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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 syndromes 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 ability 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 thre: human genetic syndromes - Roberts syndrome (RS), xeroderma
pigmentosum (XP) znd Li-Fraumeni syndrome (LFS). Fanconi's anemia (FA) cells were
also used as a control strain.

RS is characterized by growth retardation, limb reductions and craniofacial
abnormalities. Cells 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 ultraviolzt 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, inclucling 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 assays, 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 cisplatin 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 hypersensitivity 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 deficizncy in the repair of DNA interstrand crosslinks. RS+ cells were not
reduced in their capecity to support Ad DNA replication, suggesting that the RS+ cellular
hypersensitivity does 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 ard -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 deficiert 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 XI>-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 chapter 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 and 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 al 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 tkat results from normal cellular metabolism and to cope with the
genotoxic agents that 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 agents 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 camaging 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 envircnmental 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.



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’r) Oxidative damage is the most abundant type of damage seen by the cell
every day and is bzlieved 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 forms of repair include simple ligation of strand breaks and

recombinational repair which involves both nucleotide excision and recombination.

i. Base Excision Rzpair

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 whict 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
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Figure 1 is a schematic representation of the process of base excision repair.
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 dRpase. The resulting nucleotide gap is filled by DNA pol and the strand
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is sealed by DNA ligase. (from Friedberg et al., 1995)



resulting gap is then filled by DNA polymerase (DNA pol) and sealed by DNA ligase.
This process is shown in Figure 1.

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 genome is bombarded with thousands of oxidative hits every day.

ii. 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 ziven 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 of methylation of GATC
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). 1 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 rzpairs 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 nonpolyposis colorectal cancer (HNPCC) in humans (Fishel et al., 1993).

Four human genes necessary for mismatch repair have been identified so far. hMSH2 is



the human equivalent of the MutS gene in E. coli while hMLH1, hPMS1 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 G-T to G-C is carried out by short-patch repair, occuring preferentially

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

iii. 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 recognitior: of the lesion by a damage-specific endonuclease (or endonuclease
complex) that incises the DNA on both sides of the damage. The oligonucleotide
fragment containing 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 of NER repair is more complex than that found in lower
organisms. The cloning of human genes that are responsible for NER has been
accomplished by traisfection of human DNA into UV-sensitive, NER-deficient CHO cells
of different complernentation groups (Hoeijmakers et al., 1987; Weeda and Hoeijmakers,
1993) as well as NER-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 groups. Since then, some of these 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 are associated with NER include: ERCC1, XPD (ERCC2), XPB
(ERCC3), XPF (ERCC4), XPG (ERCCS), 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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Figure 2. Nucleotide 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)



(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
XPA and XPE. XP13 and XP§ are helicases that unwind the DNA around the site of the
lesion for incision by XPG, downstream of the damage, and incision by the XPF/ERCCI1
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 often 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 \Zl‘l\t/h\\t\h»e fact that
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 have demonstrated that there is a bias of repair of the transcribed strand
of an active gene over 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 cell survival (as reviewed in Friedberg et al., 1995).

iv. Recombinationa. Repair

The removal 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 inveolves 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


http:remov.ll

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, 1973). This process is illustrated in Figure 3. In yeast, the RAD1/RADI10
complex functions toth in NER and recombinational repair pathways (Tomkinson et al.,
1993). The human equivalents of the yeast genes, XPF and ERCC1, also form a complex
that is involved in NER and their homology to the yeast system suggests a role for the

XPF/ERCC1 complex in recombinational repair.

C. pS53 Response to DNA Damage and its Involvement in DNA Repair

pS53 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., 1990). The p53 protein binds to DNA as a tetramer
and acts as a transcriptional activator (Vogelstein and Kinzler, 1992; Zambetti and Levine,
1993) of genes such as WAF1/CIP1 (El-Deiry et al., 1993), MDM-2 (Juven et al., 1993)
and GADD45 (Forrace et al., 1989). Normal p53 is required for G, cell cycle arrest
following DNA damage (Kastan et al., 1991). This occurs by p53-activation of growth-
inhibiting genes, especially WAF1/CIP1 which is an inhibitor of cyclin-dependent kinases
that regulate progression through the cell cycle. The arrest of damaged cells in G, is
thought to prevent the entry of these cells into S phase, giving them more time for
removal of DNA damage. Loss of the G, checkpoint control would then permit
replication of unrepzired 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 stability. 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, 1994). The association of p53 and DNA

damage repair has been strengthened by studies showing that p53 binds via its C-terminal
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Figure 3. Recombinational Repair of Interstrand Crosslinks

Figure 3 is a schematic representation of the process of recombinational repair. One
strand of the DNA is 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)

10



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 of active
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 suggests that the damage within active genes is the signal for p53 induction.
Cells which are defizient 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-coupled 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 245, were significantly reduced in their gene-specific repair of UV-
induced lesions.

pS3 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 insilt undergo apoptosis which is believed to prevent replication of
genetically altered cells. The signal transduction pathway leading to p53-mediated
apoptosis is as yet uiknown 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-1 (Anderson, 1993). Activation
of these factors would then lead to enhanced expression of genes that are DNA-damage
inducible, and subsequently, 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-Deficient Syndromes

With all the 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 nucleotide 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 syndromeb

exhibit an increased risk for certain cancers.

i. 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 al.,
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 al., 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).
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complementation groups A, F and G were shown to have an eightfold lower minimum
required dose for irduction of p53 accumulation than normal cells did. Furthermore,
Cockayne syndrome (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 preferential NER but are deficient in overall genomic repair, exhibited a
minimum required dose similar to that of normal fibroblasts (Yamaizumi and Sugano,
1994). These results suggest that nuclear accumulation of the p53 protein is induced by
damage located in the actively transcribed regions of the genome.

Two immortalized 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 ectively transcribed genes was also observed in human pampilloma
virus (HPV)-infected cervical carcinoma cells which have reduced p53 activity due to the
abrogation of wt p53 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 the NER capability of these cells when assayed by HCR of a reporter
gene and by in vitro 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 treatment 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 cell 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 expression 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, tae 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 (Hollstein 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 growt1. E1A 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 E1A
increases levels of p53 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 1dea 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 was 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 pS53-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

Normal cells: Normal fibroblast strains GM969 and GM9503 were obtained
from the NIGMS Human Genetic Mutant Cell Repository (Coriell Institute, Camden, NJ).
The normal 423 strain was kindly provided by Dr. Patricia Chang, McMaster University,
Hamilton, Ont. Xeroderma pigmentosum cells: The xeroderma pigmentosum strains
XP12BE (GMS5509B), 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 spontaneously immortalized counterparts (041mut and 087mut) are
hemizygous, expressing only mutant p5S3 (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 cm’® tissue culture flasks (Corning Incorporated,
Coming, NY) in a-minimal essential medium (o-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% CO.,,
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100% humidified, water-jacketed incubator (Forma Scientific Inc., Marietta, OH) at 37°C.
At confluency, cells were passaged by aspirating spent growth medium, rinsing in Ix
phoshpate buffered saline (PBS) and by the addition of 2x trypsin-EDTA containing 0.5%
trypsin and 5.3 mM EDTAe®4Na (Gibco BRL, Life Technologies Inc., Grand Island, NY).
Once the cells rounded up, they were resuspended in medium and subcultured at

appropriate dilutions.

Cisplatin

Cisplatin (cis-diamminedichloroplatinum(II)) was obtained from Sigma Chemical
Company (St. Louis, MO). Stock solutions of 1 mM were made in 1x PBS (14 M
chloride ion) for the treatment of cells or in 1x low chloride PBS (6.6 mM chloride 10n)
for the treatment of virus. Stock solutions were made fresh and filtered through a 0.45

um 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 B-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. Viral stocks were grown on monolayers of human 293 cells and were
titred by plaque assay as described previously (Hitt et al., 1995). Stock virus was
suspended in PBS tc a titre ranging from 10°-10'° plaque forming units (pfu)/mL.

