap is filled in by 

synthesis of new nucleotides by DNA pol. DNA ligase seals the strand. Figure 2 

illustrates the NER process. 

The mammalian system ofNER repair is more complex than that found in lower 

orgamsms. The cloning of human genes that are responsible for NER has been 

accomplished by tra:1sfection ofhuman DNA into UV-sensitive, NER-deficient CHO cells 

of different complementation groups (Hoeijmakers et al., 1987; Weeda and Hoeijmakers, 

1993) as well as "\JER-deficient XP cells (Schultz et al., 1985). This led to the 

identification of many human genes named excision repair cross complementing (ERCC) 

genes for their ability to correct the NER deficiency in rodent cells from specific 

complementation gr:mps. Since then, some ofthese ERCC genes have been shown to be 

responsible for human DNA repair disorders such as xeroderma pigmentosum (XP) and 

Cockayne syndrome (CS), and have therefore been renamed on this basis. The list of 

cloned genes that 1re associated with NER include: ERCC I, XPD (ERCC2), XPB 

(ERCC3), XPF (ERCC4), XPG (ERCC5), CSB (ERCC6), CSA, XPA and XPC. A UV­

damage recognition protein found in XPE cells has been termed the XPE binding factor 
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NUCLEOTIDE EXCISION REPAIR 

5' 

3' 

Pyrimidine dimer 

Damage-specific DNA I 0 

incising activity (2 nicks) t 


00 ~ OIPQJO ~ 000 
5'·-.....J..J-oH P~oHP.J.....I-.J.-3' 

Oligonucleotide excision +f) 

OIPQJO
5'._jJoH PTI.i_3' +p~OH 

DNA p :>Iymerase + DNA ligase +E) 

OOOI:PI:POOOO 
5'~3' 

Figure 2. Nucleotid1! Excision Repair 

Figure 2 is a schematic representation of the process of nucleotide excision repair. A 

damage-specific endonuclease incises the DNA strand on both sides of the lesion. The 

resulting oligonucleotide fragment is excised and the gap is filled by DNA pol and sealed 

by DNA ligase as for base excision repair. (from Friedberg et al., 1995) 
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(.Keeney et al., 1993), however, this protein is not defective in all XPE patients (Keeney 

et al., 1992). The proteins involved in the recognition step of mammalian NER include 

XP A and XPE. XPB and XP~ are helicases that unwind the DNA around the site of the 

lesion for incision b:r XPG, downstream ofthe damage, and incision by the XPF/ERCC1 

complex upstream of the damage. 

The repair of damage in mammalian chromatin poses a problem of accessibility 

of the repair machinery to the DNA. Recently, the discovery that the repair of actively 

transcribed genes is •)ften preferential to the repair of silent regions of the genome has led 

to the suggestion that transcription-coupled repair may be a way for the repair enzymes 

to gain access to exposed DNA during transcription. The basal transcription factor of 

RNA polymerase II (TFIIH) has been shown to contain the XPB and XPD proteins that 

are also required for NER in addition to transcription. This, along with the fact that 
c"\~\\·~\­

preferential repair of active genes is limited to genes transcribed by RNA pol II and not 

RNA pol I, has prov ded an interesting link between repair and transcription. In addition, 

many researchers ha·1e demonstrated that there is a bias of repair of the transcribed strand 

of an active gene ov,~r the nontranscribed strand. Both these observations of preferential 

repair may be the cell's way of urgently dealing with potentially harmful or lethal damage 

in genes that are critical for cell survival. Repair of the bulk genome is also important 

in order to reduce the mutational load of the cell but probably does not pose an 

immediate threat to .;ell survival (as reviewed in Friedberg et al., 1995). 

IV. Recombinationa Repair 

The remov.ll of interstrand crosslinks from DNA, like those induced by the 

antitumour drug cisplatin, requires another mechanism of repair in addition to NER. The 

proposed model invc,lves incision on both sides of the lesion on one DNA strand which 

generates an oligonucleotide fragment that is not removed but remains attached via the 

crosslink. This generates a gap which may be extended by the 5'-3' exonuclease activity 

of Pol 1 in the E. coli system. A homologous DNA strand then displaces the crosslinked 
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fragment during recombination with the incised strand. The crosslinked fragment is then 

removed by incision of the other DNA strand and the gap is repaired by conventional 

NER (Cole, I973). This process is illustrated in Figure 3. In yeast, the RADl/RADI 0 

complex functions both inNER and recombinational repair pathways (Tomkinson et al., 

I993). The human fquivalents of the yeast genes, XPF and ERCC I, also form a complex 

that is involved in NER and their homology to the yeast system suggests a role for the 

XPF /ERCC I compl~~x in recombinational repair. 

C. p53 Response to DNA Damage and its Involvement in DNA Repair 

p53 is a tumour suppressor gene implicated in many human malignancies 

(Hollstein et al., 1991 ). Mutations in p53 alleles are the genetic basis of the cancer-prone 

Li-Fraumeni syndrome (Malkin et al., I990). The p53 protein binds to DNA as a tetramer 

and acts as a transcriptional activator (Vogelstein and Kinzler, I992; Zambetti and Levine, 

1993) of genes such as WAFl/CIPl (El-Deiry et al., I993), MDM-2 (Juven et al., 1993) 

and GADD45 (Forrace et al., 1989). Normal p53 is required for G1 cell cycle arrest 

following DNA damage (Kastan et al., 1991 ). This occurs by p53-activation of growth­

inhibiting genes, especially WAF I /CIP I which is an inhibitor of cyclin-dependent kinases 

that regulate progre ;sion through the cell cycle. The arrest of damaged cells in G 1 is 

thought to prevent the entry of these cells into S phase, giving them more time for 

removal of DNA damage. Loss of the G1 checkpoint control would then permit 

replication of unrepaired DNA and would perpetuate genomic mutations. This is the way 

in which loss of functional p53 is thought to attribute to carcinogenesis. Levels of p53 

protein accumulate in cells following DNA damage, attributed to increased post­

translational stabilit~'· Experiments have indicated that the induction of p53 depends on 

DNA strand breaks which can be directly caused by ionizing radiation, or indirectly by 

the incision step of NER (Nelson and Kastan, I994). The association of p53 and DNA 

damage repair has bt:en strengthened by studies showing that p53 binds via its C-terminal 
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Figure 3. Recombinational Repair of Inte~trand Crosslinks 

Figure 3 is a schem :~.tic representation of the process of recombinational repair. One 

strand of the DNA i~ incised on both sides of the lesion. In E. coli, it is proposed that 

the 5'-3' exonuclease generates a gap 3' to the incised fragment. A homologous DNA 

strand then displaces the crosslinked oligonucleotide fragment and recombination takes 

place. The crosslink is then completely removed by incision of the second DNA strand 

and the gap is filled by repair synthesis and ligation. (from Friedberg et al., 1995) 
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domain to several TFIIH transcription repair factors including XPD, XPB, and CSB 

(Wang et al., 1995). As well, the UV -induction of p53 has been linked to damage of 

actively transcribed genes. In UV -sensitive CS cells, which have deficient repair ofactive 

genes, the minimum required dose (MRD) required for induction of p53 accumulation is 

eightfold lower than that for normal cells. In XP-C cells, which are normal for repair of 

actively transcribed genes, the MRD is as high as as normal (Yamaizumi and Sugano, 

1994). This sugges1s that the damage within active genes is the signal for p53 induction. 