Host Cell Reactivation

Cells were seeded at a density of 1.9x10° cells/well in 96-well Microtest III
tissue culture plates (Falcon, Becton Dickinson & Company, Lincoln Park, NJ) and were
incubated for 24 hrs. prior to infection. AdS5(lacZ) was treated with varying doses of
cisplatin in serum-free medium containing 1% antibiotic/antimycotic for 24 hrs. at 37°C

to damage the viral DNA. Because cisplatin molecules contain two chloride atoms as

118



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 puL of viral suspension at a multiplicity of
infection (MOI) of 20 pfu/cell. After a 90 min. incubation at 37°C, the infection was
terminated by aspirating the virus and adding 200 uL of fresh growth medium to the
wells. Plates were then incubated for 72 hrs. at 37°C to allow for repair and replication

of viral DNA.

Cellular Capacity of Ad DNA Synthesis

Cells were seeded at a density of 1.9x10* 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 37°C to damage cellular DNA. In this
assay, chloride ion :oncentration was not set to a specified value as the environment
inside the cells provides an appropriate chloride ion concentration for cisplatin activity.
The cisplatin was then aspirated and cells were rinsed with 1x PBS to remove any
residual drug. Delayed infection of cell monolayers was done 24 hrs. following cisplatin
treatment. Cells were infected with 40 uL of AdS5(lacZ) viral suspension at an MOI of
100 pfu/cell, and were incubated for 90 mins. at 37°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 Viral DNA Synthesized

Following tie appropriate incubation time, the growth medium was aspirated
from the wells and 5C puL of proteinase K solution (1 mg/mL proteinase K, 1% SDS, 0.2x
SSC) was added to the wells for 1.5 hrs. at 37°C 1n order to lyse the cells. To denature
the viral DNA for blotting, 50 pL of NaOH solution (1 M NaOH, 1 mM EDTA), was
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added to the wells and plates were incubated another 1.5-2 hrs. before slot-blotting to
nylon membrane (CieneScreen Plus®, DuPont, NEN Research Products, Boston, MA)
using the Minifold 11 Slot-Blot system (Schleicher and Schuell Inc., Keene, NH). The
membrane was then air dried before probing with **P-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-heterozygous LFS fibroblasts, the p53-hemizygous LFS cells do not appear
to have reduced reactivation of the virus compared to the normal controls, whereas the

NER-deficient XP cell 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 wes delayed following UV exposure, it was found that the capacity of
the repair-deficient P 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 following cisplatin treatment (data not shown). Results from these
experiments indicated 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-Fraumen: 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+fx’+y)) and the parameters o, 3, Y were obtained by
least squares analysis in order to calculate D,, values for each survival curve. For each
experiment, the D,, value obtained for each cell strain was expressed relative to the
average D, value obtained from all the normal strains used in that experiment. The mean
relative D, values for delayed capacities are shown in Table 1. It can be seen that the
mean relative D,, was greatly reduced in the p53-heterozygous Li-Fraumeni and the NER-

deficient XP fibroblasts compared to that of the normal strains.
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Relative Ad DNA Synthesis in pS3-Heterozygous and -Hemizygous LFS Cells

The Ad E1B 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 svnthesis. 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 7z 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 cisplatin-damaged Ad in pS3-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 sarnples shown with standard error. (B) Data points are the mean of

triplicate samples shown with standard error. BGM969, (0423 (normal), @041, O087
(LFS); aXPCS2BA (XP-B), 4#XP2BI (XP-G).
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Figure 2. HCR of cisplatin-damaged Ad in pS3-hemizygous LFS cells. Ad was treated
with cisplatin for 24 hrs. at 37°C to damage viral DNA. Data points are the mean of
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(LFS); vXP12BE (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 shovn with standard error. BIGM969, (1423 (normal);, @041, O087
(LFS); 4#XP2BI (XP-3), vXP12BE (XP-A).
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Table 1. Capacity of cisplatin-damaged human fibroblasts to support Ad replication.

Cell Strain Syndrome Mean Relative D;;* Number of

Experiments
GM969 Normal 0.87 + 0.07° 6
423 Normal 1.26 + 0.10 3
GM9503 Normal 1.0 1
041 Li-Fraumem 0.56 + 0.15 3
087 Li-Fraumeni 0.60 + 0.08 4
XP12BE XP-A 059 +0.14 4
XP2BI XP-G 0.23 1

® Relative to the mean D;, value for the normal strains used in each experiment
® 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 +0.06° 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 46 +14 4
087 mut LFS 57+1.7 4

¢ Relative to the mean amount of viral DNA synthesized by the normal strains in each
experiment
® Standard error about the mean
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DISCUSSION

There have: been few studies regarding the sensitivity of Li-Fraumeni cells to
DNA-damaging ageats. In one study, the p53-heterozygous 041 and 087 LFS fibroblasts
were shown to exhitit 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 pS53-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 sequastering of wt p53 protein would take place in the pS3-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 not shown) indicate that the immortalized, p53-hemizygous 041 and
087 LFS cells containing no wt p53 have an increased clonogenic survival following
cisplatin treatment (Bulmer, personal communication). This correlates with the increased
UV survival observed for these same cells by Ford and Hanawalt (1995) which was
attributed to a reduct.on 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 p53 expression in human glioblastoma cells has been observed in
association with the cisplatin-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 cisplatin 1s paralleled by a reduced susceptibility to cisplatin-induced
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apoptosis. pS53 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 pS3 mutations but was
normal in the cisplarin-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 the 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 mutart pS3 transgene both exhibit a reduced level of NER when measured
by HCR of a UV-darnaged 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 pS3-heterozygous 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; Hansson 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 reactivaticn), 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 specifically linked to the preferential repair of actively transcribed regions
of the genome. FKepair 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 dose (MRD) of UV irradiation necessary to induce pS3 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 X2-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 results 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 absence of wt p53 in 041 and 087 immortalized LFS cells decreased the
repair of the nontranscribed 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 G1 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 pS53-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 seen 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 experiments 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 norraal preferential repair of active genes while CS cells are deficient in
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preferential repair, 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 [-gal reporter gene is reduced or absent in
p53-deficient human tumour cells and that coinfection of these cells with a recombinant
Ad vector expressirg 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 reported that HCR of a UV-damaged [3-gal reporter gene is normal in
both p53-heterozygcus and pS3-hemizygous LFS cells; however, pretreating the cells with
either UV or heat shock results in enhanced HCR only in the normal controls. The
absence of the UV- and 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 E1A and E1B proteins and
p53. E1A 1s known to induce the stabilization of the wt pS3 protein, increasing its half-
life by 5-10 fold in untransformed cells expressing the AdS E1A oncoprotein (Lowe and
Ruley, 1993). It alsc increases cellular sensitivity to DNA-damaging agents like cisplatin,
doxorubicin and y-radiation (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 AdS5(lacZ) viral construct introduces both E1A and E1B genes into the
cells. E1B protein binds to p53 in transformed cells (Sarnow 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 E1A and E1B compared to E1A alone
(Lowe and Ruley, 1993). The presence of the E1B protein in cells was also observed to
inhibit the increase in E1A-associated apoptosis (Lowe and Ruley, 1993). Therefore, it
1s possible that the E1A protein introduced into the wt pS3-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 of the host cells (Table 2). The higher level of Ad DNA detected in
the p53-hemizygous 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.
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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 [3-gal reporter gene. This could prove a useful method of quickly
assessing the drug sznsitivity of human cells which could be used to better predict the
tumour response of cancer 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 these cells. Studies of the repair of cisplatin-damaged DNA in RS+
fibroblasts by use o7 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
crosshink 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 abnormal 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 1epair 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. These 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 replication 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 cel s 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 specifically involved in transcription-coupled DNA repair, and further

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

140



REFERENCES

Aaronson,S.A. and Lytle,C.D. (1970) Decreased host cell reactivation of irradiated SV40
virus in xeroderma pigmentosum. Nature 288:359-361.

Allingham-Hawkins,D.J. and Tomkins,D.J. (1991) Somatic cell hybridization of Roberts
syndrome and normal lymphoblasts resulting in correction of both the cytogenetic and
mutagen hypersensitivity cellular phenotypes. Somat Cell Mol Genet 17(5):455-462.

Ames B N. and Gold,L.S. (1991) Endogenous mutagens and the causes of aging and
cancer. Mutat Res 250:3-16.

Anderson,C.W. (1993) DNA damage and the DNA-activated protein kinase. Trends
Biochem Sci 18:433-437.

Andrews,P.A. and Albright KD. (1992) Mitochondrial defects in cis-
diamminedichloroplatinum(II)-resistant human ovarian carcinoma cells. Cancer Res
52:1895-1901.

Arnold,W R.G. and Rainbow,A.J. (1996) Host cell reactivation of irradiated adenovirus
in UV-sensitive Chir ese hamster ovary cell mutants. Mutagenesis 11:89-94.

Auerbach,A D. and Wolman,S R. (1976) Susceptibility of Fanconi's anemia fibroblasts to
chromosome damage by carcinogens. Nature (London) 261:494-496.

Averbeck,D., Papadcpoulo,D., Moustacchi,E. (1988) Repair of 4,5'.8-trimethlypsoralen
plus light-induced DNA damage in normal and Fanconi's anemia cell lines. Cancer Res
48:2015-2020.

Bagnara,G.P, Bonsi,L., Strippoli,P., Ramenghi,U., Timeus,F., Bonifazi,F., Bonafe M,
Tonelli,R., Bubola,G, Brizzi, M.F., Vitale,L., Paolucci,G., Pegoraro,L., Gabutti,V. (1993)
Production of interleukin 6, leukocyte inhibitory factor and granulocyte-macrophage
colony stimulating factor by peripheral blood mononuclear cells in Fanconi's anemia.
Stem Cells 11(suppl. 2):137-143.

Banjar,Z M., Hnilica,L.S., Briggs,R.C., Stein,J, Stein,G. (1984) cis- and trans-
Diamminedichloroplatinum(II)-mediated cross-linking of chromosomal non-histone

proteins to DNA in HeLa cells. Biochemistry 23:1921-1926.

Barnard,C.F.J., Cleare, M.J., Hydes,P.C. (1986) Second generation anticancer platinum
compounds. Chem Brit 22:1001-1004.

141



Barry, M.A., Behnke¢,C.A., Eastman,A. (1990) Activation of programmed cell death
(apoptosis) by cisplatin, other anticancer drugs, toxins and hyperthermia. Biochem
Pharmacol 40:2353-2362.

Beck,D.J., Popoff,S.. Sancar,A., Rupp,W.D. (1985) Reactions of the UVRABC exciston
nuclease with DNA damaged by diamminedichloroplatinum(II). Nucleic Acids Res
13:7395-7413.

Bellon,S., Coleman,J., Lippard,S. (1991) DNA unwinding produced by site-specific
intrastrand  cross-links of the antitumor drug cis-diamminedichloroplatinum(II).
Biochemistry 30:8026-8035.

Belt,P.B.G.M,, van Oosterwijk, M.F., Odijk,H., Hoeiymakers,J H.J., Backendorf,C. (1991)
Induction of a mutant phenotype in human repair proficient cells after overexpression of
a mutated human DNA repair gene. Nucleic Acids Res 19:5633-5637.

Bernal S, Speak,J., Boeheim K., Dreyfuss,A., Wright,J., Teicher,B., Rosowsky,A, Tsao,S.,
Wong,Y. (1990) Reduced membrane protein associated with resistance of human
squamous carcinoma cells to methotrexate and cis-platinum. Mol Cell Biochem 95:61-70.

Bianchi,M.E., Beltrame M., Paonessa,G. (1989) Specific recognition of cruciform DNA
by nuclear protein HMG1. Science 243:1056-1059.

Bianchi M.E., Falciola,L., Ferrari,S., Lilley,D.M.J. (1992) The DNA binding site of
HMGTI protein is coraposed of two similar segments (HMG boxes), both of which have
counterparts in other eukaryotic regulatory proteins. EMBO J 11:1055-1063.

Biggerstaff M. and Wood,R.D. (1992) Requirement for ERCC-1 and ERCC-3 gene
products in DNA excision repair in vitro. J Biol Chem 267:6879-6885.

Biggerstaff M., Szymkowski,D.E., Wood,R.D. (1993) Co-correction of the ERCCI,
ERCC4 and xeroderina pigmentosum group F DNA repair defects in vitro. EMBO ]
12:3685-3692.

Bohr,V.A., Smith,C.A., Okumoto,D.S. and Hanawalt,P.C. (1985) DNA repair in an active
gene: removal of pyrimidine dimers from the DHFR gene of CHO cells is much more

efficient than in the genome overall. Cell 40:359-369.

Bohr,V.A. (1991) Gene specific DNA repair. Carcinogenesis 12:1983-1991.

142



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

Brown,S.J,, Kellett,P.J., Lippard,S.J. (1993b) Ixrl, a yeast protein that binds to platinated
DNA and confers seasitivity to cisplatin. Science 261:603-605.

Bruhn,S.L., Pil,P.M., Essigmann,J M., Housman,D.E., Lippard,S.J. (1992) Isolation and
characterization of human ¢cDNA clones encoding a high mobility group box protein that
recognizes structural distortions to DNA caused by binding of the anticancer agent
cisplatin. Proc Natl Acad Sci USA 89:2307-2311.

Burns,M.A. and Tomkins,D.J. (1989) Hypersensitivity to mitomycin C cell-killing in
Roberts syndrome fibroblasts with, but not without, the heterochromatin abnormality.
Mutat Res 216:243-249.

Caelles,C., Helmberg,A., Karin, M. (1994) p53-dependent apoptosis in the absence of
transcriptional activation of p53-target genes. Nature (London) 370:220-223.

Carothers,AM., Zhen,W., MuchaJ., Zhang,Y.-J., Santella, R M., Grunberger,D. and
Bohr,V.A. (1992) DNA strand-specific repair of (+ -)-3a,4B-dihydroxy-1a,2a-epoxy-
1,2,3,4-tetrahydrober zo[c]phenanthrene adducts in the hamster dihydrofolate reductase
gene. Proc Natl Acad Sci1 USA 89:11925-11929.

Chu,G. (1994) Cellu. ar responses to cisplatin. J Biol Chem 269:787-790.
Ciccarelli,R.B., Solomon,M.J., Varshavsky,A., Lippard,S.J. (1985) In vivo effects of cis-
and trans-diamminedichloroplatinum(II) on SV40 chromosomes: Differential repair,

DNA-protein cross-linking, and inhibition of replication. Biochemistry 24:7533-7540.

Cleaver,J. E. (1969) Xeroderma pigmentosum: a human disease in which an initial stage
of DNA repair is defective. Proc Natl Acad Sci USA 63:428-435.

Cleaver,J. E. (1978) DDNA repair and its coupling to DNA replication in eukaryotic cells.
Biochim Biophys Acta 516:489-516.

Cole,R.S. (1973) Repair of DNA containing interstrand crosslinks in Escherichia coli:
sequential excision and recombination. Proc Natl Acad Sci USA 70:1064-1068.

143


http:Cellu.ar
http:4-tetrahydrober.zo

Collins,A. (1993) Mutant rodent cell lines sensitive to ultraviolet light, ionizing radiation
and cross-linking agents: a comprehensive survey of genetic and biochemical
characteristics. Mutat Res 293:99-118.