Cells which are defi ::ient in p53 function have been shown to be deficient in global repair 

and repair of the nontranscribed strand of genes; however, they exhibit normal 

transcription-coupld repair of the transcribed strand (Ford and Hanawalt, 1995). In 

contrast, Wang et al. (1995) showed that Li-Fraumeni fibroblasts, heterozygous for a p53 

mutation at codon :~45, were significantly reduced in their gene-specific repair of UV­

induced lesions. 

p53 is also a regulator of apoptosis or programmed cell death (Lowe et al., 

1993a; Williams and Smith, 1993; Yonish-Rouach et al., 1991). Cells that sustain high 

levels of DNA inSJlt undergo apoptosis which is believed to prevent replication of 

genetically altered cells. The signal transduction pathway leading to p53-mediated 

apoptosis is as yet u1known but may involve DNA-dependent protein kinases (DNA-PK). 

p53 is currently thought to be activated by upstream factors, possibly DNA-PK, that 

recognize damaged DNA and initiate a cascade of kinase activity that phosphorylates 

several transcription factors including p53, myc, and AP-I (Anderson, 1993). Activation 

of these factors would then lead to enhanced expression of genes that are DNA-damage 

inducible, and sub~:equently, to cell cycle arrest. It is believed that transcriptional 

activation by p53 is not necessary for induction of apoptosis, but that another function of 

the protein leads to cell death (Caelles et al., 1994). 
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D. DNA Repair-De ticient Syndromes 

With all tbe genes that are required for proper functioning of the various 

mechanisms of human DNA repair pathways, it is not surprising that several genetic 

syndromes have been attributed to defects in DNA repair. Xeroderma pigmentosum (XP) 

is probably the most widely studied DNA repair-deficient syndrome and examination of 

the various complementation groups has been fundamental to the current level of 

understanding of m cleotide excision repair. Other human syndromes known to be 

associated with DNA repair defects or abnormalities in the processing of DNA damage 

include Cockayne syndrome, trichothiodystrophy, Fanconi anemia (FA), Bloom syndrome 

and ataxia telangiectasia. The occurrence of these diseases is rare as they are transmitted 

by autosomal recessive inheritance. All but trichothiodystrophy and Cockayne syndrome 

exhibit an increased risk for certain cancers. 

1. Fanconi Anemia 

This disease is characterized by intrauterine growth retardation, short stature, 

congenital abnormalities and pancytopenia (Fanconi, 1967). Patients exhibit increased 

incidence of leukemias and malignant neoplasms (German, 1972; Swift, 1971; Glantz and 

Fraser, 1982). FA cells undergo spontaneous chromosome breakage (Schroeder et a!., 

1976) and have increased sensitivity to crosslinking agents manifesting as both 

chromosomal aberrations (Sasaki and Tonomura, 1973; Auerbach and Wolman, 1976) and 

cell death (Weksberg et al., 1979; Averbeck et al., 1988; Diatloff-Zito et al., 1986). 

Many studies have demonstrated a deficiency in the repair of DNA crosslinks for FA cells 

(Matsumoto et a!., 1989; Gruenert and Cleaver, 1985; Ishida and Buchwald, 1982). In 

particular, the repair of cisplatin damage has been shown to be greatly reduced in FA 

cells (Plooy et al., 1985; Ishida and Buchwald, 1982). Gene-specific repair of cisplatin­

induced interstand crosslinks and intrastrand adducts is also deficient in FA cells (Zhen 

et al., 1993 ). 

12 
















































































































































































































complementation gr,Jups A, F and G were shown to have an eightfold lower minimum 

required dose for ir duction of p53 accumulation than normal cells did. Furthermore, 

Cockayne syndromt~ (CS) fibroblasts, deficient only in preferential NER of actively 

transcribed genes, had a similar low minimum required dose whereas, XP-C cells, which 

have normal prefen:ntial NER but are deficient in overall genomic repair, exhibited a 

minimum required dose similar to that of normal fibroblasts (Yamaizumi and Sugano, 

1994). These result) suggest that nuclear accumulation of the p53 protein is induced by 

damage located in the actively transcribed regions of the genome. 

Two immCirtalized Li-Fraumeni cell lines, hemizygous for p53 mutations in 

codons 184 and 248, show an enhanced cellular UV resistance in comparison to normal 

and p53-heterozygous LFS cells. This resistance is thought to result from a reduction in 

UV -induced apoptosis in these LFS cells (Ford and Hanawalt, 1995). The complete 

absence of wt p53 in these cells was shown to decrease levels of global repair as well as 

repair of the nontranscribed strand of active genes while transcription-coupled repair of 

the transcribed strand was normal (Ford and Hanawalt, 1995). In constrast, Wang et al. 

(1995) showed that LFS fibroblasts, heterozygous for a mutation at codon 245, were 

significantly reduced in their gene-specific repair of UV -induced lesions. Reduced repair 

of UV damage in 2.ctively transcribed genes was also observed in human pampilloma 

virus (HPV)-infected cervical carcinoma cells which have reduced p53 activity due to the 

abrogation ofwt p5J by the HPV-E6 protein (Evans et al., 1996). Mutant p53 and HPV­

E6 protein expression were reported to sensitize wt p53-expressing tumour cells to UV 

light and to reduce 1he NER capability of these cells when assayed by HCR of a reporter 

gene and by in v1tro radionucleotide incorporation (Smith et al., 1995). Cellular 

sensitivity of p53-heterozygous LFS fibroblasts to UV and other DNA-damaging agents, 

however, has been reported to be normal. Normal clonogenic survival was observed 

following treatmen1 with UV light, x-rays, MNNG and the DNA-crosslinking agent 

mitomycin C (MMC) (Little et al., 1987). 
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The induction of p53-mediated apoptosis IS an important mechanism of 

chemotherapeutic cdl death following treatment with antitumour agents such as cisplatin 

(Lowe et al., 1993b ). Studies with ovarian tumour cell lines have shown a correlation 

between p53 expres:;ion and sensitivity to cisplatin. Resistance of these cells to cisplatin 

was accompanied by an elevation in the constitutive levels of p53 protein (Brown et al., 

1993). Therefore, t1e altered p53 activity in LFS cells would be expected to affect their 

response to cisplatin damage. This is an important point to consider when treating human 

tumours, especially since p53 mutations are the most common genetic alterations in 

human cancer (HollHein et al., 1991 ). 

Adenovirus (Ad) is a DNA tumour virus that depends on host cell mechanisms 

in order to replicate its genome. Ad encodes several early gene products, some of which 

function to activate host cell replicative processes. The early region 1A and 1B genes 

(E1A and E1B) act by binding to specific cellular proteins that normally function in 

regulating cell growtl. E 1 A targets the retinoblastoma gene product pRb (Whyte et al., 

1988), while E1B binds to wt p53 (Sarnow et al., 1982). It has also been shown that EIA 

increases levels of p5 3 protein by post-translational stabilization (Lowe and Ruley, 1993) 

and increases cellular susceptibility to anticancer agents (Lowe et al., 1993b ). It has been 

suggested that the complexes formed between p53 and viral proteins may function to 

prevent p53 from affecting cellular genes that are essential to viral replication and/or 

transformation. This idea is supported by the observation that wt p53 can inhibit the 

replication of SV40 viral DNA (Braithwaite et al., 1987). 

We have used Ad as a probe to examine the repair of cisplatin-induced DNA 

damage in p53-heterozygous LFS fibroblast strains and their immortalized hemizygous 

counterparts expressing only mutant p53. Host cell reactivation for viral DNA synthesis 

of cisplatin-treated Ad and the capacity of cisplatin-treated cells for Ad DNA synthesis 

were examined. It w;ls found that both p53-heterozygous and -hemizygous LFS cells 

showed a similar HCR of cisplatin-damaged virus compared to normal cells, whereas the 

HCR of nucleotide ex,;ision repair (NER)-deficient XP cells was greatly reduced. We 
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have also carried out cellular capacity experiments in order to investigate the ability of 

cisplatin-damaged LFS fibroblasts to support Ad DNA synthesis. It was shown that the 

capacity of the p5:1-heterozygous LFS fibroblasts to replicate Ad DNA was greatly 

reduced compared to normal. As well, the levels of Ad DNA synthesized during infection 

of untreated normal and untreated LFS host cells was compared. The amount of Ad DNA 

detected in the p53-heterozygous LFS fibroblasts was much less than that detected in the 

normal cells. 

MATERIALS AND METHODS 

Cell Strains 

Nomwl cel.1s: Normal fibroblast strains GM969 and GM9503 were obtained 

from the NIGMS Hu:nan Genetic Mutant Cell Repository (Coriell Institute, Camden, NJ). 

The normal 423 strai CJ. was kindly provided by Dr. Patricia Chang, McMaster University, 

Hamilton, Ont. X etoderma pigmentosum cells: The xeroderma pigmentosum strains 

XP12BE (GM5509B;, XPCS2BA (GM13026), XP1BR (GM3615) and XP2BI (GM3021) 

were all obtained from the NIGMS Human Genetic Mutant Cell Repository. These strains 

belong to complemertation groups A,B,D and G, respectively. Li-Fraumeni cells: The 

041 and 087 LFS fibroblasts are heterozygous for p53 mutations at codons 184 and 248 

respectively. Their sJontaneously immortalized counterparts (041mut and 087mut) are 

hemizygous, expressing only mutant p53 (Yin et al., 1992). All LFS cells were kindly 

provided by Dr. M.A. Tainsky, M.D., Anderson Cancer Center, Houston, Texas. 

All cells were grown in 75 cm2 tissue culture flasks (Coming Incorporated, 

Coming, NY) in a-minimal essential medium (a-MEM) supplemented with 10% (v/v) 

fetal bovine serum (Sigma Chemical Co., St. Louis, MO) and 1% (v/v) 

antibiotic/antimycotic containing 10 000 U/mL penicillin G sodium, 10 000 ug/mL 

streptomycin sulfate and 25 ug/mL amphotericin B as Fungizone® in 0.85% saline (Gibco 

BRL, Life Technologies Inc., Grand Island, NY). Cells were incubated in a 5% C02, 
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100% humidified, water-jacketed incubator (Forma Scientific Inc., Marietta, OH) at 37°C. 

At confluency, cell:; were passaged by aspirating spent growth medium, rinsing in 1x 

phoshpate buffered !;aline (PBS) and by the addition of 2x trypsin-EDTA containing 0. 5% 

trypsin and 5.3 mM EDTA•4Na (Gibco BRL, Life Technologies Inc., Grand Island, NY). 

Once the cells rounded up, they were resuspended in medium and subcultured at 

appropriate dilution:;. 

Cisplatin 

Cisplatin (cls-diamminedichloroplatinum(II)) was obtained from Sigma Chemical 

Company (St. Loui!;, MO). Stock solutions of 1 mM were made in 1x PBS (1.4 M 

chloride ion) for the treatment of cells or in 1x low chloride PBS (6.6 mM chloride ion) 

for the treatment of virus. Stock solutions were made fresh and filtered through a 0.45 

~m disposable filter (Nalge Company, Rochester, NY) just prior to use. 

Virus 

The human recombinant Ad5(lacZ) virus was used for infection of cells. The 

Ad5(lacZ) virus contains the Escherichia coli ~-galactosidase (lacZ) gene inserted into 

the deleted, non-essential E3 region of the Ad viral genome and was generously provided 

by Dr. Frank Graham, Departments of Biology and Pathology, McMaster University, 

Hamilton, Ont. VinJ stocks were grown on monolayers of human 293 cells and were 

titred by plaque as~ay as described previously (Hitt et al., 1995). Stock virus was 

suspended in PBS tc a titre ranging from 108-1010 plaque forming units (pfu)/mL. 

Host Cell Reactivati1m 

Cells were seeded at a density of 1.9x1 04 cells/well in 96-well Microtest III 

tissue culture plates fFalcon, Becton Dickinson & Company, Lincoln Park, NJ) and were 

incubated for 24 hrs. prior to infection. Ad5(lacZ) was treated with varying doses of 

cisplatin in serum-fme medium containing 1% antibiotic/antimycotic for 24 hrs. at 37°C 

to damage the viral DNA. Because cisplatin molecules contain two chloride atoms as 
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leaving groups, the chloride ion concentration of the treatment solution can affect the 

amount of damage induced in the viral DNA during treatment. For this reason, the 

chloride ion concentration was set to 50 mM for all HCR experiments in order to 

maintain consistency from experiment to experiment. The medium was aspirated from 

the wells and cells were infected with 40 11L of viral suspension at a multiplicity of 

infection (MOl) of 20 pfu/cell. After a 90 min. incubation at 37°C, the infection was 

terminated by aspir.:tting the virus and adding 200 11L of fresh growth medium to the 

wells. Plates were 1hen incubated for 72 hrs. at 3 7°C to allow for repair and replication 

of viral DNA. 

Cellular Capacity of Ad DNA Synthesis 

Cells were seeded at a density of I. 9x I 04 cells/well in 96-well plates. After a 

24 hr. incubation, the growth medium was aspirated and cells were treated with varying 

doses of cisplatin in growth medium for 3 hrs. at 37oC to damage cellular DNA. In this 

assay, chloride ion .;oncentration was not set to a specified value as the environment 

inside the cells prov1des an appropriate chloride ion concentration for cisplatin activity. 

The cisplatin was then aspirated and cells were rinsed with Ix PBS to remove any 

residual drug. Delayed infection of cell monolayers was done 24 hrs. following cisplatin 

treatment. Cells were infected with 40 11L of Ad5(lacZ) viral suspension at an MOl of 

I 00 pfu/cell, and were incubated for 90 mins. at 3 7°C. Infection was terminated as above. 

Plates were incubated for 48 hrs. at 37°C to allow for repair of cellular DNA and 

subsequent replication of virus. 