Coohill, T.P., Moore,S.P. and Drake,S. (1977) The wavelength dependence of ultraviolet
inactivation of host capacity in a mammalian cell-virus system. Photochem Photobiol
26:387-391.

Cotton,F.A. and Wi kinson,G.,Sir. (1980) Advanced Inorganic Chemistry, 4th Edition.
Wiley, New York. pp. 950.

Dabholkar,M., Bostick-Bruton,F., Weber,C., Bohr,V.A., Egwuaga,C., ReedE. (1992)
ERCC1 and ERCC2 expression in malignant tissues from ovarian cancer patients. J Natl
Cancer Inst 84:1512-1517.

Day,R.S. (1974a) C:llular reactivation of ultraviolet irradiated human adenovirus 2 in
normal and xeroderma pigmentosum fibroblasts. Photochem Photobiol 19:9-13.

Day,R.S. (1974b) Studies on repair of adenovirus 2 by human fibroblasts using normal,
xeroderma pigmentosum, and xeroderma pigmentosum heterozygous strains. Cancer Res
34:1965-1970.

Defais,M.J., Hanawalt,P.C. and Sarasin,A.R. (1983) Viral probes for DNA repair. Adv
Radiat Biol 10:1-37.

Deuchars,K.L. and Ling,V. (1989) P-glycoprotein and multidrug resistance in cancer
chemotherapy. Semin Oncol 16:156-165.

Diatloff-Zito,C., Papadopoulo,D., Averbeck,D., Moustacchi,E. (1986) Abnormal response
to DNA crosslinking agents of Fanconi's anemia fibroblasts can be corrected by
transfection with normal human DNA. Proc Natl Acad Sci USA 83:7034-7038.

Eady,J.J., Peacock,J H. and McMillan, T.J. (1992) Host cell reactivation of gamma-
irradiated adenovirus in human cell lines of varying radiosensitivity. Brit J Cancer

66:113-118.

Eastman,A. (1985) Interstrand crosslinks and sequence specificity in the reaction of cis-
dichloro(ethylenediamine)platinum(II) with DNA. Biochemistry 24:5027-5032.

Eastman,A. (1986) Reevaluation of interaction of cis-
dichloro(ethylenediamine)platinum(II) with DNA. Biochemistry 25:3912-3915.

144



Eastman,A. (1991) Mechanisms of resistance to cisplatin. In: Molecular and Clinical
Advances in Anticancer Drug Resistance. Robert Ozols (ed.) Kluwer Academic
Publishers, Boston. pp. 233-249. ’

El-Deiry,W.S., Tokino,T., Velculescu,V.E., Levy,D.B., Parsons,R., Trent,JM., LinD.,
Mercer,W E., Kinzler, K. W., Vogelstein,B. (1993) WAFI, a potential mediator of p53
tumor suppression. Cell 75:817-825.

Evans, M K, Robbins, J H., Ganges,M.B., Tarone R E., Nairn R.S. and Bohr,V.A. (1993)
Gene-specific DNA repair in xeroderma pigmentosum complementation groups A, C, D,
and F. Relation to czllular survival and clinical features. J Biol Chem 268:4839-4847.

Fanconi,G. (1967) Famihlial constitution panmyelocytopathy, Fanconi's anemia (F.A.). L.
Clinical aspects. Semin Hematol 4:233-240.

Fichtinger-Schepmai,A.M.J., van Diyjk-Knijnenburg, HC.M., van der Velde-Visser,S.D.,
Berends,F., Baan,R. A. (1995) Cisplatin- and carboplatin-DNA adducts: is Pt-AG the
cytotoxic lesion? Carcinogenesis 16(10):2447-2453.

Fichtinger-Schepma1,A M.J., van der Veer,JL., den Hartog,JHJ, Lohman,PHM,,
Reedijk,J. (1985) Adducts of the antitumor drug cis-diamminedichloroplatinum(II) with
DNA: Formation, icentification, and quantitation. Biochemistry 24:707-713.

Fishel R., Lescoe M.K., Rao,M.R.S, Copeland,N.G., Jenkins,N. A, Garber,J., Kane,M. and
Kolodner,R. (1993) The human mutator gene homolog MSH2 and its association with
hereditary nonpolyposis cancer. Cell 75:1027-1038.

Flint,S.J. and Broksr,TR. (1980) Lytic infection of adenoviruses. In. DNA Tumor
Viruses, Molecular Biology of Tumor Viruses, Second edition, part 2. J. Tooze (ed.) Cold
Spring Harbor Laboratory, Cold Spring Harbor, New York. pp.443-546.

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.

Fornace,Jr.,A.J., Netert,D.W , Hollander M.C., Luethy,J.D., Papathanasiou,M., Fargnoli,].,

Holbrook,N.J. (1989) Mammalian genes coordinately regulated by growth arrest signals
and DNA-damaging agents. Mol Cell Biol 9:4196-4203.

145



Fox,M.E. and Feldman,B.J. (1994) A novel role for DNA photolyase: binding to DNA
damaged by drugs is associated with enhanced cytotoxicity in Saccharomyces cerevisiae.
Mol Cell Biol 14:8071-8077.

Francis,M. and Rainbow,A.J. (1995) Preferential repair in the transcribed strand of active
genes is UV-inducible in human cells. Proceedings of the 10th International Congress of
Radiation Research, Volume 2. (in press)

Freeman, M.V R., Williams,D.W ., Schimke R N., Temtamy,S.A., Vachier,E. and German,J.
(1974) The Roberts syndrome. Clin Genet 5:1-16.

Friedberg E.C., Walker,G.C. and Siede,W. (1995) DNA Repair and Mutagenesis.
American Society for Microbiology Press, Washington, D.C.

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

Fujiwara,Y., Tatsumi,M., Sakaki,M.S. (1977) Cross-link repair in human cells and its
possible defect in Fanconi's anemia cells. J Mol Biol 113:635-649,

Gale,GR., Morris,C.R., Atkins,L. M. and Smith,A B. (1973) Binding of an antitumor
platinum compound to cells as influenced by physical factors and pharmacologically
active agents. Cancar Res 33:813-818.

Gentner,N.E., Tomkins,D.J., Paterson,M.C. (1985) Roberts syndrome fibroblasts with
heterochromatin abriormality show hypersensitivity to carcinogen-induced cytotoxicity.
Am J Hum Genet 37(suppl):A231 (abstract)

Gentner,N.E., Smith,B.P., Norton,GM., Courchesne, L., Moeck,L., Tomkins,D. (1986)
Carcinogen hypersensitivity in cultured fibroblast strains from Roberts syndrome patients.

Proc Can Fed Biol 3ci 29:144 (abstract)

German,J. (1972) Cienes which increase chromosomal instability in somatic cells and
predispose to cancer. Prog Med Genet 8:61-101.

German,J. (1979) Roberts' syndrome. 1. Cytological evidence for a disturbance in
chromatid pairing. Clin Genet 16:441-447.

146



Gibbons,G., Kaufman,W. and Chaney,S. (1991) Role of DNA replication in carrier-ligand-
specific resistance to platinum compounds in L1210 cells. Carcinogenesis 12:2253-2257.

Glantz,A. and Fraser,F.C. (1982) Spectrum of anomalies in Fanconi's anemia. J Med
Genet 19:412-416.

Gruenert,D.C. and Cleaver,JE. (1985) Repair of psoralen-induced cross-links and
monoadducts in normal and repair-deficient human fibroblasts. Cancer Res 45:5399-5404.

Guild, WR. and Shoemaker N.B. (1976) Mismatch correction in pneumococcal
transformation: doncr length and hex-dependent marker efficiency. J Bacteriol 125:125-
135.

Hamer,D H. (1986) Metallothionein. Annu Rev Biochem 55:913-951.

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

Herrmann,J., Feingold,M., Tuffli,G.A. and Opitz,J. M. (1969) A familial dysmorphogenetic
syndrome of limt deformities, characteristic facial appearance and associated
abnormalities: the "pseudothalidomide” or "SC-syndrome". In: Bergsma, D. (ed.) The
First Conference on the Clinical Delineation of Birth Defects, Part III. Limb
Malformations. The National Foundation, New York. pp. 81-89.

Hirschfeld,S., Levine,A.S., Ozato,K., Protic M. (1990) A constitutive damage-specific
DNA-binding protein is synthesized at higher levels in UV-irradiated primate cells. Mol
Cell Biol 10:2041-2048.

Hoeiymakers,J.H.J., Odijk,H. and Westerveld,A. (1987) Differences between rodent and
human cell lines in the amount of integrated DNA after transfection. Exp Cell Res
169:111-119.

Hoffmann,J.-S., Pillaire, M.-J., Maga,G., Podust,V., Hubscher,U. and Villani,G. (1995)
DNA polymerase [3 bypasses in vitro a single d(GpG)-cisplatin adduct placed on codon
13 of the HRAS gene. Proc Natl Acad Sci USA 92:5356-5360.

Holden, K .R., Jabs,E W_, Sponseller,P.D. (1992) Roberts/Pseudothalidomide syndrome and

normal intelligence: Approaches to diagnosis and management. Developmental Medicine
and Child Neurology 34:534-546.

147



Hollstein, M., Sidransky,B., Vogelstein,B., Harris,C.C. (1991) p53 mutations in human
cancers. Science 253:49-53.

HorwitzM.S. (1990) Adenoviridae and their replication. In: Virology, Second Edition.
B.N. Fields, D.M. Kaipe et al. (eds.) Raven Press, New York. pp. 1679-1721.

Huang,H., Zhu,L., Reid,B.R, Drobny,G.P., Hopkins,P.B. (1995) Solution structure of a
cisplatin-induced DNA interstrand cross-link. Science 270:1842-1845.

Hughes E N., Engelsberg,B.N., Billings,P.C. (1992) Purification of nuclear proteins that
bind to cisplatin-damaged DNA. J Biol Chem 267:13520-13527.

Ikeda,H.,, Nakano,5.,, NagashimaK. Sakamoto,K., HarasawaN., KitamuraT,,
Nakamura,T. and Nazamachi,Y. (1987) Verapamil enhancement of antitumor effect of cis-
diamminedichloroplatinum(II) in nude mouse-grown neuroblastoma. Cancer Res 47:231-
234.

Ishida,R. and Buchwald M. (1982) Susceptibility of Fanconi's anemia lymphoblasts to
DNA-cross-linking and alkylating agents. Cancer Res 42:4000-4006.

Ishikawa,T. and Ali-Osman,F. (1993) Glutathione-associated cis-
diamminedichloroplatinum(II) metabolism and ATP-dependent efflux from leukemia cells.
J Biol Chem 268:20116-20125.

Jabs,E W., Tuck-Miller,C.M., Cusano,R., Rattner,JB. (1991) Studies of mitotic and
centromeric abnormalities in Roberts syndrome: Implications for a defect in the mitotic
mechanism. Chromosoma 100:251-261.

Jantzen H -M., Admon,A., Bell,S.P., Tjian,R. (1990) Nucleolar transcription factor hUBF
contains a DNA-binding motif with homology to HMG proteins. Nature (London)
344:830-836.

Jeeves,W.P. and Rainbow,A J. (1983a) U.v.-enhanced reactivation of u.v.- and gamma-
irradiated adenovirus in Cockayne syndrome and xeroderma pigmentosum fibroblasts. Int
J Radiat Biol 43:625-647.

Jeeves,W P. and Rainbow,A.J. (1983b) Gamma-ray enhanced reactivation of irradiated
adenovirus in xerod:rma pigmentosum and Cockayne syndrome fibroblasts. Radiat Res
94:480-498.

148



Johnson,N.P., Hoeschele,J.D., Rahn,R.O. (1980) Kinetic analysis of the in vitro binding
of radioactive cis- and trans-dichlorodiammineplatinum(II) to DNA. Chem-Biol Interact
30:151-169.

Johnson,S W., Swiggard,P.A.,, Handel, L. M., Brennan,J M., Godwin,A K., Ozols,RF.,
Hamilton, T.C. (1994a) Relationship between platinum-DNA adduct formation and removal
and cisplatin cytotoxicity in cisplatin-sensitive and -resistant human ovarian cancer cells.
Cancer Res 54:5911-5916.

Johnson,SW., PerezRP, Godwin,AK., Yeung, AT, HandelLM., OzolsRF.,
Hamilton, T.C. (1994b) Role of platinum-DNA adduct formation and removal in cisplatin
resistance in human ovarian cancer cell lines. Biochem Pharmacol 47(4):689-697.

Jones,C.J. and Wood,R.D. (1993) Preferential binding of the xeroderma pigmentosum
group A complementing protein to damaged DNA. Biochemistry 32:12096-12104.

Jones,J.C., Zhen,W., Reed E., Parker,R.J., Sancar,A., Bohr,V.A. (1991) Gene-specific
formation and repair of cisplatin intrastrand adducts and interstrand cross-links in Chinese
hamster ovary cells. J Biol Chem 266(11):7101-7107.

Juven,T., Barak,Y., Zauberman,A., George,D.L., Oren, M. (1993) Wild type p53 can
mediate sequence-spzcific transactivation of an internal promoter within the mdm2 gene.
Oncogene 8:3411-3416.

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

Kastan M.B., Zhan ()., El-Deiry,W.S., Carrier,F., Jacks, T., Walsh, W.V., Plunkett,B.S.,
Vogelstein,B. and Fornace,A.J. Jr. (1992) A mammalian cell cycle checkpoint pathway
utlilizing p53 and G4 DD45 is defective in ataxia-telangiectasia. Cell 71:587-597.

Kataoka,H. and Fujiwara)Y. (1991) UV damage-specific DNA-binding protein in
xeroderma pigmentosum complementation group E. Biochem Biophys Res Commun
175:1139-1143,

Kawai K., Kamatani,N.,, Georges,E., Ling,V. (1990) Identification of a membrane
glycoprotein overexpressed in murine lymphoma sublines resistant to cis-
diamminedichloroplatinum(II). J Biol Chem 265:13137-13142.

Keeney,S., Chang,G.J., Linn,S. (1993) Characterization of a human DNA damage binding
protein implicated in xeroderma pigmentosum E. J Biol Chem 268:21293-21300.

149



Keeney,S., Wein,H,, Linn,S. (1992) Biochemical heterogeneity in xeroderma pigmentosum
complementation group E. Mutat Res 273:49-56.

Kruyt,F. A E., Dijkmrans,L. M., van den Berg,T.K. and Joenje,H. (1996) Fanconi anemia
genes act to suppress a cross-linker-inducible pS3-independent apoptosis pathway in
lymphoblastoid cell lines. Blood 87:938-948.

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

Lambert, M. W, Fenkart,D. and Clarke,M. (1988) Two DNA endonuclease activities from
normal human and xeroderma pigmentosum chromatin active on psoralen plus ultraviolet
light treated DNA. Mutat Res 193:65-73.

Lambert MW, Tsongalis,G.J., Lambert,W.C., Hang,B. and Parrish,D.D. (1992) Defective
DNA endonuclease activities in Fanconi's anemia cells, complementation groups A and
B. Mutat Res 273:57-71.

Larminat,F. and Bohr,V.A. (1994) Role of the human ERCC-1 gene in gene-specific
repair of cisplatin-induced DNA damage. Nucleic Acids Res 22(15):3005-3010.

Lee KB, Parker,RJ, Bohr,V.A, Comelison,T., ReedE. (1993) Cisplatin
sensitivity/resistance in UV repair-deficient Chinese hamster ovary cells of
complementation groups 1 and 3. Carcinogenesis 14(10):2177-2180.