Quantification of Viml DNA Synthesized 

Following t1e appropriate incubation time, the growth medium was aspirated 

from the wells and 5(' 11L of proteinase K solution (I mg/mL proteinase K, I% SDS, 0.2x 

SSC) was added to the wells for 1.5 hrs. at 37°C in order to lyse the cells. To denature 

the viral DNA for blotting, 50 JlL of NaOH solution (1 M NaOH, 1 mM EDTA), was 
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added to the wells :md plates were incubated another 1.5-2 hrs. before slot-blotting to 

nylon membrane (GeneScreen Plus®, DuPont, NEN Research Products, Boston, MA) 

using the Minifold JI Slot-Blot system (Schleicher and Schuell Inc., Keene, NH). The 

membrane was then air dried before probing with 32P-labelled Ad2 DNA. To quantitate 

the amount of radioactivity, blots were exposed to a phosphor screen and were analyzed 

using a phosphorimager (Molecular Dynamics, Sunnyvale, CA). 

RESULTS 

Host Cell Reactivation of Cisplatin-damaged Ad in Li-Fraumeni Cells 

The survival of viral DNA synthesis for cisplatin-treated Ad was examined 

following the infection of normal, Li-Fraumeni, as well as NER-deficient XP fibroblasts. 

The amount of viral DNA synthesized by each cell strain at 72 hrs. after infection with 

cisplatin-treated virus was expressed as a fraction of that synthesized in the same cell 

strain following infection with untreated virus. Results of the HCR experiments are 

shown in Figure 1. It can be seen that both the normal and the p53-heterozygous Li­

Fraumeni strains show a similar host cell reactivation of cisplatin-damaged Ad, whereas 

the XP strains show a greatly reduced HCR. These results suggest normal levels of 

repair of cisplatin lesions in viral DNA for both the normal and the Li-Fraumeni cells, but 

show that repair of cisplatin-damaged virus is deficient in the XP cells. Similar reduced 

HCR of cisplatin-treated virus in XP cells has been reported previously (Poll et al., 1984; 

Bulmer et al., 1996). 

A single experiment of the HCR of cisplatin-damaged virus in the spontaneously 

immortalized, p53-hemizygous LFS cells was conducted and is shown in Figure 2. As 

for the p53-heterozy~;ous LFS fibroblasts, the p53-hemizygous LFS cells do not appear 

to have reduced reac1ivation of the virus compared to the normal controls, whereas the 

NER-deficient XP ceil strain showed reduced HCR of cisplatin-damaged Ad. 

120 




Capacity of Cisplatin-damaged Li-Fraumeni Fibroblasts to Support Ad DNA Synthesis 

It has been demonstrated previously that the cellular capacity assay can be used 

to examine the recovery and/or repair of mammalian cells following exposure to DNA­

damaging agents (Lytle et al., 1976; Coppey et al., 1979; Rainbow, 1989). When the 

infection of cells w~.s delayed following UV exposure, it was found that the capacity of 

the repair-deficient XP cells for herpes simplex viral infection was not restored, whereas 

the normal cells exhibited a restoration of capacity (Lytle et al., 1976; Coppey et al., 

1979). Initial cellular capacity experiments were conducted by infecting the cells 

immediately followmg cisplatin treatment (data not shown). Results from these 

experiments indicate:! a reduced capacity of the LFS cells to support Ad DNA replication. 

Further experiments were performed using a delayed protocol in which the cells were 

infected with virus 24 hrs. after cisplatin treatment. Figure 3 shows representative 

capacity results for delayed infection of cisplatin-treated cells. It can be seen that the 

capacity of damaged cells to support Ad replication is reduced in both the p53­

heterozygous Li-Fraameni and the XP fibroblasts compared to the normal fibroblasts 

strains. The Li-Fraumeni and XP cells do not appear to differ from each other, but are 

significantly reduced compared to normal with no overlap of error bars. Cellular capacity 

survival curves for viral DNA synthesis were fitted to a linear quadratic equation (In 

relative amount viral DNA= -(ax+l3x2+y)) and the parameters a, 13, y were obtained by 

least squares analysi5 in order to calculate D37 values for each survival curve. For each 

experiment, the D37 value obtained for each cell strain was expressed relative to the 

average D37 value obtained from all the normal strains used in that experiment. The mean 

relative D37 values for delayed capacities are shown in Table 1. It can be seen that the 

mean relative D37 was greatly reduced in the p53-heterozygous Li-Fraumeni and the NER­

deficient XP fibrobla;ts compared to that of the normal strains. 
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Relative Ad DNA ~:ynthesis in p53-Heterozygous and -Hemizygous LFS Cells 

The Ad EIB protein has been shown to bind to wt p53 during infection of cells 

(Braithwaite et al., 1991) and it has been suggested that this interaction is required for 

efficient Ad DNA synthesis. It was therefore considered of interest to examine the level 

of Ad DNA synthesis in LFS cells that contain wt p53 and those that do not. For each 

LFS cell strain or cell line used in capacity experiments, the amount of viral DNA 

synthesized in the untreated sample was expressed relative to the mean amount of viral 

DNA synthesized in the untreated samples of normal fibroblasts. Table 2 shows the mean 

relative values of viral DNA synthesis from a number of experiments. It can be seen that 

Ad infection of p53··heterozygous LFS fibroblasts resulted in a reduced amount of viral 

DNA detected at 7:. hrs. compared to infection of normal cells, whereas greater than 

normal amounts of Ad DNA were detected following infection of the p53-hemizygous 

LFS cells. 
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Figure 1. HCR of cinplatin-damaged Ad in p53-heterozygous LFS fibroblasts. Ad was 

treated with cisplatin for 24 hrs. at 37°C to damage viral DNA. (A) Data points are the 

mean of duplicate samples shown with standard error. (B) Data points are the mean of 

triplicate samples shown with standard error. .GM969, 0423 (normal); eo41, 0087 

(LFS); •XPCS2BA (XP-B), +XP2BI (XP-G). 
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Figure 2. HCR of ci~;platin-damaged Ad in p53-hemizygous LFS cells. Ad was treated 

with cisplatin for 24 hrs. at 37°C to damage viral DNA. Data points are the mean of 

triplicate samples shown with standard error.•GM969 (normal); eo41, 0087 

(LFS); ~XP12BE (XP.. A). 
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Figure 3. Capacity of cisplatin-damaged LFS fibroblasts to replicate Ad DNA. Cells 

were treated with cisplatin for 3 hrs. at 37°C to damage cellular DNA. Cells were then 

infected with untreated Ad 24 hrs. after cisplatin treatment. (A) Data points are the mean 

of quadruplicate samples shown with standard error. (B) Data points are the mean of 

triplicate samples shown with standard error. .GM969, 0423 (normal); eo41, 0087 

(LFS); +XP2BI (XP-G), ~XP12BE (XP-A). 
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Table I. Capacity of cisplatin-damaged human fibroblasts to support Ad replication. 