Lehmann A R., Kirk-Bell,S., Arlett,C.F., Paterson,M.C., Lohman,P.HM., de Weerd-
Kastelein,E.A. and Bootsma,D. (1975) Xeroderma pigmentosum cells with normal levels
of excision repair hiave a defect in DNA synthesis after UV-irradiation. Proc Natl Acad
Sc1 USA 72:219-223.

L1,F.P. and Fraumeni,J.F. (1969) Soft-tissue sarcomes, breast cancer, and other neoplasms.
A familial syndrom2? Ann Intern Med 71:747-752.

Lilley,D.M.J. (1992) HMG has DNA wrapped up. Nature (London) 357:282-283.

Lindahl, T. (1976) New class of enzymes acting on damaged DNA. Nature (London)
259:64-66.

Lindahl,T. (1979) ENA glycosylases, endonucleases for apurinic/apyrimidinic sites, and
A base excision-repair. Prog Nucleic Acid Res Mol Biol 22:135-192.

150



Lippard,S.J. (1987) Chemistry and molecular biology of platinum anticancer drugs. Pure
and Appl Chem 59:731-742.

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.

Louie,E. and German,J. (1981) Roberts's syndrome. II. Aberrant Y-chromosome
behaviour. Clin Genet 19:71-74.

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

Lowe,S'W., Ruley,1E., Jacks,T., HousmanDE. (1993b) p53-dependent apoptosis
modulates the cytotoxicity of anticancer agents. Cell 74:957-967.

Lytle,C.D_, Day II1R.S, Hellman,K.B., Bockstahler,L E. (1976) Infection of UV-irradiated
xeroderma pigmentosum fibroblasts by herpes simplex virus: study of capacity and Weigle
reactivation. Mutat Res 36:257-264.

Madhani,HD., Bohr,V.A. and Hanawalt,P.C. (1986) Differential DNA repair in
transcriptionally active and inactive proto-oncogenes: c-abl and c-mos. Cell 45:417-423.

Malkin,D., Li,F.P., Strong,L.C., Fraumeni,JF., Nelson,C.E., Kim,D.H., Kassel,J,
Gryka,M. A, Bischo'f F.Z., Tainsky,M.A. and Friend,S.H. (1990) Germline p53 mutations

in a familial syndiome of breast cancer, sarcomas and other neoplasms. Science
250:1233-1238.

Malkin,D. (1994) p53 and the Li-Fraumeni syndrome. Biochim Biophys Acta 1198:197-
213.

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

Mann,S.C., Andrews,P.A. and Howell,S.B. (1988) Comparison of lipid content, surface
membrane fluidity, and temperature dependence of cis-diamminedichloroplatinum(Il)

accumulation in sensitive and resistant human ovarian carcinoma cells. Anticancer Res
8:1211-1216.

Mann,S.C., Andrews,P.A. and Howell,S.B. (1989) Modulation of cisplatin accumulation
by forskolin in human ovarian carcinoma cells. Proc Am Assoc Cancer Res 30:466.

151



Marx,J. (1994) DNA repair comes into its own. Science 266:728-730.

Matsumoto,A., Vos,J-M.H., Hanawalt,P.C. (1989) Repair analysis of mitomycin C-induced
DNA crosslinking in ribosomal RNA genes in lymphoblastoid cells from Fanconi's anemia
patients. Mutat Res 217:185-192.

May,A., Nairn,R.S., Okumoto,D.S., Wassermann K., Stevnsner,T., Jones,].C., Bohr,V.A.
(1993) Repair of individual DNA strands in the hamster dihydrofolate reductase gene after
treatment with ultraviolet light, alkylating agents, and cisplatin. J Biol Chem
268(3):1650-1657.

Maynard,K.R., Hosking,L K., 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
Interactions 71:353-365.

Meister,A. and Anderson,M. (1983) Glutathione. Ann Rev Biochem 52:711-760.

Mellon,l., Spivak,G. and Hanawalt,P.C. (1987) Selective removal of transcription-blocking
DNA damage from the transcribed strand of the mammalian DHFR gene. Cell 51:241-
249.

Miyashita,T. and Reed,J.C. (1992) bcl-2 gene transfer increases relative resistance of
S49.1 and WEH17.2 lymphoid cells to cell death and DNA fragmentation induced by
glucocorticoids and multiple chemotherapeutic drugs. Cancer Res 52:5407-5411.

Modrich,P. (1989) Methyl-directed DNA mismatch correction. J Biol Chem 264:6597-
6600.

Modrich,P. (1991) Mechanisms and biological effects of mismatch repair. Annu Rev
Genet 25:229-253.

Moustacchi,E.,, Papadopoulo,D., Diatloff-Zito,C., BuchwaldM. (1987) Two
complementation groups of Fanconi's anemia differ in their phenotypic response to a
DNA-crosslinking trecatment. Hum Genet 75:45-47.

Nelson,W.G. and Kastan, M.B. (1993) DNA strand breaks: the DNA template alterations

that trigger p53-dependent DNA damage response pathways. Mol Cell Biol 14:1815-
1823.

152



Parsons,P.G., Maynard, K. R, Little JH., McLeod,R. (1986) Adenovirus replication as an
in vitro probe for drug sensitivity in human tumors. Eur J Cancer Clin Oncol 22(4):401-
409.

Parsons,P.G., Lean,]., Kable,EP.W., Favier,D., Khoo,SK. Hurst,T., HolmesRS.,
Bellet,A.JD. (1990) Relationships between resistance to cross-linking agents and
glutathione metabolism, aldehyde dehydrogenase isozymes and adenovirus replication in
human tumour cell lines. Biochem Pharmacol 40(12):2641-2649.

Patterson,M. and Chu,G. (1989) Evidence that xeroderma pigmentosum cells from
complementation group E are deficient in a homolog of yeast photolyase. Mol Cell Biol
9:5105-5112.

Pil,P.M. and Lippard,S.J. (1992) Specific binding of chromosomal protein HMG1 to DNA
damaged by the anticancer drug cisplatin. Science 256:234-237.

Pillaire M .-J., Margot,A., Villani,G., Sarasin,A.,, DefaisM. and Gentil,A. (1994)
Mutagenesis in monkey cells of a wvector containing a single d(GPG) cis-
diamminedichloroplatinum(II) adduct placed on codon 13 of the human H-ras proto-
oncogene. Nucleic Acids Res 22:2519-2524,

Plooy,A.C.M., van Dijk,M., Lohman,P. HM. (1984) Induction and repair of DNA cross-
links in Chinese hamster ovary cells treated with various platinum coordination
compounds in relaton to platinum binding to DNA, cytotoxicity, mutagenicity, and
antitumor activity. (Cancer Res 44:2043-2051.

Plooy,A.C. M., van Dijjk, M., Berends,F., Lohman,P.HM. (1985) Formation and repair of
DNA interstrand crcss-links in relation to cytotoxicity and unscheduled DNA synthesis
induced in control and mutant human cells treated with cis-diamminedichloroplatinum(II).
Cancer Res 45:4178-4184.

PollLE H.A., Abrahamns,P.J., Arwert,F ., Eriksson,A.W. (1984) Host-cell reactivation of cis-
diamminedichloroplatinum(II)-treated SV40 DNA in normal human, Fanconi anaemia and

xeroderma pigmentcsum fibroblasts. Mutat Res 132:181-187.

Radman,M. and Wagner,R. (1986) Mismatch repair in Escherichia coli. Annu Rev Genet
20:523-538.

Rainbow,A .J. and Howes,M. (1979) Decreased repair of gamma-irradiated adenovirus in
xeroderma pigmentcsum fibroblasts. Int J Radiat Biol 36:621-629.

153



Rainbow,A.J. (1980) Reduced capacity to repair adenovirus in fibroblasts from xeroderma
pigmentosum hetero:zygotes. Cancer Res 40:3945-3949.

Rainbow,A.J. (1981) Reactivation of Viruses. In: Short Term Tests for Chemical
Carcinogens. H.F. Stitch and RH.C. San (eds.) Springer Verlag, New York. pp. 20-35.

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., Shukla,G., Subramanian]l., Winrow,C. (1993) The capacity of UV-
irradiated mammalian cells to support adenovirus DNA replication correlates with DNA
repair in active chromatin. (unpublished)

Reardon,J.T., Nichols,A.F., Keeney,S., Smith,C. A, Taylor,J.S., Linn,S., Sancar,A. (1993)
Comparitive analysis of binding of human damaged DNA-binding protein (XPE) and
Escherichia coli damage recognition protein (UvrA) to the major ultraviolet
photoproducts: T[c,s|T, T[t,s]T, T[6-4]T, and T[Dewar]T. JBiol Chem 268:21301-21308.

Roberts,J B. (1919) A child with double cleft of hp and palate, protrusion of the
intermaxillary portion of the upper jaw and imperfect development of the bones of the
four extremities. Ann Surg 70:252-253.

Roberts,J.J. and Friedlos,F. (1981) Quantitative aspects of the formation and loss of DNA
interstrand crosslin<s in Chinese hamster cells following treatment with cis-
diamminedichloroplatinum(II) (cisplatin). Biochim Biophys Acta 655:146-151.

Roselli,F., Sanceau,J., Gluckman,E., WietzerbinJ., Moustacchi,E. (1994) Abnormal
lymphokine production: a novel feature of the genetic disease Fanconi anemia. II. In vitro
and in vivo spontaneous overproduction of tumor necrosis factor o.. Blood 83:1216-1225.

Roselli,F., Ridet,A., Soussi,T., Duchaud,E., Alapetite,C., Moustacchi,E. (1995) p53-
dependent pathway of radio-induced apoptosis is altered in Fanconi anemia. Oncogene
10:9-17.

Roselli,F., SanceaulJ., Wietzerbin,J., Moustacchi,E. (1992) Abnormal lymphokine
production: a novel feature of the genetic disease Fanconi anemia. I. Involvement of

interleukin-6. Hum Genet 89:42-48.

Rosenberg,B., Van Camp,L., Krigas, T. (1965) Inhibition of cell division in Escherichia
coli by electrolysis products from a platinum electrode. Nature 205:698-699.

154



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

Sancar,A., Franklin K.A., Sancar,G.B., TangM.S. (1985) Repair of psoralen and
acetylaminofluorene DNA adducts by ABC excinuclease. J Mol Biol 184:725-734.

Sancar,G.B. (1990) DNA photolyases: physical properties, action mechanism, and roles
in dark repair. Mutect Res 236:147-160.

SasakiM.S. and Tonomura,A. (1973) A high susceptibility of Fanconi's anemia to
chromosome breakage by DNA cross-linking agents. Cancer Res 33:1829-1836.

Schaeffer, .., Moncnlin,V., Roy,R., Staub,A. MezzinaM., Sarasin,A., Weeda,G,
Hoeyymakers,J. H.J., Egly,J.-M. (1994) The ERCC2/DNA repair protein is associated with
the class II BTF2/TFIIH transcription factor. EMBO J 13:2388-2392.

Schaeffer, L., Roy, R, Humbert,S., Moncollin,V., Vermeulen,W., Hoeijmakers,J H.J,
Chambon,P., Egly,J.-M. (1993) DNA repair helicase: a component of BTF2(TFIIH) basic
transcription factor. Science 260:58-63.

Schindler,D. and Hoehn,H. (1988) Fanconi anaemia mutation causes cellular susceptibility
to ambient oxygen. Am J Hum Genet 43:429-435.

Schroeder,T.M., Tigzn,D., Kruger,J., Vogen,F. (1976) Formal genetics of Fanconi's
anemia. Hum Genet 32:257-288.

Schultz. R.A., Barbis,D.P. and Friedberg,E.C. (1985) Studies on gene transger and
reversion to UV resistance in xeroderma pigmentosum cells. Somat Cell Mol Genet
11:617-624.

Seeberg,E. and Fuchs,R.P.P. (1990) Acetylaminofluorene bound to different guanines of
the sequence -GGCGCC- 1s excised with different efficiencies by the UvrABC excision
nuclease in a pattern 10t correlated to the potency of mutation induction. Proc Natl Acad
Sct USA 87:191-194.

Seki,S., Hongo,A., Zhang,B., AkiyamaK., Sarker,A H., Kudo,T. (1993) Inhibition of

cisplatin-mediated DNA damage in vitro by ribonucleotides. Jpn J Cancer Res 84:462-
467.

155



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

Sherman,S.E. and Lippard,S.J. (1987) Structural aspects of platinum anticancer drug
interactions with DNA. Chem Rev 87:1153-1181.

Shirakata,M., Huppi K., Usuda,S., Okazaki,K., Yoshida, K., Sakano,H. (1991) HMGI-
related DNA-binding protein isolated with V-(D)-J recombination signal probes. Mol Cell
Biol 11:4528-4536.

Sibghat-Ullah and Day,R.S. (1993) DNA-substrate sequence specificity of human G:T
mismatch repair activity. Nucleic Acids Res 21:1281-1287.

Sorenson,C.M., Barry, M. A_, Eastman,A. (1990) Analysis of events associated with cell
cycle arrest at G, phase and cell death induced by cisplatin. J Natl Cancer Inst 82:749-
755.

Sorenson,C. M. and Eastman,A. (1988) Influence of cis-diamminedichloroplatinum(II) on
DNA sythesis and cell cycle progression in excision repair proficient and deficient
Chinese hamster ovary cells. Cancer Res 48:6703-6707.

Stone,P.J., Kelman,A.D., Sinex,FM. (1976) Resolution of a, B and y DNA of
Saccharomyces cerevisiae with the antitumor drug cis-Pt(NH,),Cl,. Evidence for
preferential drug binding by GpG sequences of DNA. J Mol Biol 104:793-801.

Strauss,E.A., Hosler, M.R., Herzog,P., Salhany K. Louie,R. and Felix,C.A. (1995)
Complex replication error causes p53 mutation in a Li-Fraumen: family. Cancer Res
55:3237-3241.

Strathdee,C.A., Duncan,A. M.V, Buchwald,M. (1992a) Evidence for at least four Fanconi
anemia genes including FACC on chromosome 9. Nature Genet 1:196-198.

Strathdee,C.A., Gavish,H., Shannon,W R., Buchwald,M. (1992b) Cloning of ¢cDNAs for
Fanconi's anaemia by functional complementation. Nature 356:763-767.

Swift,M. (1971) Fanconi's anemia in the genetics of neoplasia. Nature (London) 230:370-
373.

156



Takahara,P.M., Rosenzweig,A.C., Frederick,C.A., Lippard,S.J. Crystal structure of double-
stranded DNA containing the major adduct of the anticancer drug cisplatin. Nature
377:649-652.

Tomkins,D., Hunter, A., Roberts,M. (1979) Cytogenetic findings in Roberts-SC phocomelia
syndrome(s). Am J Med Genet 4:17-26.

Tomkins,D.J. and Sisken,J.E. (1984) Abnormalities in the cell-division cycle in Roberts
syndrome fibroblasts: A cellular basis for the phenotypic characteristics? Am J Hum
Genet 36:1332-1340

Tomkinson,A E., Bardwell,A.J., Bardwell,L., Tappe,N.J., Friedberg,E.C. (1993) Yeast
DNA repair and recombination proteins Radl and Radl0 constitute a single-stranded-
DNA endonuclease. Nature 362:860-862.

Toney,J H., Donahue B A, Kellett,P.J., Bruhn,S L., Essigmann,J M., Lippard,S.J. (1989)
Isolation of cDNAs encoding a human protein that binds selectively to DNA modified by
the anticancer drug cis-diamminedichloroplatinum(II). Proc Natl Acad Sc1 USA 86:8328-
8332.