Cell Strain Syndrome Mean Relative D3/ Number of 
Experiments 

GM969 Normal 0.87 ± 0.07b 6 

423 Normal 1.26±0.10 3 


GM9503 Normal 1.0 I 


041 Li-Fraumeni 0.56±0.15 3 


087 Li-Fraumeni 0.60 ± 0.08 4 


XP12BE XP-A 0.59 ± 0.14 4 


XP2BI XP-G 0.23 

• Relative to the mean D37 value for the normal strains used in each experiment 
b Standard error about the mean 
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Table 2. Relative amount of Ad DNA synthesis in untreated LFS cells 

Cell Strain Syndrome Mean Relative Amount of Number of 
Viral DNA Synthesized" Experiments 

GM969 Normal 1.1 ± 0.06b 6 


GM9503 Normal 0.85 1 


041 wt/mut LFS 0.41 ± 0.22 3 


087 wt/mut LFS 0.26 ± 0.07 4 


041 mut LFS 4.6±1.4 4 


087 mut LFS 5.7 ± 1.7 4 


• Relative to the me<m amount of viral DNA synthesized by the normal strains in each· 
experiment 

b Standard error about the mean 
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DISCUSSION 

There hav~: been few studies regarding the sensitivity of Li-Fraumeni cells to 

DNA-damaging agei1ts. In one study, the p53-heterozygous 041 and 087 LFS fibroblasts 

were shown to exhit it normal cytotoxic responses to x-rays, UV light, MNNG and MMC 

when assayed by colony forming ability (Little et al., 1987). There was no 

hypersensitivity or increased resistance seen in the p53-heterozygous LFS cells. More 

recently, these same two cell strains were again reported to have normal colony forming 

ability following UV treatment (Ford and Hanawalt, 1995). In contrast, disruption of 

normal p53 function in colon carcinoma cells by transfection with either HPV-E6 gene 

or a mutant p53 transgene results in reduced clonogenic survival following UV damage 

(Smith et al., 1995); however, these cells would be expected to have a different level of 

functioning wt p53 than that present in the p53-heterozygous LFS fibroblasts. The HPV­

E6 protein is known to promote proteolytic degradation of p53 (Scheffner et al., 1990) 

while mutant p53 expressed from the transgene would abrogate normal p53 by binding 

to it. The same sequ~stering of wt p53 protein would take place in the p53-heterozygous 

LFS cells; however, these cells have only one wt copy of p53 while the colon carcinoma 

cells contain two wt p53 alleles resulting in greater levels of wt p53 protein. Results 

from our lab (data n')t shown) indicate that the immortalized, p53-hemizygous 041 and 

087 LFS cells containing no wt p53 have an increased clonogenic survival following 

cisplatin treatment (E ulmer, personal communication). This correlates with the increased 

UV survival observed for these same cells by Ford and Hanawalt (1995) which was 

attributed to a reducton in UV-induced apoptosis. Evidence for a similar mechanism in 

the case of cisplatin comes from studies with cisplatin-resistant human tumour cells. 

Induction of wt p5~ expression in human glioblastoma cells has been observed in 

association with the c1 splatin-induced apoptosis of these tumour cells (Kondo et al., 1995). 

Further support for this idea comes from studies of ovarian carcinoma cell lines in which 

cellular resistance to c:isplatin is paralleled by a reduced susceptibility to cisplatin-induced 
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apoptosis. p53 analysis of these cells revealed mutations within the DNA-binding domain 

of the p53 protein. The induction of p53 accumulation following ionizing radiation or 

cisplatin treatment was absent in the resistant cells harbouring p53 mutations but was 

normal in the cisplatin-sensitive cells (Perego et al., 1996). Therefore, it appears that the 

absence of normal p53 function can result in a cellular resistance to DNA-damaging 

agents via increased cell survival directly resulting from reduced apoptosis, and that p53 

may be a determinant of the chemosensitivity of cancer cells. 

Studies of 1he repair of DNA damage in Li-Fraumeni cells has focused so far on 

UV -induced DNA l ~sions. The 041 and 087 p53-heterozygous strains were shown to 

have reduced levels of global UV repair 6 hrs. after irradiation; however, their repair 

capacity reached normal levels at 24 hrs. following irradiation (Ford and Hanawalt, 1995). 

Cell extracts of the colon carcinoma cells transfected with either the HPV-E6 viral 

oncogene or a mutar t p53 transgene both exhibit a reduced level of NER when measured 

by HCR of a UV -damaged reporter gene and in vitro radionucleotide incorporation (Smith 

et al., 1995). Studies have found that the most effective inducers of p53 accumulation 

in cells are the cytotoxic antitumour drugs such as cisplatin (Fritsche et al., 1991). In this 

study, we examined the HCR of cisplatin-damaged Ad in LFS cells and found that both 

the p53-heterozygom and -hemizygous cells were not reduced in their reactivation of the 

virus compared to ncrmal whereas the NER-deficient XP cells did show a greatly reduced 

HCR of the damaged virus (Figs. 1 and 2). NER has been shown to be an important 

pathway in the repair of cisplatin damage (Hansson et al., 1990; Sheibani et al., 1989) and 

previous studies have reported a reduced HCR for cisplatin-damaged DNA in XP cells 

(Poll et al., 1984; H<msson et al., 1991; Maynard et al., 1989; Bulmer et al., 1996). The 

normal HCR of cisplatin-damaged Ad for LFS cells reported here suggests that untreated 

LFS cells have normal excision repair of cisplatin lesions, but does not preclude the 

possibility that HCR of cisplatin-treated Ad may be deficient in cisplatin-treated cells 

(enhanced reactivation), which would indicate a deficiency in an induced repair pathway. 

The reduced HCR of UV -damaged plasmid in the colon carcinoma cells may arise from 
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the different p53 environment in these cells (two wt p53 alleles) compared to the LFS 

cells (one wt p53 allele). 

Investigations of gene-specific repair and studies with cells from DNA-repair­

deficient syndromes have suggested that p53's role in the repair of UV-induced DNA 

damage may be spec1fically linked to the preferential repair of actively transcribed regions 

of the genome. Repair of DHFR fragments in p53-heterogygous, UV-treated LFS 

fibroblasts, with a mutation at codon 245, was shown to be significantly reduced at 4, 8 

and 24 hrs. after UV irradiation (Wang et al., 1995). Experiments conducted with XP and 

Cockayne syndrome (CS) cells have demonstrated that the nuclear accumulation of p53 

is related to the repair of actively transcribed genes (Yamaizumi and Sugano, 1994). The 

minimum required d1)Se (MRD) of UV irradiation necessary to induce p53 accumulation 

in XP-A cells is eightfold lower than that required for normal cells. For CS cells, which 

are deficient only in the preferential repair of active genes, the MRD is similarly low as 

for XP-A cells. In X::>-C cells, which are deficient in global repair but have normal levels 

of preferential repair, the MRD is the same as for normal cells (Yamaizumi and Sugano, 

1994). These result5 provide evidence that p53 accumulation is associated with DNA 

damage and may be particularly involved in eliciting a response to damage within active 

genes. The presence of mutant p53 in the heterozygous LFS cells can have a dominant 

negative effect on wt p53 and, therefore, may not permit a normal response to the UV 

damage leading to deficient DNA repair. Ford and Hanawalt (1995) have demonstrated 

that complete absenct~ of wt p53 in 041 and 087 immortalized LFS cells decreased the 

repair of the non transcribed strand of an active gene while the transcription-coupled repair 