Treiber,D K., Zhai X , Jantzen H-M., Essigmann,J M. (1994) Cisplatin-DNA adducts are
molecular decoys for the ribosomal RNA transcription factor hUBF (human upstream
binding factor). Pro: Natl Acad Sci USA 91:5672-5676.

Treiber,D K., Chen,.2 H., Essigmann,JM. (1992) An ultraviolet light-damaged DNA
recognition protein absent in xeroderma pigmentosum group E cells binds selectively to
pyrimidine (6-4) pyrimidone photoproducts. Nucleic Acids Res 20:5805-5810.

Ushay,H M., Tullius,T.D., Lippard,S.J. (1981) Inhibition of the BAMH] cleavage and
unwinding of pBR322 deoxyribonucleic acid by the antitumor drug cis-
dichlorodiammineplatinum(II). Biochemistry 20:3744-3748.

Vaisman,A. and Chzney,S.G. (1995) Induction of UV-damage recognition protein by
cisplatin treatment. 3iochemistry 34:105-114.

Valerie, K. and Singhal,A. (1995) Host cell reactivation of reporter genes introduced into
cells by adenovirus as a convenient way to measure cellular DNA repair. Mutat Res 336:
91-100.

Van Den Berg,D.J. arid Francke,U. (1993a) Roberts syndrome: A review of 100 cases and
a new rating system for severity. Am J Med Genet 47:1104-1123.

157



Van Den Berg,D.J. and Francke, U. (1993b) Sensitivity of Roberts syndrome cells to
gamma radiation, mitomycin C, and protein synthesis inhibitors. Somat Cell Mol Genet
19(4):377-392.

van DuinM. deWitJ, OdyjkH.,, Westerveld,A., Yasui,A,, KokenMHM,
Hoeijmakers,J H.J., Bootsma,D. (1986) Molecular characterization of the human excision
repair gene ERCC-1: ¢cDNA cloning and amino acid homology with the yeast DNA repair
gene RAD10. Cell 44:913-923.

van Houten,B., Gamper,H., Hearst,J.E., Sancar,A. (1986) Construction of DNA substrates
modified with psorzlen at a unique site and study of the action mechanism of ABC
excinuclease on these uniformly modified substrates. J Biol Chem 261:14135-14141.

van Vuuren,AJ, Appledoorn,E., Odyk,H, Yasui,A, Jaspers,N.GJ, BootsmaD.,
Hoeijmakers,J H.J. (1.993) Evidence for a repair enzyme complex involving ERCC1 and
complementing activities of ERCC4, ERCC11 and xeroderma pigmentosum group F.
EMBO J 12:3693-3701.

Vassilev,P.M., Kanazirska, M.P., Charamella,L.J., Dimitrov N.V. and Tien, HT. (1987)
Changes in calcium channel activity in membranes from cis-
diamminedichloroplatinum(II)-resistant and -sensitive L1210 cells. Cancer Res 47:519-
522.

Venema,J., Mullenders,L H.F., Natarajan,A.T., van Zeeland, A.A. and Mayne, L. V. (1990)
The genetic defect in Cockayne syndrome is associated with a defect in repair of UV-
induced DNA damage in transcriptionally active DNA. Proc Natl Acad Sci USA
87:4707-4711.

Venema,J.,, van Hoffen,A.,, Karcagi,V.,, Natarajan,A.T., van Zeeland,A.A. and
Mullenders,L.H. (1991) Xeroderma pigmentosum complementation group C cells remove
pyrimidine dimers selectively from the transcribed strand of active genes. Mol Cell Biol
11:4128-4134.

Visse,R., van Gool,A J., Moolenaar,G.F., de Ruijter, M., van de Putte,P. (1994) The actual
incision determines the efficiency of repair of cisplatin-damaged DNA by the Escherichia

coli UvrABC endonuclease. Biochemistry 33:1804-1811.

Vogelstein,B. and Kinzler, K.W. (1992) p53 function and dysfuction. Cell 70:523-526.

158



Vrieling H., Venema,J., van Rooyen,M L., van Hoffen,A., Menichini,P., Zdzienicka M.Z,
Simons,J.W., Mullenders, L HF. and van Zeeland, A.A. (1991) Strand specificity for UV-
induced DNA repair and mutations in the Chinese hamster HPRT gene. Nucleic Acids
Res 19:2411-2415.

Wang, X W., YehH., Schaeffer,L., RoyZR., MoncollinV., EglyJ-M.,, WangZ,
Friedberg E.C., Evans M K., Taffe B.G.,, Bohr,V.A., Weeda,G,, Hoeiymakers,JH.J,
Forrester, K. and Harris,C.C. (1995) p53 modulation of TFIIH-associated nucleotide
excision repair activity. Nature Genet 10:188-195.

Weeda,G. and Hoeijmakers, J H.J. (1993) Genetic analysis of nucleotide excision repair
in mammalian cells. Semin Cancer Biol 4:105-117.

Weksberg,R., Buchwald, M., Sargent,P., Thompson,M.W ., Siminovitch,L. (1979) Specific
cellular defects in patients with Fanconi anemia. J Cell Physiol 101:311-324.

Williams,G.T. and Smith,C.A. (1993) Molecular regulation of apoptosis: genetic controls
on cell death. Cell 74:777-779.

Wood,R.D. and Burki,HJ. (1982) Repair capability and the cellular age response for
killing and mutation induction after UV. Mutat Res 95:505-514.

Yamaizumi,M. and Sugano,T. (1994) U.v.-induced nuclear accumulation of p53 is evoked
through DNA damage of actively transcribed genes independen of the cell cycle.
Oncogene 9:2775-27'84.

Yamashita, T., Barber,D.L., Zhu,Y., Wu,N,, D'Andrea,A.D. (1994) The Fanconi anemia
polypeptide FACC is localized to the cytoplasm. Proc Natl Acad Sci USA 91:6712-6716.

Yang,D., van Boom,S.S.GE., Reedjjk,J., van Boom,J H., Wang,A H.-J. (1995) Structure
and i1somerization of an intrastrand cisplatin-cross-linked octamer DNA duplex by NMR
analysis. Biochemistry 34:12912-12920.

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.

Yonish-Rouach,E., Resnitzky,D., Lotem,J., Sachs,L., Kimichi,A., Oren,M. (1991) Wild

type pS3 induces apoptosis of myeloid leukemic cells that is inhibited by interleukin-6.
Nature (London) 352:345-347.

159



Youssoufian,H. (1994) Localization of Fanconi anemia C protein to the cytoplasm of
mammalian cells. Proc Natl Acad Sci USA 91:7975-7979.

Zambetti,G.P. and Levine,A.J. (1993) A comparison of the biological activities of wild-
type and mutant p53. FASEB J 7:855-865.

Zelazowski,A J., Garvey,].S. and Hoeschele,J.D. (1984) In vivo and in vitro binding of
platinum to metallothionein. Arch Biochem Biophys 229:246-252.

Zeng-Rong,N., Paterson,]., Alpert,L., Tsao,M-S., Viallet,J., Alaoui-JamaliM.A. (1995)
Elevated DNA repar capacity is associated with intrinsic resistance of lung cancer to
chemotherapy. Canc:er Res 55:4760-4764.

Zhen,W ., Link,C.J., O'Connor,P.M,, Reed,E., Parker,R., Howell,S.B., Bohr,V.A. (1992)
Increased gene-specific repair of cisplatin interstrand cross-links in cisplatin-resistant
human ovarian cancar cell lines. Mol Cell Biol 12:3689-3698.

Zhen,W., Evans M K., Haggerty,C. M., Bohr,V.A. (1993) Deficient gene specific repair

of cisplatin-induced lesions in Xeroderma pigmentosum and Fanconi's anemia cell lines.
Carcinogenesis 14:919-924.

160