(TCR) of the transcribed strand was normal. Cells harbouring mutant or no p53 genes 

have been shown to continue through G 1 into S phase following DNA damage with no 

G1 arrest (Kastan et al., 1991). The extra repair time during cell cycle arrest for cells 

with wt p53 is not available to p53-mutant cells, therefore making repair of the 

transcribed strand of active genes a priority would be beneficial to cell survival. 
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We also investigated the capacity of cisplatin-treated cells to support Ad DNA 

synthesis. It is known that physical or chemical treatment of cells can decrease their 

ability to support viral infection (Rainbow, 1981; Defais et al., 1983). Unrepaired DNA 

damage in the host cell genes that are required for Ad replication would be expected to 

reduce the capacity of the cells to synthesize viral DNA. The capacity of UV-irradiated 

cells to support viral infection is reduced in several DNA-repair-deficient syndromes 

including CS and XP (Coppey et al., 1979; Coohill, 1981; Ryan and Rainbow, 1986; 

Rainbow, 1989). We have found that the two p53-heterozygous LFS fibroblast strains 

showed a reduced capacity to support Ad DNA replication that was similar to the level 

of reduced capacity :;een in the repair-deficient XP strains (Figure 3). This is thought to 

result from the reduced repair of cisplatin-induced lesions in the transcriptionally active 

host genes of the Li-Fraumeni and XP cells. Therefore, our results suggest that a 

deficiency of normal p53 function, as present in the LFS fibroblasts, can affect the repair 

of cellular genes to a similar extent as that found in the NER-deficient XP fibroblasts. Our 

results also support the hypothesis that p53 is involved in the repair response of actively 

transcribed regions of the genome, often referred to as transcription-coupled repair (TCR). 

Recent work in our lab using UV has led to similar observations for HCR and 

capacity experiment~ with LFS cells as those seen with cisplatin. The capacity of UV­

damaged, p53-heterozygous LFS fibroblasts to support Ad DNA replication was reduced 

compared to normal UV-damaged fibroblasts. The p53-hemizygous LFS cells also had 

a reduced cellular capacity following UV-treatment (McKay, personal communication). 

These results suggest a deficiency in the repair of UV -induced lesions in the host cellular 

genes required for Ad DNA synthesis, as was observed for cisplatin-induced lesions. The 

HCR data for UV -trEated Ad also lends support to the idea that p53 is involved in TCR. 

HCR of a ~-galactosidase (lacZ) reporter gene expressed from a non-replicating 

adenoviral construct was enhanced by pretreatment of cells with either UV or heat shock 

in normal and XP-C fibroblasts but was absent in CS cells (McKay and Rainbow, 1996). 

XP-C cells have nornal preferential repair of active genes while CS cells are deficient in 
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preferential repau, therefore, enhanced reactivation of reporter genes is dependent on 

repair of an active gene and is detected only in TCR-competent cells. It has been shown 

that UV-enhanced HCR of a UV-damaged J3-gal reporter gene is reduced or absent in 

p53-deficient human tumour cells and that coinfection of these cells with a recombinant 

Ad vector expressing wt p53 results in enhanced HCR (Rainbow et al., 1995). This 

suggests that the inducible repair component of the TCR pathway involves p53. McKay 

et al. (1996) have rtported that HCR of a UV-damaged f3-gal reporter gene is normal in 

both p53-heterozygcus and p53-hemizygous LFS cells; however, pretreating the cells with 

either UV or heat ~;hock results in enhanced HCR only in the normal controls. The 

absence of the UV- .md heat shock-enhanced HCR in the LFS cells suggests that they are 

deficient in an inducible DNA repair response which repairs the reporter gene. This 

supports a role for p53 in the transcription-coupled repair of active genes. 

The use of adenovirus 5 in the HCR and capacity assays carried out here merits 

mention of the interactions between adenoviral early region ElA and ElB proteins and 

p53. ElA is known to induce the stabilization of the wt p53 protein, increasing its half­

life by 5-l 0 fold in untransformed cells expressing the AdS E 1 A oncoprotein (Lowe and 

Ruley, 1993 ). It also increases cellular sensitivity to DNA-damaging agents like cisplatin, 

doxorubicin and y-r;l.diation (Sanchez-Prieto et al., 1995; Lowe et al., 1993b), and has 

been shown to promote cell death by apoptosis (Lowe and Ruley, 1993 ). Infection of 

cells with our Ad5(lacZ) viral construct introduces both ElA and E1B genes into the 

cells. E lB protein binds to p53 in transformed cells (Samow et al., 1982) as well as in 

Ad-infected cells (B~aithwaite et al., 1991). It was shown to have no additional effect on 

p53 levels or half-life in cells expressing both ElA and E1B compared to ElA alone 

(Lowe and Ruley, 1993). The presence of the E1B protein in cells was also observed to 

inhibit the increase m EIA-associated apoptosis (Lowe and Ruley, 1993). Therefore, it 

is possible that the ElA protein introduced into the wt p53-expressing fibroblasts by Ad 

viral infection may be stabilizing the p53 protein in those cells but may also be 

sensitizing them to the cytotoxic effects of the cisplatin treatment. For the LFS cells with 
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altered p53 expression, the presence of E1A and E1B could produce different responses 

to cisplatin damage than those induced in cells with normal p53 status. Our results 

suggest that p53 status does affect the amount of Ad DNA that can be detected 72 hrs. 

following infection ,)f the host cells (Table 2). The higher level of Ad DNA detected in 

the p53-hemizygom LFS cells may be the result of a more efficient viral infection of 

these cells due to the absence of wt p53. Since the presence of wt p53 can inhibit 

replication of SV40 DNA (Braithwaite et al., 1987), it follows that the lack of wt p53 

could allow for easE of viral DNA replication in the Ad-infected LFS cells. 

ACKNOWLEDGEMENTS 

We wish to thank Dr. M.A. Tainsky, M.D., Anderson Cancer Center, Houston, 

Texas, for providing the Li-Fraumeni cells. This work was supported by the National 

Cancer Institute of Canada with funds from the Canadian Cancer Society. 

133 




REFERENCES 

Braithwaite,A.W., Sturzbecher,H., Addison,C., Palmer,C., Rudge,K. and Jenkins,J.R. 
(1987) Mouse p53 inhibits SV40 origin-dependent DNA replication. Nature 329:458-460. 

Braithwaite,A.W., Blair,G.E., Nelson,C.C., McGovern,]. and Bellett,A.J.D. (1991) 
Adenovirus E 1 b-58kD antigen binds to p53 during infection of rodent cells: evidence for 
anN-terminal binding site on p53. Oncogene 6:781-787. 

Brown,R., Clugston,C., Burns,P., Edlin,A., Vasey,P., Vojtesek,B. and Kaye,S.B. (1993) 
Increased accumula1ion of p53 protein in cisplatin-resistant ovarian cell lines. lnt J 
Cancer 55:678-684. 

Bulmer,J.T., Davis,K. and Rainbow,A.J. (1996) Host cell reactivation of cisplatin-treated 
adenovirus is reduce<l in nucleotide excision repair deficient mammalian cells and several 
human tumour cells. (submitted to Int J Oncol) 

Coohill,T.P. (1981) Mammalian cell viral capacity: an alternative assay for ultraviolet 
radiation damage. Fhotochem Photobiol 34:525-527. 

Coppey,J., Nocentini,S., Menezes,S. and Moreno,G. (1979) Herpes virus production as a 
marker of repair in UV -irradiated human skin cells of different origin. lnt J Radiat Bioi 
36:1-10. 

Defais,M.J., Hanawalt,P.C. and Sarasin,A.R. (1983) Repair by human cells of adenovirus­
2 damaged by psora len plus near ultraviolet light treatment. Mutat Res 33:311-320. 

Evans,M.K., Chin,K.-V., Gottesman,M.M. and Bohr,V.A. (1996) Gene specific repair and 
steady state transcription of the MDR 1 gene in human tumor cell lines. Oncogene 
12:651-658. 

Ford,J.M. and Hanawalt,P.C. (1995) Li-Fraumeni syndrome fibroblasts homozygous for 
p53 mutations are deficient in global DNA repair but exhibit normal transcription-coupled 
repair and enhanced UV resistance. Proc Natl Acad Sci USA 92:8876-8880. 

Fritsche,M., Haessler,C., Brandner,G. (1991) Nuclear accumulation of p53: an indicator 
of chromatin injury? J Cancer Res Clin Oncol 117 (suppl):S30 (abstract). 

Fritsche,M., Haessler,C. and Brandner,G. (1993) Induction of nuclear accumulation of the 
tumor-suppressor protein p53 by DNA-damaging agents. Oncogene 8:307-318. 

134 




Hansson,J., Keyse,S.M., Lindahl,T. and Wood,R.D. (1991) DNA excision repair in cell 
extracts from huma1 cell lines exhibiting hypersensitivity to DNA-damaging agents. 
Cancer Res 51:3384-3390. 

Hitt,M., Bett,A.J., Addison,C., Prevec,L. and Graham,F.L. (1995) Techniques for human 
adenovirus vector construction and characterization. In: Methods in Molecular Genetics, 
volume 7B. K.W. Adolph (ed.) Academic Press, Orlando, Florida. pp. 13-30. 

Hollstein,M., Sidran~ky,D., Vogelstein,B. and Harris,C.C. (1991) p53 mutations in human 
cancers. Science 253:49-53. 

Kastan,M.B., Onye<were,O., Sidransky,D., Vogelstein,B. and Craig,R.W. (1991) 
Participation of p53 protein in the cellular response to DNA damage. Cancer Res 
51:6304-6311. 

Kastan,M.B., Zhan,Q., El-Deiry,W.S., Carrier,F., Jacks,T., Walsh,W.V., Plunkett,B.S., 
Vogelstein,B. and f<Jmace,A.J.Jr. (1992) A mammalian cell cycle checkpoint pathway 
utilizing p53 and GADD45 is defective in ataxia-telangiectasia. Cell 71:587-597. 

Kondo,S., Bamett,G.H., Hara,H., Morimura,T. and Takeuchi,]. (1995) MDM2 protein 
confers the resistance of a human glioblastoma cell line to cisplatin-induced apoptosis. 
Oncogene 10:2007-2016. 

Kuerbitz,S.J., PlunkEtt,B.S., Walsh,W.V. and Kastan,M.B. (1992) Wild-type p53 is a cell 
cycle checkpoint determinant following irradiation. Proc Natl Acad Sci USA 89:7491­
7495. 

Li,F.P. and Fraumeni,J.F. (1969) Soft-tissue sarcomas, breast cancer, and other neoplasms. 
A familial syndrome? Ann Intern Med 71:747-752. 

Little,J.B., Nove,J., Dahlberg,W.K., Troilo,P., Nichols,W.W. and Strong,L.C. (1987) 
Normal cytotoxic response of skin fibroblasts from patients with Li-Fraumeni familial 
cancer syndrome to DNA-damaging agents in vitro. Cancer Res 47:4229-4234. 

Lowe,S.W., Schmitt,E.M, Smith,S.W., Osbome,B.A. and Jacks,T. (1993a) p53 is required 
for radiation-induced apoptosis in mouse thymocytes. Nature 362:847-852. 

Lowe,S.W., Ruley,H.E., Jacks,T. and Housman,D.E. (1993b) p53-dependent apoptosis 
modulates the cytotcxicity of anticancer agents. Cell 74:957-967. 

135 


http:f<Jmace,A.J.Jr


Lowe,S.W. and Ruley,H.E. (1993) Stabilization of the p53 tumor suppressor is induced 
by adenovirus 5 E1A and accompanies apoptosis. Genes and Development 7:535-545. 

Lytle,C.D., Day III,R.S., Hellman,K.B. and Bockstahler,L.E. (1976) Infection of UV­
irradiated xeroderma. pigmentosum fibroblasts by herpes simplex virus: Study of capacity 
and Weigle reactiva':ion. Mutat Res 36:257-264. 

Malkin,D., Li,F.P., Strong,L.C., Fraumeni,J.F., Nelson,C.E., Kim,D.H., Kassel,J., 
Gryka,M.A., Bischoff,F.Z., Tainsky,M.A. and Friend,S.H. (1990) Germline p53 mutations 
m a familial syndrome of breast cancer, sarcomas and other neoplasms. Science 
250:1233-1238. 

Maltzman,W. and C;:yzyk,L. (1984) UV irradiation stimulates levels of p53 cellular tumor 
antigen in nontransformed mouse cells. Mol Cell Bioi 4:1689-1694. 

Maynard,K.R., Hosking,L.K. and Hill,B.T. (1989) Use of host cell reactivation of 
cisplatin-treated adenovirus 5 in human cell lines to detect repair of drug-treated DNA. 
Chem-Biol Interacti:ms 71:353-365. 

McKay ,B.C. and Rainbow,A.J. ( 1996) Heat-shock enhanced reactivation of a UV -damaged 
reporter gene in human cells involves the transcription coupled DNA repair pathway. 
Mutat Res, DNA Rt~pair (in press) 

McKay,B.C., Francis,M. and Rainbow,A.J. (1996) Heat shock- and UV-enhanced repair 
of a UV -damaged reporter gene is deficient in Li-Fraumeni syndrome cell lines. 
(submitted to Mutat Res) 

Perego,P., Giarola,M., Righetti,S.C., Supino,R., Caserini,C., Delia,D., Pierotti,M.A., 
Miyashita,T., Reed,J.C. and Zunino,F. (1996) Association between cisplatin resistance and 
mutation of p53 gene and reduced bax expression in ovarian carcinoma cell systems. 
Cancer Res 56:556-562. 

Poll,E.H.A., Abrahams,P.J., Arwert,F. and Eriksson,A.W. (1984) Host-cell reactivation of 
cis-diamminedichloroplatinum(II)-treated SV40 DNA in normal human, Fanconi anaemia 
and xeroderma pigmentosum fibroblasts. Mutat Res 132:181-187. 

Rainbow,A.J. (198 l) Reactivation of viruses. In: Short Term Tests for Chemical 
Carcinogens. H.F. Stich and R.H.C. San (eds.) Springer-Verlag Inc., New York. pp. 20-35. 

136 




Rainbow,A.J. ( 1989) Relative repair of adenovirus damaged by sunlamp, UV and gamma­
rays in Cockayne syndrome fibroblasts is different from that in xeroderma pigmentosum 
fibroblasts. Photochem Photobiol 50:201-207. 

Rainbow,A.J., Francis,M., McKay,B.C. and Hill,C. (1995) Involvement of the p53 protein 
in UV and heat shock enhanced DNA repair in an actively transcribed reporter gene in 
human cells. Mutagenesis (abstract, in press) 

Ryan,D.R.G. and R1inbow,A.J. (1986) Comparative studies of host-cell reactivation, 
cellular capacity and enhanced reactivation of herpes simples virus in normal, xeroderma 
pigmentosum and Cockayne syndrome fibroblasts. Mutat Res 166:99-111. 

Sanchez-Prieto,R., Ll eonart,M. and Ramon y Cajal,S. (1995) Lack of correlation between 
p53 protein levels and sensitivity to DNA-damaging agents in keratinocytes carrying 
adenovirus E1a mutcnts. Oncogene 11:675-682. 

Sarnow,P., Ho,Y.S., Williams,J. and Levine,A.J. (1982) Adenovirus E1 b-58kD tumor 
antigen and SV 40 large tumor antigen are physically associated with the same 54kD 
cellular protein in tn:msformed cells. Cell 28:387-394. 

Scheffner,M., Werness,B.A., Huibregtse,J.M., Levine,A.J. and Howley,P.M. (1990) The 
E6 oncoprotein enc,)ded by human papillomavirus types 16 and 18 promotes the 
degradation of p53. Cell 63:1129-1136. 

Sheibani,N., Jennemein,M. and Eastman,A. (1989) DNA repair in cells senstitive and 
resistant to cis-diamminedichloroplatinum(II): Host cell reactivation of damaged plasmid 
DNA. Biochemistry 28:3120-3124. 

Slichenmeyer,W.J., Nelson,W.G., Slebos,R.J. and Kastan,M.B. (1993) Loss of a p53­
associated G 1 checkp:)int does not decrease cell survival following DNA damage. Cancer 
Res 53:4164-4168. 

Smith,M.L., Chen,I.-T., Zhan,Q., O'Connor,P.M. and Fornace,A.J.,Jr. (1995) Involvement 
of the p53 tumor suppressor in repair of u.v.-type DNA damage. Oncogene 10:1053­
1059. 

Srivastava,S., Tong,Y.A., Devadas,K., Zou,Z.-Q., Sykes,V.W., Chen,Y., Blattner,W.A., 
Pirollo,K. and Chang,E.H. (1992) Detection of both mutant and wild type p53 protein in 
normal skin fibrobla:;ts and demonstration of a shared 'second hit' on p53 in diverse 
tumors from a cancer-prone family with Li-Fraumeni syndrome. Oncogene 7:987-991. 

137 




Wang,X.W., Yeh,fl., Schaeffer,L., Roy,R., Moncollin,V., Egly,J.-M., Wang,Z., 
Friedberg,E.C., Evans,M.K., Taffe,B.G., Bohr,V.A., Weeda,G., Hoeijmakers,J.H.J., 
Forrester,K. and Harris,C.C. (1995) p53 modulation of TFIIH-associated nucleotide 
excision repair activity. Nature Genet 10:188-195. 

Whyte,P., Buchkovich,K.J., Horowitz,J.M., Friend,S.H., Raybuck,M., Weinberg,R.A. and 
Harlow,E. (1988) As:;ociation between an oncogene and an anti-oncogene; the adenovirus 
E1A protein binds tc the retinoblastoma gene product. Nature (London) 334:124-129. 

Yamaizumi,M. and Sugano,T. (1994) U.v.-induced nuclear accumulation ofp53 is evoked 
through DNA damage of actively transcribed genes independent of the cell cycle. 
Oncogene 9:2775-2784. 

Yin,Y., Tainsky,M.A., Bischoff,F.Z., Strong,L.C. and Wahl,G.M. (1992) Wild-type p53 
restores cell cycle control and inhibits gene amplification in cells with mutant p53 alleles. 
Cell 70:937-948. 

138 




SUMMARY 


This study of the repair of cisplatin-damaged DNA in human cells has led to 

several observations. Preliminary work with RS+ cells showed that lymphoblastoid cell 

lines are suitable for use in HCR experiments by analysis of either viral DNA synthesis 

or expression of a P-gal reporter gene. This could prove a useful method of quickly 

assessing the drug s,~nsitivity of human cells which could be used to better predict the 

tumour response of 1;ancer patients to chemotherapy. 

The previous observed cellular hypersensitivity of RS+ cells to DNA-damaging 

agents, particularly DNA-crosslinkers, had been suggested to possibly result from a DNA 

repair deficiency in rhese cells. Studies of the repair of cisplatin-damaged DNA in RS+ 

fibroblasts by use o:~ HCR and capacity assays showed no deficiency in the ability of 

these cells to repair DNA damage. By comparison with NER-deficient XP and interstrand 

crosslink repair-deficient FA cells, it was determined that RS+ cells are not deficient in 

NER, nor in the repair of DNA interstrand crosslinks induced by cisplatin. These results 

suggest that abnormHl DNA repair is not the cause of the RS+ mutagen hypersensitivity. 

However, our assays reflect repair only within the euchromatic regions of chromosomes, 

therefore, future work on the assessment of repair within the abnormal, decondensed 

heterochromatic regions of the RS+ chromosomes would be necessary to rule out a 

deficiency of DNA repair within those regions of the genome. 

Work with XP fibroblasts showed a reduced HCR of cisplatin-damaged virus in 

these NER-deficient cells. Analysis of cells from complementation groups A, B, C, D, 

F and G revealed a cleficiency in the ability to reactivate DNA-damaged virus within all 

these groups. Thest~ results implicate NER as an important pathway in the repair of 

cisplatin-damaged DNA. The cellular capacity of cisplatin-treated XP fibroblasts to 

support Ad replica1ion was also significantly reduced compared to normal cells, 

suggesting a deficiency in the ability of the XP cells to repair transcriptionally active 

cellular genes. 
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Use of the HCR assay to assess repair in Li-Fraumeni syndrome cells revealed 

normal reactivation of cisplatin-damaged virus in both the p53-heterozygous and p53­

hemizygous LFS eeLs studied. This suggests that bulk NER in these cells is not affected 

by p53 status. The p53-heterozygous LFS fibroblasts showed a reduced capacity to 

support Ad replication following cellular cisplatin damage, suggesting a role for p53 in 

the repair of actively transcribed cellular genes. These results support the mounting 

evidence that p53 is ~pecifically involved in transcription-coupled DNA repair, and further 

reveal how mutations in the p53 tumour suppressor gene can lead to cancer. 
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